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Characterization of the pathophysiology of hereditary angioedema
(HAE) began in 1962 with the observation by Landerman and colleagues
[1] that plasma of patients who had hereditary angioedema was deficient
in plasma kallikrein inhibitory capacity and the subsequent demonstration
by Donaldson and Evans [2] that the deficient protein was first complement
component (C1) inhibitor. The role of C1 inhibitor in regulation of comple-
ment system activation had been described shortly after the first description
of the isolation and characterization of the first complement component; it
was characterized as a heat labile factor in plasma that inhibited the ester-
olytic activity of C1 [3]. C1 was shown to consist of three separate proteins,
C1q, C1r, and C1s, the last two of which are zymogen serine proteases that
are converted to their proteolytically active forms following binding of C1q
to an immune complex. Subsequent studies demonstrated that C1 inhibitor
inactivates both C1r and C1s [4,5].

The role of C1 inhibitor in regulation of the contact system, by means of
inactivation of both plasma kallikrein and factor XIIa, was elucidated dur-
ing the 1970s and 1980s [6–14]. C1 inhibitor also is capable of inactivating
a number of other proteases, including plasmin and tissue plasminogen ac-
tivator (tPA) [15–19]. The evidence clearly indicates that C1 inhibitor is not
a major regulator of plasmin, which, in vivo, is inhibited primarily by a2

antiplasmin [20,21]. Some data, however, suggest that C1 inhibitor may par-
ticipate in tPA inactivation [16]. Cugno and colleagues [22,23] have demon-
strated activation of both the coagulation cascade and the fibrinolytic
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pathway during attacks of HAE. Therefore, C1 inhibitor may be involved in
regulation of these pathways in vivo or, alternatively, activation of these
pathways by exogenous factors may trigger attacks of angioedema.

One might have expected that the demonstration of the specific deficiency
responsible for HAE and characterization of the proteases inactivated by C1
inhibitor would lead rapidly to characterization of the mechanism of gener-
ation of angioedema symptoms. However, largely because C1 inhibitor is
the primary regulator of activation of both the classic pathway of comple-
ment and the contact system of kinin generation, the mechanism remained
unclear until recently. At this point, the accumulated information clearly in-
dicates that the primary, and most likely the sole, mediator of symptoms is
bradykinin generated by means of activation of the contact system. How-
ever, the specific biochemical events leading to the initiation of an angio-
edema attack remain ill defined.

Function of first complement component inhibitor

C1 inhibitor is a member of the serpins, a family of proteins consisting
mostly, but not solely, of serine protease inhibitors. All members of the serpin
family share similar sequences and three-dimensional structures and consist
of seven to nine a helices and three b sheets. The most distinctive features
of the native serpin structure are a five-stranded b sheet (sheet A) that makes
up the prominent planar surface of the molecule and a peptide loop (the re-
active center loop) consisting of approximately 17 amino acid residues that is
exposed at one pole of the molecule. The reactive center loop is located near
the carboxyl terminus of the protein. The native serpin structure is rather un-
stable and is sensitive to denaturing conditions. Cleavage by a nontarget pro-
tease within the reactive center loop results in a dramatic molecular
rearrangement, with insertion of this loop into b sheet A as its fourth strand,
converting sheet A to a six-stranded sheet. The cleaved inhibitor is a much
more stable structure that may be demonstrated by enhanced resistance to
thermal or chemical denaturation [24–26]. This rearrangement is indicated
by the expression of neoepitopes on the cleaved molecule [27–29].

Serpins inactivate proteases after recognition by the protease of a sub-
strate-like sequence located within the reactive center loop. The protease at-
tacks the peptide bond carboxyl terminal to the P1 residue, which, in the
case of C1 inhibitor, is an arginine. The inhibitor is cleaved at this site. How-
ever, rather than subsequent release of the protease, a covalent bond is
formed between the reactive center amino acid residue of the serpin and
the active site serine of the protease [30]. Subsequently, the reactive center
loop inserts into b sheet A, as with cleavage by nontarget proteases. This in-
sertion moves the protease to the opposite pole of the molecule. The result is
a stable cleaved serpin structure covalently linked to a destabilized protease
in which its catalytic triad is interrupted. Both the protease and the inhibitor
are thereby inactivated, an aspect that led to the designation of serpins as
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suicide substrates [31]. The structural and functional data all indicate that
the mechanism of inactivation of proteases by C1 inhibitor is the same as
the mechanism with other serpins [31,32].

The most significant difference between C1 inhibitor and other serpins is
in the size and characteristics of its nonserpin amino terminal domain. This
domain in C1 inhibitor is quite large (approximately 100 residues) and is
heavily glycosylated with three N-linked and at least seven O-linked carbo-
hydrates [33]. Some portions of the sequence of this domain are mucin-like.
Based on functional studies using a recombinant C1 inhibitor molecule with
the amino terminal 100 residues deleted, this domain plays no role in prote-
ase inhibitor function [34]. Recent studies have indicated that the amino
terminal domain is required, however, for a direct interaction with gram-
negative bacteria and endotoxins [35,36]. This interaction may play a role
in C1 inhibitor–mediated protection from sepsis and septic shock.

C1 inhibitor is the only protease inhibitor that inactivates C1r and C1s
[4,5] and is, therefore, the primary regulator of classic pathway activation
(Fig. 1). It also plays a role in regulation of the lectin pathway, which is ac-
tivated by interaction of mannan-binding lectin or ficolins with surface
structures of a variety of micro-organisms [37–39]. C1 inhibitor inactivates
MASP2, a C1s-like protease that is associated with mannan binding lectin
and ficolins and is activated following binding. However, in vivo, MASP2
also most likely is inactivated by a2 macroglobulin [40]. The relative impor-
tance of each is not yet clear. Another complement regulatory function of
C1 inhibitor has been described, in which C1 inhibitor was shown to bind
to C3b, which resulted in inhibition of factor B binding, similar to the mech-
anism of action of factor H [41]. This function was independent of protease
inhibitor activity. Although the resulting alternative pathway inhibition was
shown to take place at physiologic concentrations in vitro, the importance
of this activity in vivo remains unclear.
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Fig. 1. Complement system activation. The components enclosed within rectangles are inhibi-

tors of activation. Ag:Ab, antigen-antibody complexes; B, factor B; C1INH, C1 inhibitor; D,

factor D; MASP 2, Mannan-binding lectin associated protease 2; MBL, mannan-binding lectin;

P, properdin.
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C1 inhibitor is the primary inhibitor of both plasma kallikrein and coag-
ulation factor XIIa, although these proteases can also be inactivated by a2

macroglobulin [6,9,12–14]. It is therefore the major regulator of contact sys-
tem–mediated bradykinin generation. By virtue of its inactivaton of both
factor XIIa and factor XIa, C1 inhibitor also inhibits activation of the in-
trinsic coagulation pathway. The contact system is activated by a variety
of exogenous negatively charged surfaces, such as glass, kaolin, elagic acid,
dextran sulfate, and possibly endotoxin lipopolysaccharide [42–47]. Factor
XII binds to these surfaces; this binding induces its autoactivation to proteo-
lytically active factor XIIa, which activates both plasma prekallikrein and
additional factor XII (Fig. 2). Activated kallikrein then cleaves two peptide
bonds in high molecular weight kininogen to release bradykinin. A biolog-
ically relevant negatively charged substance responsible for activation in
vivo has not been described. Activation in vivo most likely takes place pri-
marily on the surface of endothelial cells [48–53].

At least two pathways that lead to activation of kallikrein in the absence
of factor XII have been described. One of these is reported to be mediated
by an interaction between the kallikrein–high molecular weight kininogen
complex and heat shock protein 90 [50,54,55], whereas the other depends
on activation of prekallikrein by prolylcarboxypeptidase (see Fig. 2) [56–
59]. Some data suggest that the prolylcarboxypeptidase-mediated activation
mechanism is quite efficient and may be the primary mechanism of contact
system activation in vivo [56,59]. By contrast, other data suggest that both
this and heat shock protein 90–mediated activation are quite slow, but that
they are greatly accelerated in the presence of factor XII [50,54,55]. Al-
though the details of contact system activation remain to be resolved, it is
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Fig. 2. Contact system activation. The diagram indicates the two pathways of contact system

activation, one by means of exogenous negatively charged surfaces and the other taking place

on the surface of endothelial cells. Activation of prekallikrein on endothelial cells is proposed to

be mediated by prolylcarboxypeptidase or by factor XII. C1INH, C1 inhibitor.
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clear that the primary mechanism of regulation of activation of the contact
system is inhibition of kallikrein (and factor XIIa) by C1 inhibitor.

Mutations resulting in first complement component inhibitor deficiency

Individuals who have HAE are heterozygous for mutations that result ei-
ther in lack of expression of C1 inhibitor protein or in the synthesis of a non-
functional protein from one allele together with expression of normal
protein from the other allele. Clinically, these two types are referred to as
type 1 and type 2, respectively, based on whether a dysfunctional protein
is detectable in the patient’s plasma. However, this division is not precisely
accurate. A number of mutations result in a dysfunctional protein that is
either degraded intracellularly, secreted inefficiently, or cleared rapidly
from the circulation. Strictly speaking, these should be referred to as type 2,
but, because they are either absent or present in very small quantities in the
blood, they are usually classified as type 1. In clinical practice, a patient is
classified as type 2 based on the finding of a normal (or elevated) C1 inhibitor
level determined immunochemically, together with a decreased functional
level of C1 inhibitor. Using these criteria, approximately 80% to 85% of
patients are classified as type 1.

Mutations resulting in deficiency may be of virtually any type, including
deletions (and duplications) that range in size from a few base pairs to mul-
tiple exons and a variety of single base substitutions. Large deletions and
single base changes at the reactive center are somewhat overrepresented in
comparison with the other types of mutations. All of the large mutations ap-
pear to be a consequence of recombination involving the multiple Alu repet-
itive elements that are present within the introns of the gene. The reactive
center mutations most likely are a result of the cytosine-guanine (CG) dinu-
cleotide within the codon for the reactive center arginine (CGC). The CG
dinucleotide is susceptible to mutation due to deamidation of methylated cy-
tosine, which results in conversion to a thymine. This process may occur in
the CG dinucleotide in the coding strand or in the complementary strand.
With C1 inhibitor, this results in substitution of the reactive center arginine
with either cysteine or histidine. These make up the largest single group of
mutations within the C1 inhibitor gene. However, it should be noted that
some other mechanism may also be at play here, because several serine
and leucine substitutions at the reactive center have been described, which
cannot result from the deamidation mechanism.

Whether a patient is type 1 or type 2 is of no known clinical importance.
No differences exist between the two in clinical presentation, severity, or
clinical course. Furthermore, with two possible exceptions, the specific mu-
tation does not appear to have any clinical effect. These potential exceptions
are one family with a large deletion, in which the abnormal transcript ap-
pears to inhibit transcription of the normal gene, and another family with
a small duplication, which appears to result in inhibition of translation of
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the normal C1 inhibitor transcript [60,61]. It is not known whether these
mechanisms apply in other families with different mutations.

Pathophysiologic interpretation of clinical characteristics

Patients who have HAE develop recurrent acute episodes of localized
edema that may involve the skin, the mucosa of the gastrointestinal tract,
the pharynx, or the larynx. Therefore, patients who have C1 inhibitor defi-
ciency have an intermittent defect in the regulation of vascular permeability.
This increased vascular permeability results from a sudden local loss of
endothelial barrier function within the postcapillary venule. Signs or symp-
toms of inflammation are absent, as are any signs of an allergic component.
Although early reports suggested that urinary histamine levels were elevated
during attacks of angioedema, antihistamines are ineffective, and a study of
a number of patients who had HAE (both symptomatic and asymptomatic)
demonstrated that urinary histamine levels are not elevated [62]. The angio-
edema in HAE does not respond to treatment with epinephrine.

Serpins are suicide substrates, which may be one important factor in the
initiation of attacks of angioedema. Activation of any protease inhibited by
C1 inhibitor, whether a complement, contact, or fibrinolytic system prote-
ase, will result in inactivation and consumption of the inhibitor. If the
rate of consumption exceeds the rate of ongoing synthesis, the C1 inhibitor
plasma level will decrease. C1 inhibitor levels in patients who have HAE av-
erage approximately 30% of normal during symptom-free periods. Signifi-
cant reduction below this level is associated with the development of
symptoms. Therefore, any event that triggers activation of any of the three
proteolytic pathways would increase C1 inhibitor consumption and sup-
press the plasma level and could result in an episode of angioedema. Clearly,
trauma and inflammation, which are known initiators of attacks of angioe-
dema, can result in activation of each pathway. However, not all episodes of
angioedema are associated with an obvious precipitating factor. In addition,
consumption of C1 inhibitor could be amplified if activation of one system
directly resulted in activation of either or both of the other two systems
(Fig. 3). Activated factor XII and plasmin may activate C1, and factor
XIIa or kallikrein may generate plasmin from plasminogen, but the biologic
significance of these findings has not been clearly demonstrated [63–69].

Another possibility with some clinical support is that plasmin generation
might activate the contact system, with resulting bradykinin generation, and
might thus result in the development of angioedema. Angioedema some-
times develops during therapy with recombinant tissue plasminogen activa-
tor [70,71]. Experimental evidence suggests that this angioedema is mediated
by bradykinin released by the plasmin that is generated by the infused
tissue plasminogen activator [71,72]. It is possible that, in a patient who
has HAE, activation of the fibrinolytic pathway during trauma or inflamma-
tion might generate sufficient plasmin for a similar phenomenon to occur.
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This hypothesis is consistent with the clinical observation that plasmin in-
hibitors are frequently effective in HAE.

The mediation of angioedema

Complement system activation

In HAE, the low plasma levels of C1 inhibitor result in apparent sponta-
neous activation of both the complement and contact systems. Although
this is most obvious during an overt attack of angioedema, it is highly likely
that activation occurs to some degree during symptom-free periods. C2 and
C4 levels, which are virtually always low during an attack, may also be low
when the patient is asymptomatic [73–75]. Another indication of activation
is the observation that the catabolic rate of C1 inhibitor in symptom-free
HAE patients is elevated in comparison with that of normal individuals
[76]. This aspect also probably accounts for the finding that plasma levels
of C1 inhibitor are much less than 50% of normal, which would be expected
in a heterozygous deficiency state [77]. During periods of angioedema, circu-
lating activated C1 [73,78] and complexes of C1 inhibitor with both C1r and
C1s may be detected [79], in addition to decreased plasma levels of C2 and
C4, which may be so low as to be undetectable.

During the 1970s and 1980s, a number of studies were published that sug-
gested that the mediator of angioedema was a product of complement system
activation. On a clinical basis, a complement-derived mediator appeared
most likely to many investigators because angioedema is nonpainful, whereas
subcutaneous injection of bradykinin, which also produces edema, is quite
painful. Donaldson and colleagues [80] showed that plasma taken from
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HAE patients during symptom-free periods, following incubation at 37�C,
generated a factor that contracted smooth muscle and had vascular perme-
ability–enhancing activity when it was injected intradermally into guinea
pig skin. The data suggested that this kinin-like activity was derived from
complement activation; furthermore, both C2 and C4 appeared to be re-
quired for its generation [80–82]. Specifically, the factor appeared to differ
from bradykinin in size, electrophoretic mobility, isoelectric point, and sus-
ceptibility to trypsin, and its generation was inhibited by antibodies to C2
and C4.

Various other data also appeared to support the hypothesis that the me-
diator was complement derived. Intradermal injection, in guinea pigs and
humans, of proteolytically active C1s resulted in local swelling without
pain or itching (ie, it was similar to angioedema) [83–85]. Furthermore,
C2-deficient people did not respond to intradermal injection of C1s, whereas
a C3-deficient patient did respond [84,86]. C2-deficient guinea pigs also were
unresponsive, but the response was restored following intravenous infusion
of C2 [87]. Therefore, to induce a vascular permeability response by means
of complement activation, C2 was required. However, these studies did not
identify the source of the mediator. In addition, there were no clearcut direct
data to indicate that the mediator resulting from complement system activa-
tion was the same as the mediator responsible for angioedema in HAE.

Several studies suggested that the complement-derived factor might result
from plasmin cleavage of C2 during complement activation. First, mixtures
of C1s, C2, and plasmin, in the presence or absence of C4, generated vascu-
lar permeability–enhancing and smooth muscle–contracting activity [88,89].
This event appeared to coincide with the release of a group of small peptides
from the carboxyl terminus of C2b [88]. In addition, several synthetic pep-
tides matching the carboxyl terminal sequence of C2b possessed vascular
permeability and smooth muscle–contracting activity [88]. The most active
of these was 25 amino acids long. However, although this synthetic peptide
clearly enhanced vascular permeability, its specific activity was low in com-
parison with bradykinin. Another study was unable to demonstrate any
cleavage of C2 or C2b with plasmin, and no kinin-like activity resulted
from such incubation mixtures [90].

Contact system activation

During the same period, evidence for contact system activation in HAE
was also accumulating. Among the first of these findings was the demonstra-
tion that large amounts of active kallikrein were present in induced blister
fluid from patients who had HAE. This finding suggested a lower threshold
for contact system activation in comparison with normal individuals [91]. In
addition, during attacks, patients who had HAE had decreased levels of pre-
kallikrein and of high molecular weight kininogen [92]. At least two early
studies suggested that bradykinin was generated during attacks of
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angioedema [93,94]. One of these reported, unfortunately only in abstract
form, that bradykinin was directly detectable in plasma from HAE patients
following in vitro incubation [93]. In 1986, Berrettini and colleagues [95] dem-
onstrated that high molecular weight kininogen was circulating in a cleaved
form in a patient who had HAE. Subsequently, this group and a number of
others have confirmed this finding in additional patients [96–99].

Therefore, by the end of the 1980s, it was clear that both the complement
and contact systems were activated during episodes of angioedema. How-
ever, the precise mediator in HAE had not been unequivocally identified.
Many investigators believed that the mediator was bradykinin, whereas
others believed that a ‘‘C2 kinin’’ was responsible. In 1994, Shoemaker
and colleagues [100] sought to begin to clarify this issue by repeating, as
closely as possible, the protocol followed previously by Donaldson and col-
leagues [80]. For these experiments, in addition to HAE plasma, ‘‘artificial
HAE plasma’’ was prepared by immunoabsorption with anti–C1 inhibitor
antibody. This technique made possible the use of a variety of deficient
plasmas, which then also were made deficient in C1 inhibitor. Vascular per-
meability–enhancing activity could be generated both from HAE remission
plasma and from normal plasma depleted of C1 inhibitor. More impor-
tantly, the activity was also readily generated from C1 inhibitor–depleted
C2-deficient plasma, but not from plasma deficient in prekallikrein, factor
XII, or high molecular weight kininogen. Furthermore, the active factor
was isolated and shown by amino acid sequence analysis to be bradykinin
[100]. Subsequently, Nussberger and colleagues [101] demonstrated that bra-
dykinin levels were elevated in the plasmas of patients who had HAE during
episodes of angioedema. Although these data do not demonstrate a cause
and effect relationship between bradykinin and angioedema, they strongly
suggest that bradykinin is involved. The data also do not rule out the pos-
sibility that more than one mediator is involved.

A dysfunctional first complement component inhibitor
with diminished inhibition of complement proteases
but normal inhibition of contact system proteases

In 1994, Wisnieski and colleagues [102] described a kindred with ex-
tremely low C4 levels as a result of an apparent dysfunctional C1 inhibitor
molecule that was defective in its capacity to inhibit C1. This defect presum-
ably resulted in excessive C4 consumption. The propositus from this family
presented with systemic lupus erythematosus. Subsequent studies demon-
strated that every family member with a low C4 level expressed a C1 inhib-
itor molecule that was defective in its ability to inhibit both C1r and C1s but
retained a perfectly normal ability to inactivate plasma kallikrein and coag-
ulation factor XII [103–105]. This mutant C1 inhibitor retained only ap-
proximately 10% of its ability to inhibit proteolytically active C1r and
C1s. This dysfunction was due to a mutation that resulted in substitution
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of the alanine residue immediately amino terminal to the reactive center ar-
ginine (the P2 position, Ala443) with a valine [103]. Most importantly, nei-
ther the single patient who has systemic lupus nor any of the seven other
family members who express this dysfunctional protein has ever had angio-
edema. These individuals clearly had ongoing complement system activation,
as indicated by their depressed plasma C4 levels. Therefore, complement
system activation alone does not result in the generation of any peptide
that induces angioedema. This family provides strong indirect evidence that
the mediator in HAE is bradykinin.

The first complement component inhibitor–deficient mouse

Analysis of C1 inhibitor knockout mice has provided additional support
for the hypothesis that bradykinin is the mediator of angioedema in HAE
[106]. A database of genes randomly targeted with a retroviral-mediated
gene trapping technique developed by Lexicon Genetics (The Woodlands,
Texas) was screened. The C1 inhibitor gene was targeted in two embryonic
stem cell lines, one of which was used to develop the deficient mice. Both the
C1 inhibitor heterozygous deficient (C1INHþ/�) and homozyous deficient
(C1INH�/�) mice were normal in appearance, grew and developed nor-
mally, and reproduced normally. Litter size was normal in both C1INHþ/�

and C1INH�/�matings, which suggests that there was no increase in embry-
onic or fetal death. Neither C1 inhibitor mRNA nor protein was detected in
C1INH�/� mice. Similar to observations in patients who have HAE, C1 in-
hibitor plasma levels in C1INHþ/� mice were less than 50% of normal. C4
protein levels and functional complement levels were variably decreased in
most C1 inhibitor–deficient mice, although probably not to such an extent
as in humans who have HAE. Therefore, the mice appear to have unregu-
lated complement activation, although possibly not to such an extent as
do patients who have HAE.

Another indication that the consequences of C1-inhibitor deficiency in the
mouse are less dramatic than in the human is provided by the observation
that none of the mice have ever developed angioedema involving the skin.
A total of only eight deficient mice have had spontaneous episodes of gastro-
intestinal edema with obstruction; one of these mice also had laryngeal
edema. None of the wild-type littermate mice were affected, nor were any
other mice in the colony. However, the episodes have not recurred in other
deficient mice. Unfortunately, the trigger for these episodes is unknown,
and attempts to reproduce such episodes have not been successful. Although
these events did appear to be angioedema, it is not possible definitively to as-
cribe them to C1 inhibitor deficiency, both because they have not been repro-
duced and because no biochemical data exist from the time of the attacks.

Although C1 inhibitor–deficient mice do not have any clinically apparent
abnormalities, when a marker for plasma protein extravasation (Evans Blue
dye) was used, the mice were shown to have increased vascular permeability
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in comparison with wild-type littermate controls (C1INHþ/þ). C1INH�/�,
C1INHþ/�, and C1INHþ/þ mice were injected intravenously with Evans
blue dye, which readily binds to serum albumin. Within minutes, the skin
of the feet and the skin around the nose and eyes of both the heterozygous
and homozygous deficient mice became quite blue, whereas that of the wild-
type mice became only slightly blue (Fig. 4) [106]. The vascular permeability
was increased to a greater extent than in the wild-type mice by the topical
application of mustard oil, which enhances local inflammation. The degree
of vascular permeability was quantitated spectrophotometrically by extrac-
tion of the dye from the feet of the mice. The dye extravasation both in the
C1INHþ/� and in the C1INH�/� mice was approximately 1.5 times greater
than that in the wild-type mice (Table 1). Enhancement with mustard oil in-
creased the difference to 3- to 3.5-fold greater in the deficient mice. Treat-
ment of the deficient mice with intravenous C1 inhibitor (100 mg) before
injection with Evans blue dye completely reversed the increased vascular
permeability. The amount of vascular leak in the treated deficient mice
was indistinguishable from that of their wild-type littermates. This finding
strongly indicates that the increase in vascular permeability in the knockout
mice was solely a result of the deficiency of C1 inhibitor and not of some
unexpected associated defect.

Fig. 4. Analysis of vascular permeability. Extravasation of Evans blue dye 15 to 30 minutes af-

ter injection. (A) Wild-type mouse; (B) C1 inhibitor–deficient mouse; (C) rear footpads of mice

of the indicated genotypes with or without C1 inhibitor treatment. Bk2R, bradykinin 2 recep-

tor; C1INH, C1 inhibitor.
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To test the hypothesis that the increased vascular permeability was medi-
ated by bradykinin, C1INH�/� mice were crossed with bradykinin 2 recep-
tor (Bk2R) knockout mice. The resulting C1INHþ/�, Bk2Rþ/� mice then
were mated, which resulted in all the expected genotypes in the predicted
proportions. The C1INHþ/�, Bk2Rþ/� and the C1INH�/�, Bk2R�/� mice
all appeared normal. Furthermore, they were indistinguishable from the
wild-type mice in their vascular permeability response (see Table 1). There-
fore, the Bk2R is required to mediate the increased vascular permeability re-
sponse. Bradykinin is the only known ligand for the Bk2R. These data
strongly indicate that bradykinin is the mediator of the increased vascular
permeability in the mice.

To confirm and strengthen these observations, mice also were treated
with two agents that inhibit contact system activation but have little or
no effect on complement system activation, and with another that is
a Bk2R antagonist. The first agent, DX-88 (Dyax Corp., Cambridge, Mas-
sachusetts), is an engineered Kunitz domain protease inhibitor prepared us-
ing phage display. It is a potent and highly specific inhibitor of plasma
kallikrein. The second kallikrein inhibitor used was the recombinant mu-
tated C1 inhibitor in which the P2 Ala had been substituted with a Val
[103–105], diminishing its inhibition of C1r and C1s but having no effect
on its ability to inhibit plasma kallikrein. The bradykinin receptor antago-
nist used was Icatibant (Jerini AG, Berlin, Germany), a decapeptide antag-
onist with a structure similar to that of bradykinin. Each of these agents
completely reversed the increased vascular permeability (see Table 1).

Table 1

Vascular permeability in C1-inhibitor-deficient mice

C1INH

genotype

Bk2R

genotype

No. of

mice

C1INH

treatment

Fold change in dye

extravasation vs. WTa

þ/� þ/þ 5 None 1.5*

�/� þ/þ 5 None 1.6*

�/� �/� 5 None 1.0

þ/� þ/þ 4 C1INH 1.1

�/� þ/þ 4 C1INH 1.0

�/� þ/þ 22 DX-88 1.0

�/� þ/þ 25 Icatibant 0.9

�/� þ/þ 11 P2 A/V 1.0

Abbreviations: Bk2R, bradykinin 2 receptor; C1INH, C1 inhibitor; P2 A/V, P2 alanine to

valine; WT, wild type.
a The dye extravasation was quantitated spectrophotometrically at 600 nm. The mean

values of each group are expressed as the fold increase compared with an untreated wild-

type control group.

* P!.002 compared with wild-type controls.

Data fromHan ED, MacFarlane RC, Mulligan AN, et al. Increased vascular permeability in

C1 inhibitor deficient mice is mediated by the bradykinin type 2 receptor. J Clin Invest

2002:109:1057–63; and Han Lee E, Pappalardo E, Scafidi J, et al. Approaches toward reversal

of increased vascular permeability inC1 inhibitor deficientmice. ImmunoLetters 2003;89:155–60.
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Because the bradykinin receptor antagonist and both inhibitors of contact
system activation prevent the increased vascular permeability, it appears un-
likely that any mediator other than bradykinin is involved.

Although the C1 inhibitor–deficient mice have an obvious defect in vas-
cular permeability, they appear to have compensated quite well for this de-
fect. Furthermore, it is surprising that the phenotype in these mice appears
identical in the C1INHþ/� and C1INH�/� mice. No human with complete
deficiency of C1 inhibitor has been described, which suggests that complete
deficiency might be lethal. The explanation for the relative mildness of the
phenotype in the mice in comparison with humans who have angioedema
is unknown, as is that for the lack of difference between the heterozygous
and homozygous deficient mice. A likely potential explanation for both find-
ings is that, in the mouse, other inhibitors play a larger role in regulation of
C1 inhibitor target proteases than is the case in the human. For example,
although in both the mouse and the human, C1 inhibitor appears to be
the only inhibitor of activated C1r and C1s, in the human it is not the
only inhibitor of factor XIIa and plasma kallikrein. Depending on the
methods used, in human plasma C1 inhibitor provides from 42% to 84%
of the kallikrein inhibitory capacity and as much as 90% of the inhibitory
capacity toward activated factor XII [9,12–14,107]. The remainder of the
plasma inhibitory activity toward both kallikrein and factor XIIa is pro-
vided by a2 macroglobulin. It is possible that a2 macroglobulin, or perhaps
other inhibitors, provides a higher proportion of the inhibition of murine
contact system proteases. This hypothesis remains uninvestigated.

Another potential explanation for the lack of difference between
C1INHþ/� and C1INH�/� mice is that, below a critical C1 inhibitor level,
activation of the complement and contact systems is maximal, and a further
decrease in the C1 inhibitor level has no additional effect. However, at least
for the complement system, this is unlikely to be the case, because the C4 and
hemolytic complement levels, although lower than in wild-type mice, are only
moderately reduced. It also appears unlikely, therefore, that maximal acti-
vation of the contact system would occur. Another possibility is that the
kallikrein substrate, high molecular weight kininogen, is depleted in both
the C1INHþ/� and C1INH�/� mice. The resolution of these questions
awaits the development of appropriate reagents for these measurements.

The contributions of new therapeutic approaches toward definition
of the pathophysiology of angioedema

Clinical trials using DX88 and Icatibant, the two new therapeutic agents
described earlier, have provided further evidence supporting the hypothesis
that angioedema in HAE is mediated by bradykinin. In the case of DX-88,
two Phase II clinical trials have been completed, a third Phase II trial is
nearly complete, and a Phase III trial is ongoing [108]. Icatibant has been
used in one completed Phase II clinical trial, and two Phase III trials are
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currently ongoing [109]. From the available data, both agents appear to be
quite effective, in that they decrease the time to beginning of symptom relief.
Furthermore, at appropriate doses, they both appear to be effective in nearly
all patients. The available results from these trials, therefore, confirm the
conclusions from the experiments in the C1 inhibitor knockout mice and in-
dicate clearly that the primary mediator of attacks of angioedema in humans
is bradykinin.
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