Current perspectives

Enzymatic pathways in the pathogenesis of hereditary
angioedema: The role of C1 inhibitor therapy

Allen P. Kaplan, MD Charleston, SC

A functional abnormality of C1 inhibitor (C1INH) is present in
types I and II hereditary angioedema (HAE), and normal
C1INH may be rendered ineffective in the newly described type
IIT HAE. C1INH inhibits factor XIlIa, factor XII fragment
(XIIf), kallikrein, and plasmin. Thus, in its absence, there is
marked activation of the bradykinin-forming cascade resulting
in severe angioedema. Factor XII may autoactivate on binding
to endothelial cell surface gC1qR (receptor for the globular
heads of Cl1q) thus initiating the cascade. Alternatively, stimuli
that activate endothelial cells may liberate (or express at the cell
surface) heat shock protein 90 or the enzyme
prolylcarboxypeptidase, either of which can interact with the
prekallikrein-high-molecular-weight kininogen complex to
convert prekallikrein to kallikrein stoichiometrically. The
kallikrein produced can cleave high-molecular-weight
kininogen to produce bradykinin and also recruit factor XII by
enzymatically activating it. Patients with type I or II HAE have
mutant C1INH so that control of C1 activation is lost.
Autoactivation of Clr in the absence of C1INH leads to Cls
activation followed by C4 cleavage and depletion. An attack of
swelling is accompanied by conversion of factor XIla to factor
XIIf and further enzymatic activation of Clr so that C4 levels
drop further and C2 is depleted. New therapies for HAE focus
on the bradykinin-forming cascade and include a kallikrein
inhibitor and a bradykinin B-2 receptor antagonist in addition
to administration of purified C1INH. (J Allergy Clin Immunol
2010;uNN: ENE-NEN,)
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Hereditary angioedema (HAE) is a potentially life-threatening
disorder resulting from a mutation in the gene controlling the
synthesis of C1-inhibitor (C1INH), a serine protease inhibitor that
blocks the activity of various components of the complement,
fibrinolytic, and, in particular, the contact (bradykinin-forming)
systems." It is a relatively rare disorder that nevertheless results in
significant morbidity and mortality. This review provides an
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overview of the current understanding of the underlying patho-
physiologic defect in HAE, the unraveling of which has been a
key element in helping to develop more targeted approaches to
pharmacologic intervention.

GENETIC AND MOLECULAR BASIS OF HAE
Hereditary angioedema is an autosomal-dominant disorder in
which the gene defect results in a biochemical abnormality in the
levels or functionality of C1 esterase inhibitor (C1INH). The
mutations, of which over 200 have so far been described,? are
located on chromosome 11 (11q11-q13.1), with the relative posi-
tion within the gene dictating the type of HAE that results.> Two
main types of HAE have been described.* These are symptomat-
ically indistinguishable, but the physiologic defect is distinctive
in each case. Type 1 HAE, which accounts for 80% to 85% of
all cases, is defined by reduced circulating C1INH concentrations
(with levels around 5% to 30% of expected values).’ Type 1 HAE
mutations occur throughout the gene, resulting in the production
of abnormal proteins that are not secreted. In contrast, type 2 HAE
(15% to 20% of cases), in which the mutations are typically single
amino acid substitutions, mainly at exon 8 (at or near the active
site), demonstrates relatively normal, or even raised, levels of cir-
culating C1INH. In this case, however, the protein secreted is dys-
functional. It should also be noted that, although HAE is primarily
inherited, it is estimated that 20% to 25% of cases result from a
new spontaneous mutation,® with implications for diagnosis, be-
cause an accurate family history is an important element. More
recently, a third presentation of HAE has been described, predom-
inantly (but not exclusively) in female subjects. This is not related
to C1INH deficiency, but a subpopulation of patients have a mis-
sense mutation in the factor XII gene’" at position 309 in which a
threonine is replaced either by lysine or arginine. Excessive bra-
dykinin formation may be responsible for angioedema because
acute attacks have been successfully treated with a B-2 receptor
antagonist,10 but a detailed mechanism has not been elucidated,
and the factor XII mutation is not evident in all such patients.’
Thus, some controversy exists in sorting out the details.
A decreased level of either angiotensin-converting enzyme or
aminopeptidase P may be an additional predisposing factor apart
from estrogen or trauma.'' A family history is essential to make
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the clinical diagnosis, otherwise an isolated patient’s condition
would resemble idiopathic angioedema (Table I) but with a
greater potential to have attacks that can lead to respiratory com-
promise. One form of idiopathic anaphylaxis'* resembles this
clinical presentation as well.

CLINICAL PRESENTATION OF HAE

More than 45 years have passed since the initial identification
of C1INH deficiency as the primary defect in HAE, and much
research has been carried out over the years to elucidate further
the mechanisms involved. Before describing the pathophysio-
logic pathways in more detail, however, a review of the clinical
presentation of the disease is in order.

The earliest description of angioedema was by Milton'? in
1876, with the first report of a hereditary form of the disease pub-
lished over a decade later by Sir William Osler (1888). 41t was not
until 1963, however, that the biochemical basis of HAE (ie, the de-
fect in CI1INH) was first elucidated by Donaldson and Evans.'”

As already noted, it is a relatively rare condition, with a
prevalence estimated at between 1 in 10,000 and 1 in 50,000
individuals.'® Disease onset is relatively early, with symptoms
commonly appearing first during childhood and increasing
through puberty. There may be identifiable precipitating factors
(for example, drugs, infections, trauma, hormones, surgical/den-
tal procedures), but a triggering event for individual episodes may
not be evident.

The site of the angioedema attack in HAE is variable, not just
between patients but also within the same patient. Most typically
HAE presents as a marked diffuse edema in the skin, with the
extremities most commonly affected. Swelling can, however, also
occur in the face (lips, eyelids, tongue) and genitalia. Although not
life-threatening, edema in these locations can be disfiguring and
even functionally disabling. Of greater concern is submucosal
edema in the gastrointestinal and respiratory tracts. Recurrent
abdominal attacks (presenting as acute pain, often with associated
nausea and vomiting and occasionally with diarrhea) are common,
and a quarter of patients are thought to have abdominal symptoms
as the dominant presentation.'” Ascites may be evident on MRI
evaluation. Furthermore, these painful abdominal attacks can be
misdiagnosed as an acute abdomen, a consequence of which may
be unnecessary surgery.®'® Edema of the airways is the most signif-
icant presentation of HAE, with swelling of the larynx and upper
respiratory tract having the potential to cause death by asphyxia-
tion. Laryngeal attacks are relatively common, and it has been
estimated that approximately 50% of patients will experience at
least 1 attack in their lifetime.'® Death from asphyxiation is a seri-
ous risk, even in patients with no previous history of laryngeal in-
volvement.° Mortality from undiagnosed disease is high (30% to
40%), and this is most often a result of upper airway obstruction.?

Hereditary angioedema is a disease with a significant impact on
quality of life, social and physical functioning, and health care
costs. Attacks in untreated patients can last between 2 and 5 days
and, although these often resolve spontaneously, they can be
disabling, affecting work and social activities. It has been
estimated that repeated attacks can result in between 20 and
100 days of incapacity per year.”' In the United States alone, HAE
attacks are thought to lead to around 15,000 to 30,000 emergency
department visits annually.22 The ability to diagnose this disease
and to treat or, more importantly, prevent attacks is clearly a major
goal of management. Newer, more targeted pharmacologic agents
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have been developed that will provide better management op-
tions, and an important driver of this development has been a bet-
ter understanding of the underlying molecular processes in HAE.

ENZYMATIC CASCADE AND INHIBITION BY C1INH

There is evidence for activation of a number of systems during
attacks of HAE: the contact (bradykinin-forming) system, the
factor XII-dependent fibrinolytic cascade and the complement
pathway. Which of these is responsible for symptom mediation in
HAE has been the matter of much debate and research, but the
evidence accumulated over nearly 50 years of research clearly
points to the bradykinin-forming system being the most important.

Fig 1 depicts the initiating steps involved in the activation of the
cascade. Factor XII circulates as a proenzyme with no detectable
activity, but autoactivation on binding to certain negatively
charged surfaces (reaction 1) converts factor XII to an active en-
zyme, factor XlIla. This reaction is relatively slow. It is assumed
that a trace of factor XIla is present in normal plasma (less than
0.01% of the total factor XII content), which is sufficient to initi-
ate the cascade. However, positive feedbacks exist such that pro-
ducts resulting from factor XII activation such as kallikrein or
plasmin (reactions 2 and 3) rapidly convert factor XII to factor
XIla. An additional cleavage of factor XIla (molecular weight,
80,000) converts it to factor XII fragment (factor XIIf; molecular
weight, 28,500-30,000), which retains the ability to convert pre-
kallikrein to kallikrein (Fig 2) but is relatively ineffective in con-
tinuing the intrinsic coagulation cascade—that is, factor XlIla
effectively converts coagulation factor XI to factor XIa, but factor
XIIf does not. However, factor XIIf possesses the ability to acti-
vate the C1r subcomponent of the first component of complement
(which factor XIIa cannot effect) and provides a link between the
bradykinin-forming cascade and complement.”® Activated Clr
converts Cls to activated Cls, and activated Cls will activate
C4 and C2. This may account for the further lowering of C4 levels
and the decline in C2 observed during attacks of swelling patients
with hereditary angioedema.

Fig 2 depicts the conversion of prekallikrein to kallikrein by ei-
ther factor XIla or factor XIIf. The substrates of kallikrein are
shown, which include high-molecular-weight kininogen (HK),
from which bradykinin is derived, and a link to fibrinolysis.
Kallikrein activates the small amount of prourokinase present in
plasma, and the urokinase produced converts plasminogen to
plasmin. Kallikrein can also directly convert plasminogen to
plasmin, but it is far less effective than urokinase.

Activation of normal plasma generates factor XIla, primarily,
and the major feedback activation of factor XII is a result of
kallikrein (Fig 1) rather than plasmin. However, in the absence of
CI1INH (which inhibits factor XIla, factor XIIf, kallikrein, and
plasmin), formation of factor XIIf is facilitated, and the role of
plasmin appears more prominent.”* Fibrinolysis is enhanced as
a result of endothelial cell activation by bradykinin (Fig 3) to re-
lease tissue plasminogen activator as well as kallikrein activation
of prourokinase (Fig 2); the plasmin thus generated can contribute
to bradykinin formation by activating factor XII (Fig 1).

BRADYKININ FORMATION AT THE CELL SURFACE

Bradykinin binds to, and activates, the bradykinin B2 receptor,
causing vasodilatation, increased vascular permeability, and
smooth muscle contraction, all of which lead to the tissue
swelling that characterizes HAE.
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TABLE I. Angioedema types: diagnostic features and laboratory findings

Laboratory findings

Type Presenting symptoms General features Family history Onset C1INH C4 Ciq
HAE type I Edema in extremities, Autosomal-dominant Yes (but 2nd decade or earlier | | N
GI tract, respiratory inherited disorder; no approximately (severity may T Function
tract; life-threatening sex or race pattern; 20% to 25% postpuberty) normal
laryngeal edema a triggers often unknown; spontaneous
major concern; 80% to 85% of HAE mutation)
abdominal swelling cases
accompanied by pain,
vomiting, diarrhea; no
urticaria (prodromal
nonpruritic eruption of
erythema marginatum
may be present)
HAE type II As for HAE type 1 As above; 15% to 20% As above As above Nor 1 | N
of HAE cases abnormal
function
HAE type III As for types I and II Recurrent angioedema Yes Unclear N N N
in a female population
Etiology unclear
—mutation in factor
XII identified in a
subpopulation,
suggesting bradykinin
as the mediator
Acquired Similar to HAE Linked to underlying No Typically later—4th l | |
CI1INH deficiency, lymphoproliferative decade
type I disorder (B-cell) or
rheumatologic
disorders
Acquired Similar to HAE Anti-C1INH antibodies No Typically later—4th | | |
C1INH deficiency, (mainly IgG but decade
type 11 occasional IgA/IgM)
bind to active site
Increasingly identified
in patients designated
as type I
Allergic Edema (most often face Most common form of N N N
angioedema or throat); often with angioedema; triggers
urticaria (eg, food, drugs, bee
sting, cold/heat)
provoke IgE-mediated
histamine response
ACE inhibitor— Edema at all sites— Possibly up to 8% of Typically within first 3 N N N
induced upper airways angioedema cases mo of treatment; often
angioedema obstruction as seen in Increased susceptibility within first few weeks
HAE; no urticaria in black subjects
Chronic idiopathic Edema (all sites, Unclear etiology; No Varies N N N

angioedema

common on face)

persistent symptoms

ACE, angiotensin converting enzyme; G/, gastrointestinal; N, Normal.

Activation pathways have been described that differ from that

depicted in Figs 1 and 2 because they can bypass factor XII and
activate the prekallikrein-HK complex directly on endothelial cells.
Prolylcarboxypeptidase and/or heat shock protein 90 (HSP-90)*
bind to prekallikrein-HK and convert prekallikrein to kallikrein
stoichiometrically—for example, the amount of kallikrein
produced equals the molar input of HSP-90. Thus direct endothelial
cell activation of circulating factor X1l may explain the HAE
response to trauma (for example, during surgery or dental proce-
dures), during which large areas of endothelium are exposed.
Stress-induced release of HSP-90 is also a possibility. Once a small
amount of kallikrein is produced, cleavage of factor XII by

kallikrein will trigger the usual kinin-forming cascade. This is
shown in Fig 3, in which activation of an endothelial cell (eg, by his-
tamine, the cytokine milieu, hypoxia) liberates vasodilators such as
nitric oxide or prostaglandin E, as well as HSP-90 and prolylcar-
boxypeptidase to generate kallikrein. A second endothelial cell is
shown below with the kinin-forming cascade activated along the
cell surface. Although factor XII can autoactivate on binding to
the receptor for the globular heads of C1q (gC1qR) to start the cas-
cade,’® kallikrein might initiate it by cleavage of factor XII.
Because various forms of physical stress or psychic stress can
initiate attacks of swelling in patients with HAE, there is the
possibility of induction of B1 receptors by cytokines such as IL-1
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Kallikrein
Plasmin l Plasmin

Factor XII @xua ———————— Factor XIIf

Kallikrein

CIr ——— C1r

C1$ ————— C1s

Factor Xlla
Factor XIIf
Cir

C1s C4 Depletion

Inhibited by C1 INH:

FIG 1. Factor XlI-dependent reactions. Initiation begins with factor Xll autoactivation (reaction 1) cleavage
of surface-bound factor Xll by factor Xlla followed by feedback activation by kallikrein (reaction 2). Plasmin
activates factor Xl similarly (reaction 3) but may not contribute significantly unless plasma is deficient in

C1INH. Factor XIIf activates complement.

Factor Xlla Factor XIIf Plasma )
J Prourokinase
Prekallikrein » Kallikrein >

HMW-Kininogen

Inhibited by C1INH: Kallikrein
Plasmin

Urokinase

A
Plasminogen  e———p Plasmin

= Bradykinin

FIG 2. Kallikrein-dependent reactions to produce bradykinin and augment fibrinolysis. HMW, high molec-

ular weight.

or TNF-a. The B1 receptor is preferentially stimulated by des-
arg” bradykinin formed by removal of the C-terminal arg of bra-
dykinin by plasma carboxypeptidase N (kininase 1/anaphylatoxin
inactivator) or cellular carboxypeptidase M. A recent study of
vascular leakage (in vitro and in vivo) using HAE plasma obtained
during attacks of swelling reported a role for the B1 receptor27 in
mediating vascular leakage, perhaps induced by a cytokine in the
HAE plasma. However, an antibody to the HK binding site of
gC1qgR inhibited the expression of vascular permeability. Thus,
if the HAE plasma has high kallikrein levels (which is undoubt-
edly so), it may digest HK bound to the endothelial cell gC1gR,
generating bradykinin, which in the time frame of the experiment
is partially converted to des-arg” bradykinin. Thus, the result may
reflect not only the kinin profile of the HAE plasma but also kinins
generated by the experimental protocol. Direct measurement of
the kinins in the HAE plasma will be needed to determine the
quantity and role of any B1 receptor agonist.

COMPLEMENT CASCADE: SOME HISTORICAL
PERSPECTIVE AND UTILITY IN DIAGNOSIS

Early studies investigating the possible source of kinin-like
activity in plasma from patients with HAE suggested that the low

levels of complement component C2 in HAE plasma during
attacks of swelling are consistent with a role for C2 cleavage
products as vasoactive factors,”® and plasmin cleavage of C2b was
reported to produce a kinin with contractile activity. It was subse-
quently shown, however, that activation of C2 followed by cleav-
age of C2a or C2b with trypsin, kallikrein, or plasmin did not
generate kinin contractile activity.”’ In addition, bradykinin was
shown to be generated, seemingly spontaneously, on incubation
of HAE (but not normal) plasma.30 Although this was assumed
to represent activation of the factor XII-dependent bradykinin
cascade depicted in Figs 1 and 2, in retrospect, it could be a result
of digestion of HK by prekallikrein because prekallikrein has
been shown recently to have proteolytic activity without conver-
sion to kallikrein that is suppressed when C1INH is present.31
Further research using bradykinin receptor antagonists, as well
as amino acid sequencing of the kinin produced on activation of
HAE plasma, corroborated these observations and also demon-
strated conclusively that bradykinin is the major mediator of
enhanced vascular permeability in HAE.?*>*

Although the products of the complement cascade are no
longer believed to play a role in the development of HAE, it is
clear that they are invaluable for the distinction of HAE from
other forms of angioedema that are not a result of C1INH



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

Activated Endothelial cell

KAPLAN 5
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PGE2 l
NO

TPA

Heat Shock Protein 90
Prolyl Carboxypeptidase

HK - Prekallikrein

Zn**
----- Factor XIl = Factor Xlla

Endothelial cell

Zn+*
- - - HK-Prekallikrein ————— Kallikrein

Kallikrein - Cleaved HK + Bradykinin

from HK

HK——— Bradykinin “. Kallikrein Dissociated

Znt
====Factor Xll
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.—) Cytokeratin 1
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FIG 3. Assembly and activation of the kinin-forming cascade on endothelial cells. Activated endothelial cells
present HSP-90 or prolylcarboxypeptidase independent of any factor Xll present to generate bradykinin
stoichiometrically. The reaction is facilitated when C1INH is absent. Kallikrein thus formed (dotted lines) can
initiate factor Xll-dependent activation at adjacent cells. PGE2, prostaglandin E2; TPA, tissue plasminogen
activator; U-PAR, urokinase plasminogen activator receptor.

deficiency. C1 (the most important complement protein with
respect to HAE) is a complex of Clq, Clr, and C1s components.
C1 is unstable in the absence of CIINH such that Clr
autoactivates leading to activation of C1s which, in turn, cleaves
and activates C4. This is why there is a low C4 level in 95% of
patients with HAE even when they are asymptomatic.

Acquired C1INH deficiency is caused by C1INH depletion or
inactivation associated with other diseases, with lymphoma the
most prominent.*>*® This disorder was originally divided into
type I disease with immune complex activation of C1 and second-
ary depletion (consumption) of C1INH, and type II disease with
IgG antibody to C1INH,*” which interferes with its inhibition of
proteases.38 The latter mechanism, however, appears prominent
in most cases, indicating that the distinction of types I and II is
not always clear and the disorder can be viewed as one of B-cell
hypf:rreactivity39 most typically expressed as B-cell lymphoma
or monoclonal gammopathy. Cryoglobulinemia is an example
of a massive circulating immune complex associated with very
low C4 levels because of binding of C1q, yet angioedema is rarely,
if ever, seen. The degree to which C1INH is consumed in this
instance is not known. The mechanism of inactivation of proteases
by C1INH involves cleavage of the C1INH molecule itself, result-
ing in a conformational change, with inhibition of enzyme activity
resulting from active site distortion.*” In acquired C1INH defi-
ciency, the antibody-bound C1INH is digested by proteases,
which decreases its molecular weight, but the cleaved inhibitor
is unable to inactivate the protease.

C1INH normally acts across multiple systems and at multiple
sites. It is the primary regulator of the classical complement
pathway (via inactivation of Clr and Cl1s), and it also inhibits the
alternative pathway (by binding to C3b). C1INH contributes to
inactivation of plasmin, but the major fast-acting plasmin inhib-
itor is a, antiplasmin. In relation to HAE, the most important

actions of C1INH are to inhibit the bradykinin-forming contact
system, where it inactivates kallikrein, factor XIla and factor
XIIf, each of which is an important antecedent to bradykinin
production.

Diagnosis of HAE is commonly missed or delayed, and it has
been reported that the average time from symptom appearance to
diagnosis can be as long as 20 or more years.41 A diagnosis of HAE
should be suspected in cases in which there is a history of recurrent
attacks of peripheral angioedema (nonpruritic, nonpitting) and/or
abdominal pain in the absence of urticaria. The swelling can be
seen affecting many parts of the body, most commonly the extrem-
ities, face, or genitalia.

The genetic basis of HAE means that family history is an
important starting point in diagnosing the disease. Yet approxi-
mately 20% to 25% of affected individuals have C1INH defi-
ciency resulting from a new mutation, so that lack of HAE in other
family members cannot rule out the diagnosis. Laboratory testing
based on a C4 determination and C1INH levels (quantitative and
functional) allows differentiation of HAE from angioedema of
different etiologies. C1q levels remain normal in HAE, allowing
differentiation from acquired C1INH deficiency in which levels
are reduced in about 70% of patients. Table I lists the most com-
mon conditions (allergic as well as nonallergic) in which angioe-
dema is a prominent presenting symptom, with the key diagnostic
indicators in each case. (The distinctions between forms of angi-
oedema are reviewed in more detail elsewhere.*?) The necessity
of basing diagnosis on a combination of family and clinical his-
tory, symptoms, and laboratory tests is immediately apparent,
with no individual factor serving as a clear differentiator. The
differences in etiology also point to a need for different treatment
approaches; for example, antihistamines are a mainstay of treat-
ment in allergic angioedema but have no role in managing
HAE, in which histamine has no role.



6 KAPLAN

CURRENT THERAPY

Patients living with HAE face a number of challenges, and they
live with uncertainty about when their next attack will come.
Although many attacks resolve spontaneously, the variability of
the disease (including severity and site of attack) and common
lack of identifiable triggers mean that most patients with HAE
cannot confidently predict when, where, and how severe their next
attack will be. Management approaches need, therefore, to
consider 3 main areas: (1) routine prophylaxis, in which the
goal is to decrease the frequency, duration, and severity of attacks;
(2) procedural prophylaxis, which is directed at preventing
attacks that may result from predictable trauma (eg, surgery or
a significant dental procedure), and (3) treatment of acute attacks.

Craig43 recently reviewed the evidence for defining which pa-
tients are likely to need routine prophylaxis and concluded that
those with a history of frequent and/or severe attacks (including
laryngeal attacks), loss of social function and quality of life, or
significant anxiety should be considered for prophylaxis.

In the United States, until recently (see “New and Investiga-
tional Interventions”), there have been no approved effective
agents for acute treatment of CIlINH-related angioedema.
Because the angioedema in HAE is not histamine-mediated,
antihistamines or corticosteroids are ineffective in acute man-
agement, and even adrenaline given subcutaneously is unreliable
and only occasionally provides some benefit. Attacks that involve
the extremities and are not disabling or life-threatening will
normally be considered self-limited, and acute treatment if any
would be aimed at symptom control. Acute management of the
more severe abdominal and upper airway manifestations is
essential. In the absence of effective pharmacologic agents,
abdominal attacks tend to be managed with fluid replacement
and pain relief. Laryngeal edema, with the potential for asphyx-
iation, may require hospitalization with a potential need for
intubation or tracheostomy.

Androgens such as methyltestosterone have been in use since
the 1960s; however, poor tolerability of the basic molecules drove
the development of attenuated forms (eg, 17- o-alkylated
anabolic androgens such as danazol, stanozolol) with better
safety profiles.*” The mechanism of action of androgens in allevi-
ating HAE symptoms is unclear, although androgens can cause an
increase in C4 or C1INH levels in plasma. However, they have
been shown to be effective clinically at lower doses than might
be required to upregulate C1INH gene expression to normal
levels; therefore, dosage for routine prophylaxis needs to be
titrated down to the lowest dose at which there is a clinical effect
rather than being based on normalization of levels of C1INH/C4*
or even some incremental increase from baseline. Androgens
have been shown to play a role in kinin catabolism (by increasing
levels of aminopeptidase P), which may contribute to symptom
improvement.

Clinical use of androgens is mostly confined to prophylaxis,
both routine (dose-titrated) and procedural (eg, high-dose danazol
for 1 week before the planned procedure). The onset of effect (1-2
days) means that androgens are not generally used as acute
treatment, although increasing the maintenance dose during an
attack is an option. When used prophylactically, the duration can
be for a lifetime, and androgenic side effects are a concern.

Antifibrinolytic agents such as e-aminocaproic acid or tranexa-
mic acid inhibit the conversion of plasminogen to plasmin (and
also inhibit plasmin) and have been used in the routine
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prophylaxis of HAE with some (but limited) efficacy. The
mechanism of action is unclear because they do not increase
plasma C1INH levels, but inhibition of some effect of plasmin on
bradykinin formation is implied. Kallikrein converts plasma
prourokinase to urokinase, which in turn converts plasminogen
to plasmin.** Also, bradykinin stimulation of endothelial cells re-
leases tissue plasminogen activator. Thus, high plasmin levels are
found during attacks of swelling in HAE,* and plasmin activation
of factor XII*® may be the mechanism by which it augments bra-
dykinin formation. There is also some anecdotal evidence (not
supported by published evidence) for use of e-aminocaproic
acid in treating acute attacks.*’ They are generally less preferred
(and less effective) than androgens, and in the United States, its
role has been limited to those for whom androgens are contrain-
dicated. In Europe, tranexamic acid has been favored for prophy-
laxis in children.*®

Fresh frozen plasma has been used in preference to high-dose
androgens in procedural prophylaxis, with an infusion given
several hours before the procedure. Fresh frozen plasma has also
been used in acute attacks, with the aim of replacing plasma
C1INH. However, there is a theoretical risk that concomitant
replenishment of plasma proteases and substrates involved in
angioedema formation will worsen the swelling, and examples of
this have been reported.

NEW AND INVESTIGATIONAL INTERVENTIONS

Alternatives have been sought for prophylaxis as well as for
treatment of acute attacks that target the bradykinin-forming
cascade. The 2 main areas for development are C1INH replace-
ment therapy directed against the fundamental defect in HAE, and
agents directed downstream at the contact (bradykinin-forming)
system. The rationale for the various approaches is described
here; a thorough review of the clinical evidence for the various
agents is outside the scope of this article, but the reader is referred
to Krassilnikova et al,*' Frank,* and Bernstein®® for more
detailed reviews.

C1INH REPLACEMENT THERAPY

Recognition of C1INH deficiency and/or dysfunction as the
primary cause of HAE has led to the development of direct
replacement therapy, an approach that has been widely used in
Europe, Canada, and Australia for over 20 years but which, until
recently, has not been available in the United States. A number of
different pharmaceutical approaches have been taken in the
development of C1INH replacements, resulting in C1INH con-
centrates derived from human plasma as well as recombinant
human C1INH produced in rabbits.

Plasma-derived C1INH concentrates are perhaps the most
physiologic approach, because these directly replace the normal
protein to act at all steps in the various cascades described, but
there is a theoretical possibility of transmission of infectious
agents such as viruses or prions. The manufacturing process
therefore includes steps to remove sources of infection via
nanofiltration and pasteurization. An alternative approach is the
production of recombinant human C1INH in rabbits, with the
benefit of a theoretically limitless supply of C1INH that is
unlikely to contain human pathogens. There is, however, a
potential for the development of hypersensitivity reaction to the
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nonhuman allergens, and the short half life limits its potential use
to acute episodes but not prophylaxis.

At the time of this writing, the US Food and Drug Adminis-
tration has approved (as of late 2008) a C1INH (Cinryze; Viro-
Pharma, Exton, Pa) for use in routine prophylaxis of HAE.
More recently, they have also approved a CIINH (Berinert;
CSL Behring, King of Prussia, Pa) for acute management of facial
and abdominal attacks in adolescents and adults. (Non-US guide-
lines have, in fact, been recommending use of plasma-derived
CI1INH for routine and procedural prophylaxis as well as treat-
ment of acute attacks for some time.'®” Y Data from initial clini-
cal studies with these agents are reviewed elsewhere,*'**>>° and a
recent study of Cinryze use for acute therapy or prophylaxis has
just been published.5 2

KININ-PATHWAY MODULATORS

These agents act at a point further downstream in the contact
system, to inhibit either the formation of or the action of bradykinin,
and 2 approaches have thus far been taken. A recombinant kalli-
krein inhibitor (DX-88 [ecallantide]) has been developed with the
aim of blocking production of bradykinin.>® Acting still further
downstream is a direct antagonist of the bradykinin B2 receptor
(icatibant),>* which is a synthetic decapeptide structurally analo-
gous to bradykinin with a similar receptor affinity.

Both agents have been developed for subcutaneous, rather than
intravenous, administration, and both are synthetic, which may
minimize the risk of infection as a result of blood-borne agents. As
with all foreign peptides, however, there is a theoretical risk of
allergy because of sensitization with repeated administration.
There is also limited knowledge about the long-term effects of
direct bradykinin inhibition, with some cardiac effects seen in
animal models, although because these agents are intended for
acute use rather than routine prophylaxis, this is perhaps of less
concern.” Clinical trials have been completed for both agents in
acute attacks*'" and, at the time of writing, Ecallantide has been
approved in the United States for acute treatment of HAE attacks,”
whereas icatibant has been approved in Europe and Brazil >®

Future approaches suggested by recent data include blockade
of the B1 receptor, if the findings of Bossi et al*’ are confirmed, or
blockade of gC1qR*>*” to inhibit activation at the cell surface.

HAE is a rare but debilitating—and potentially fatal—disorder
for which current treatment strategies are not entirely satisfactory;
there are significant risks of side effects (especially in pregnancy
and in the young), and no treatment can be said to be optimally
effective, especially in the area of treatment of acute attacks.
Improved understanding of the underlying physiologic processes
in HAE has, however, led to the development of new targeted ther-
apies that ideally will revolutionize both the routine and acute
management of this distressing condition.

I acknowledge Andrea Cifelli as a contributor to this manuscript. She is a
science writer who reviewed the article and made suggestions with regard to
the overall presentation and provided support in securing appropriate
references.

REFERENCES
1. Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, Gettins PG, et al.
The serpins are an expanding superfamily of structurally similar but functionally
diverse proteins: evolution, mechanism of inhibition, novel functions, and a revised
nomenclature. J Biol Chem 2001;276:33293-6.

12.

13.
14.
15.

16.

18.

19.

20.

21.

22.

24.

25.

26.

217.

28.

29.

30.

KAPLAN 7

. Cugno M, Zanichelli A, Foieni F, Caccia S, Cicardi M. Cl-inhibitor deficiency and

angioedema: molecular mechanisms and clinical progress. Trends Mol Med 2009;
15:69-78.

. Pappalardo E, Caccia S, Suffritti C, Tordai A, Zingale LC, Cicardi M. Mutation

screening of C1 inhibitor gene in 108 unrelated families with hereditary angioe-
dema: functional and structural correlates. Mol Immunol 2008;45:3536-44.

. Rosen FS, Pensky J, Donaldson V, Charache P. Hereditary angioneurotic edema:

two genetic variants. Science 1965;148:957-8.

. Prada AE, Zahedi K, Davis AE 3rd. Regulation of C1 inhibitor synthesis. Immun-

obiology 1998;199:377-88.

. Agostoni A, Cicardi M. Hereditary and acquired Cl-inhibitor deficiency: biologi-

cal and clinical characteristics in 235 pa. Medicine 1992;71:206-15.

. Bork K, Wulff K, Hardt J, Witzke G, Staubach P. Hereditary angioedema caused by

missense mutations in the factor XII gene: clinical features, trigger factors, and
therapy. J Allergy Clin Immunol 2009;124:129-34.

. Dewald G, Bork K. Missense mutations in the coagulation factor XII (Hageman

factor) gene in hereditary angioedema with normal C1 inhibitor. Biochem Biophys
Res Commun 2006;343:1286-9.

. Cichon S, Martin L, Hennies H, Miiller F, Van Driessche K, Karpushova A, et al.

Increased activity of coagulation factor XII (Hageman factor) causes hereditary an-
gioedema type III. Am J Hum Genet 2006;79:1098-104.

. Bouillet L, Boccon-Gibod I, Ponard D, Drouet C, Cesbron JY, Dumestre-Perard C,

et al. Bradykinin receptor 2 antagonist (icatibant) for hereditary angioedema type
III attacks. Ann Allergy Asthma Immunol 2009;103:448.

. Duan Q, Binkley K, Rouleau G. Genetic analysis of factor XII and bradykinin cat-

abolic enzymes in a family with estrogen-dependent inherited angioedema.
J Allergy Clin Immunol 2009;123:906-10.

Wiggins C, Dykewicz M, Patterson R. Idiopathic anaphylaxis: classification,
evaluation, and treatment of 123 patients. J Allergy Clin Immunol 1988;82:849-55.
Milton J. On giant urticaria. Edinb Med J 1876;22:513-26.

Osler W. Hereditary angio-neurotic oedema. Am J Med Sci 1888;95:362-7.
Donaldson V, Evans R. A biochemical abnormality in hereditary angioneurotic
edema. Am J Med 1963;35:37-44.

Gompels M, Lock R, Abinun M, Bethune CA, Davies G, Grattan C, et al. C1 in-
hibitor deficiency: consensus document. Clin Exp Immunol 2005;139:379-94.

. Sim T, Grant J. Hereditary angioedema: its diagnostic and management perspec-

tives. Am J Med 1990;88:656-64.

Agostoni A, Aygoren-Pursun E, Binkley K, Blanch A, Bork K, Bouillet L,
et al. Hereditary and acquired angioedema: problems and progress: proceed-
ings of the third Cl esterase inhibitor deficiency workshop and beyond.
J Allergy Clin Immunol 2004;114:S51-131.

Bork K, Barnstedt S. Laryngeal edema and death from asphyxiation after tooth ex-
traction in four patients with hereditary angioedema. J Am Dent Assoc 2003;134:
1088-94.

Bork K, Siedlecki K, Bosch S, Schopf RE, Kreuz W. Asphyxiation by laryngeal
edema in patients with hereditary angioedema. Mayo Clin Proc 2000;75:349-54.
Nzeako U, Frigas E, Tremaine W. Hereditary angioedema: a broad review for cli-
nicians. Arch Intern Med 2001;161:2417-29.

Moore G, Hurley W, Pace S. Hereditary angioedema. Ann Emerg Med 1988;17:
1082-6.

. Ghebrehiwet B, Randazzo BP, Dunn JT, Silverberg M, Kaplan AP. Mechanisms of

activation of the classical pathway of complement by Hageman factor fragment.
J Clin Invest 1983;71:1450-6.

Joseph K, Tuscano T, Kaplan A. Studies of the mechanism of bradykinin formation
in hereditary angioedema plasma. Ann Allergy Asthma Immunol 2008;101:
279-86.

Joseph K, Tholanikunnel B, Kaplan A. Heat shock protein 90 catalyzes activation
of the prekallikrein-kininogen complex in the absence of factor XII. Proc Natl
Acad Sci U S A 2002;99:896-900.

Joseph K, Shibayama Y, Ghebrehiwet B, Kaplan AP. Factor XII-dependent contact
activation on endothelial cells and binding proteins gCIgR and cytokeratin 1.
Thromb Haemost 2001;85:119-24.

Bossi F, Fischett F, Regoli D, Durigutto P, Frossi B, Gobeil F Jr, et al. Novel path-
ogenic mechanism and therapeutic approaches to angioedema associated with C1
inhibitor deficiency. J Allergy Clin Immunol 2009;124:1303-1310.e4.

Donaldson VH, Rosen FS, Bing DH. Role of the second component of complement
(C2) and plasmin in kinin release in hereditary angioneurotic edema (H.A.N.E.)
plasma. Trans Assoc Am Physicians 1977;90:174-83.

Smith M, Kerr M. Cleavage of the second component of complement by plasma
proteases: implications in hereditary Cl-inhibitor deficiency. Immunology 1985;
56:561-70.

Fields T, Ghebrehiwet B, Kaplan AP. Kinin formation in hereditary angioedema
plasma: evidence against kinin derivation from C2 and in support of “spontaneous”
formation of bradykinin. J Allergy Clin Immunol 1983;72:54-60.



8 KAPLAN

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

. Joseph K, Tholanikunnel B, Kaplan A. Factor XII-independent cleavage of high

molecular weight kininogen by prekallikrein and inhibition by C1 inhibitor.
J Allergy Clin Immunol 2009;124:143-9.

. Kaplan AP, Joseph K, Silverberg M. Pathways for bradykinin formation and in-

flammatory disease. J Allergy Clin Immunol 2002;109:195-209.

. Shoemaker LR, Schurman SJ, Donaldson VH, Davis AE 3rd. Hereditary angioneu-

rotic oedema: characterization of plasma kinin and vascular permeability-
enhancing activities. Clin Exp Immunol 1994;95:22-8.

. Cugno M, Nussberger J, Cicardi M, Agostoni A. Bradykinin and the pathophysiol-

ogy of angioedema. Int Immunopharmacol 2003;3:311-7.

Caldwell JR, Ruddy S, Schur PH, Austen KF. Acquired C1 inhibitor deficiency in
lymphosarcoma. Clin Immunol Immunopathol 1972;1:39-52.

Geha R, Quinti I, Austen K, Cicardi M, Sheffer A, Rosen FS. Acquired CI-
inhibitor deficiency associated with antiidiotypic antibody to monoclonal immuno-
globulins. N Engl J Med 1985;312:534-40.

Alsenz J, Bork K, Loos M. Autoantibody-mediated acquired deficiency of Cl
inhibitor. N Engl J Med 1987;316:1360-6.

Malbran A, Hammer CH, Frank MM, Fries LF. Acquired angioedema: observa-
tions on the mechanism of action of autoantibodies directed against C1 esterase in-
hibitor. J Allergy Clin Immunol 1988;81:1199-204.

Cicardi M, Zanichella. The acquired deficiency of C1 inhibitor: lymphoprolifera-
tion and angioedema. Curr Mol Med 2010;10:354-60.

Huntington J, Read R, Carrell R. Structure of a serpin-protease complex shows
inhibition by deformation. Nature 2000;407:923-6.

Krassilnikova S, Nikiforov Y, Craig T. Treatment of hereditary angioedema:
current perspectives. Recent Pat Inflamm Allergy Drug Discov 2008;2:166-74.
Kaplan A, Greaves M. Angioedema. J Am Acad Dermatol 2005;53:373-88.
Craig T, Riedl M, Dykewicz M, et al. When is prophylaxis for hereditary angioe-
dema necessary? Ann Allergy Asthma Immunol 2009;102:366-72.

Ichinose A, Fujikawa K, Suyama T. The activation of pro-urokinase by plasma
kallikrein and its inactivation by thrombin. J Biol Chem 1986;261:3486-9.
Cugno M, Hack CE, de Boer JP, Eerenberg AJ, Agostoni A, Cicardi M. Generation
of plasmin during acute attacks of hereditary angioedema. J Lab Clin Med 1993;
121:38-43.

47.

48.

49.

50.

S1.

52.

54.

55.

J ALLERGY CLIN IMMUNOL
mmm 2010

. Kaplan AP, Austen KF. A prealbumin activator of prekallikrein, II: derivation of

activators of prekallikrein from active Hageman factor by digestion with plasmin.
J Exp Med 1971;133:696-712.

Zuraw B. Hereditary angioedema: a current state-of-the-art review, IV: short-and
long-term treatment of hereditary angioedema: out with the old and in with the
new? Ann Allergy Asthma Immunol 2008;100:S13-8.

Dunn C, Goa K. Tranexamic acid: a review of its use in surgery and other indica-
tions. Drugs 1999;57:1005-32.

Frank M. Hereditary angioedema: a current state-of-the-art review, VI: novel
therapies for hereditary angioedema. Ann Allergy Asthma Immunol 2008;100:
$23-9.

Bernstein J. Hereditary angioedema: a current state-of-the-art review, VIII: cur-
rent status of emerging therapies. Ann Allergy Asthma Immunol 2008;100:
S41-6.

Bowen T, Cicardi M, Bork K, Zuraw B, Frank M, Ritchie B, et al. Hereditary an-
giodema: a current state-of-the-art review, VII: Canadian Hungarian 2007 Interna-
tional Consensus Algorithm for the Diagnosis, Therapy, and Management of
Hereditary Angioedema. Ann Allergy Asthma Immunol 2008;100(1 suppl 2):
$30-40.

Zuraw BL, Busse PJ, White M, Jacobs J, Lumry W, Baker J, et al. Nanofiltered C1
inhibitor concentrate for treatment of hereditary angioedema. N Eng J Med 2010;
363:513-22.

. Schneider L, Lumry W, Vegh A, Williams AH, Schmalbach T. Critical role of kal-

likrein in hereditary angioedema pathogenesis: a clinical trial of ecallantide, a
novel kallikrein inhibitor. J Allergy Clin Immunol 2007;120:416-22.

Bork K, Frank J, Grundt B, Schlattmann P, Nussberger J, Kreuz W. Treatment of
acute edema attacks in hereditary angioedema with a bradykinin receptor-2 antag-
onist (icatibant). J Allergy Clin Immunol 2007;119:1497-503.

Cicardi M, Levy RJ, McNeil DL, Li HH, Sheffer AL, Campion M, et al. Ecallan-
tide for the treatment of acute attacks in hereditary angioedema. N Eng J Med
2010;363:523-31.

. Cicardi M, Banerji A, Bracho F, Malbran A, Rosenkranz B, Riedl M, et al. Icati-

bant, a new bradykininreceptor antagonist in hereditary angioedema. N Eng J Med
2010;363:532-41.



	Enzymatic pathways in the pathogenesis of hereditary angioedema: The role of C1 inhibitor therapy
	Genetic and molecular basis of HAE
	Clinical presentation of HAE
	Enzymatic cascade and Inhibition by C1INH
	Bradykinin formation at the cell surface
	Complement cascade: some historical perspective and utility in diagnosis
	Current therapy
	New and investigational interventions
	C1INH replacement therapy
	Kinin-pathway modulators
	References


