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Heterozygosity for C1 inhibitor (C1INH) deficiency results in hereditary angioedema. Disruption of the
C1INH gene by gene trapping enabled the generation of homozygous- and heterozygous-deficient mice.
Mating of heterozygous-deficient mice resulted in the expected 1:2:1 ratio of wild-type, heterozygous,
and homozygous-deficient offspring. CIINH-deficient mice showed no obvious phenotypic abnormal-
ity. However, following injection with Evans blue dye, both homozygous and heterozygous C1INH-defi-
cient mice revealed increased vascular permeability in comparison with wild-type littermates. This
increased vascular permeability was reversed by treatment with intravenous human C1INH, with a Kunitz
domain plasma kallikrein inhibitor (DX88), and with a bradykinin type 2 receptor (Bk2R) antagonist
(Hoe140). In addition, treatment of the C1INH-deficient mice with an angiotensin-converting enzyme
inhibitor (captopril) increased the vascular permeability. Mice with deficiency of both C1IINH and Bk2R
demonstrated diminished vascular permeability in comparison with C1INH-deficient, Bk2R-sufficient

mice. These data support the hypothesis that angioedema is mediated by bradykinin via Bk2R.
J. Clin. Invest. 109:1057-1063 (2002). DOI:10.1172/JCI200214211.

Introduction

Hereditary angioedema (HAE) develops in individuals
who are heterozygous for deficiency or dysfunction of
C1 inhibitor (C1INH). This disease is characterized by
recurrent episodes of angioedema involving the skin or
the oropharyngeal, laryngeal, or gastrointestinal
mucosa. Prior to the use of attenuated androgens such
as danazol and stanazolol as chronic therapy for HAE,
as many as one-third of patients died from asphyxia-
tion secondary to laryngeal edema.

C1INH belongs to the serpin family of serine protease
inhibitors. It is the only inhibitor of C1r and Cls, the clas-
sical complement pathway proteases (1). It also regulates
kinin generation via inactivation of factors XIla and plas-
ma kallikrein, and intrinsic coagulation via inactivation
of factor Xla (2-6). In HAE, the low levels of active C1INH
in plasma lead to unregulated activation of the comple-
ment and contact cascades and the development of
angioedema with its associated complications. Comple-
ment system activation results in decreased levels of C4
and C2, while contact system activation results in cleav-
age of high molecular weight kininogen.

In the past several years a great deal has been learned
about the structure, genetics, mechanism of action, and
inhibitory spectrum of C1INH. However, the patho-
physiology of the increased vascular permeability of HAE
has remained controversial for over 30 years. It is believed
that angioedema results from uncontrolled activation of

either the classical complement pathway with generation
of a vasoactive peptide (C2 kinin) released from C2,
and/or from contact system activation with release of
bradykinin from high-molecular-weight kininogen
(7-11). Although the majority of the available data sup-
portarole for bradykinin, the critical question is whether
bradykinin alone could account for the symptoms of
patients with HAE, or other mediators are also involved.
To investigate the role of C1INH in vivo, and to deter-
mine whether bradykinin is involved in the induction of
vascular permeability in edema formation, we obtained
mice in which the C1INH gene was targeted for disrup-
tion in murine embryonic stem cells using gene trapping
(12). Neither homozygous nor heterozygous C1INH-
deficient mice had an obvious phenotype. However, when
compared with wild-type littermates, these animals clear-
ly had increased vascular permeability that could be
reversed by treatment with human CI1INH, with an
inhibitor of contact system activation (DX88), or with a
bradykinin type 2 receptor (Bk2R) antagonist (Hoe140).
Inhibition of bradykinin inactivation with captopril
enhanced vascular permeability in CIINH-deficient mice,
but mice doubly deficient in both C1INH and the Bk2R
did not demonstrate increased vascular permeability.

Methods
C1INH gene targeting. Mice in which the CIINH gene was
targeted by gene trapping were obtained from a library
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of randomly targeted embryonic stem cell lines from
Lexicon Genetics Inc. (The Woodlands, Texas, USA).
This method uses random insertional mutagenesis with
a fragment of DNA coding for a reporter or selectable
marker gene as mutagen (13, 14). Embryonic stem cells
were infected with recombinant retrovirus produced
from a Moloney murine leukemia virus-based packag-
ing cell line. Puromycin-selected clones were lysed to
obtain RNA to be used in the rapid amplification of
cDNA ends (3" RACE) (12). Direct sequencing of 3’
RACE products gave a high quality sequence 80-700
nucleotides long. The sequence tag from each clone was
compared to sequences in the GenBank database for
sequence similarities. This indicated that the CIINH
gene was targeted 210 bp upstream of exon 7. The gene
trap vector inserted into the CI1INH gene is shown
schematically in Figure 1. Targeted 129/SvEvBrd embry-
onic stem cells were injected into C57BL/6 albino blas-
tocysts. The chimeras (129/SvEvBrd) were then crossed
with C57BL/6 albinos to produce the heterozygotes.

Bk2R knockout mice. Mice in which Bk2R is not
expressed due to targeted disruption of the Bk2R gene
(15) were obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA). Bk2R genotyping was per-
formed by PCR using two primer pairs, one of which
amplified a 361-bp fragment within the coding
sequence of the Bk2R gene (forward primer, TGTC-
CTCAGCGTGTTCTTCC; reverse primer, GGTCCTGAA-
CACCAACATGG). The other pair (forward primer,
CTTGGGTGGAGAGGCTATTC; reverse primer, GGTCCT-
GAACACCAACATGG) amplified a 280-bp fragment
within the inserted portion of the targeting vector. In
the targeted gene, the entire Bk2R coding sequence
was replaced. Therefore, amplification of DNA from
wild-type and homozygous Bk2R-deficient mice
resulted in single bands of 361 bp and 280 bp, respec-
tively, while amplification of DNA from heterozygous
mice yielded both bands.

PCR amplification of the mouse CIINH gene. PCR ampli-
fication was performed with Taq polymerase and other
reagents in the Platinum PCR SuperMix (Invitrogen
Corp., Carlsbad, California, USA). Each cycle of denat-
uration (93°C for 30 seconds), annealing (59°C for 30
seconds), and extension (65°C for 2 minutes) was
repeated 40 times. Two forward and two reverse primers
were used to genotype the animals. One forward primer
(1f) (CTCTGTTATTACATAGCTAGTCAAGG) amplified
from a point near the 5" end of intron 6, while the other
(2f) (CTTGCAAAATGGCGTTACTTAAGC) used a sequence
within the long terminal repeat. The two reverse primers

Western blot analysis. Mouse plasma (20 pl, 1:800 dilu-
tion) was added to an equal volume of SDS sample
buffer containing 200 mM DTT and boiled for 3
minutes. Samples were resolved by SDS PAGE (7.5%
polyacrylamide concentration) and transferred by
electrophoresis onto a nitrocellulose membrane
(NOVEX LC2001; Invitrogen Corp.). After blocking,
membranes were incubated with primary rabbit anti-
mouse C1INH IgG (16), followed by secondary goat
anti-rabbit IgG-horseradish peroxidase. A chemilu-
minescent Western blotting detection kit (Pierce
Chemical Co., Rockford, Illinois, USA) was used
according to the manufacturer’s protocol to visualize
the labeled protein.

Vascular permeability assay. Evans blue dye (30 mg/kg
in 100 ul PBS; Sigma Chemical Co., St. Louis, Mis-
souri, USA) was injected into the tail vein of 7- to 8-
week-old mice. In some experiments, after 1 minute,
mustard oil (Sigma Chemical Co.) diluted to 5% in
mineral oil was applied to the dorsal and ventral sur-
faces of the ear with a cotton swab; the application
process was repeated 15 minutes later. Photographs
were taken 30 minutes after injection of Evans blue
dye. After the mice were euthanized by CO, inhala-
tion, ears and feet were removed, blotted dry, and
weighed. The Evans blue dye was extracted from the
ears and feet with 1 ml of formamide overnight at
55°C and measured spectrophotometrically at 600
nm (17). In one group of experiments, intestinal vas-
cular permeability was evaluated by extraction of
Evans blue dye from equal weights of small intestinal
tissue. Data were expressed as mean + SEM. Compar-
isons of the amounts of dye extravasation were evalu-
ated by the unpaired Student ¢ test. P values smaller
than 0.05 were considered significant. In some exper-
iments, immediately prior to the infusion of Evans
blue dye, mice were treated with one of the following
agents: human C1INH (100 pg; Advanced Research
Technologies, San Diego, California, USA), the engi-
neered Kunitz domain plasma kallikrein inhibitor
DX88 (18) (10 ug; kindly provided by Shirish Hirani,

Ex6 LTR LTR
1f SA IRES geo pAPGK puro SD 2f 1r 2r
—>  —

G AAAAAA,

G- AAAAAA

Figure 1

Ex7 Ex8

amplified from sequences near the 3’ end of intron 6
(CAGATACCCCTTATTAGCTCTTCCT, primer 1r) and
within exon 7 (TACCACGATCACAAAGCTCAGGTTG,
primer 2r). Using these primers, amplification of
genomic DNA from wild-type mice produced bands of
300 bp (1f = 2r) and 210 bp (1f — 1r) (Figure 1 and Fig-
ure 2a). Genomic DNA from the homozygous-deficient
mice produced bands of 200 bp (2f — 2r) and 150 bp
(2f — 1r) (Figure 1 and Figure 2a).

Targeting the C1INH gene in mice by random insertional mutage-
nesis (12). The white boxes indicate C1INH gene exons (Ex). The
retroviral vector with the galactosidase/neomycin phosphotrans-
ferase fusion gene (geo), the puromycin N-acetyl transferase gene
(puro), and other components are inserted within intron 6, 210 bp
in the 5" direction from exon 7, and are indicated with shaded
boxes. 1f, 2f, 1r, and 2r represent PCR primers. LTR, long term
repeat; SA, splice acceptor sequence; IRES, internal ribosome entry
site; pA, polyadenylation sequence; PGK, phosphoglycerate kinase
promoter; SD, splice donor sequence.
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Genotype/phenotype analysis. (a) The genotype of the C1INH-tar-
geted mice was determined by PCR amplification using the two primer
pairs described in Methods. Amplification in the C1INH** mice result-
ed in bands of 300 bp and 210 bp; in the CTINH*/~ mice, bands of 300
bp, 210 bp, 200 bp, and 150 bp resulted; in the C1TINH~/~ mice, bands
of 200 bp and 150 bp resulted. (b) Detection of C1INH by Western
blot analysis of mouse serum using antiserum to mouse C1INH. NEG,
negative control; M, molecular weight marker.

Dyax Corp., Cambridge, Massachusetts, USA), the
Bk2R antagonist Hoel40 (30 png; Sigma Chemical
Co.), the Bk1R antagonist des-Arg®,[Leu®]-bradykinin
(30 ug; Sigma Chemical Co.), and the angiotensin-
converting enzyme (ACE) inhibitor captopril (20 ug;
Sigma Chemical Co.). All experiments were performed
in compliance with relevant laws and institutional
guidelines and were approved by the Center for Blood
Research Animal Care and Use Committee.

Results

Phenotype of the C1INH-deficient mice. The C1INH-defi-
cient mice were genotyped by PCR amplification using
the two indicated primer pairs (Figure 1 and Figure
2a). Both the heterozygous and homozygous C1INH-
deficient mice appeared normal at birth, and subse-
quently developed and bred normally. Both the
C1INH*- and the C1INH7~ mice (males and females)
were fertile. The growth of both heterozygous and
homozygous-deficient mice appeared normal, and no
more newborn deaths were observed among the
C1INH"~ and C1INH7/~ mice than among their wild-
type littermates. The mean weight of six CIINH"*
male mice was 24.2 g, while that of seven CIINH"~
male mice was 26.1 g and that of seven CIINH7~ male
mice was 26.4 g. The mean weights of both the
C1INH*~ and C1INH7/~ male mice were significantly
different from the mean weight of the CIINH"* male
mice (P < 0.002 and P < 0.0002, respectively). Howev-
er, the female mice showed no significant difference
in weight (20.3 g, 19.8 g, and 19.9 g for C1INH"",
C1INH*~,and C1INH~~, respectively; P =0.68 for both
C1INH"~ and C1INH7- compared with CIINH"*.

Western blot analysis demonstrated that the
CI1INH"~ mice expressed lower levels of C1INH pro-
tein in plasma than did CIINH"* littermates, while
C1INH protein was not detected in plasma from
CI1INH~”~ mice (Figure 2b). As is the case in humans
with HAE, the level of C1INH in the CIINH*~ mice
appeared to be less than 50% of normal. In addition,
Western blot analysis of mouse serum following incu-
bation with human C1s showed no complex forma-
tion in serum from null mice when probed with anti-
body to Cl1s or C1INH, while complexes were readily
apparent in serum from wild-type and heterozygous-
deficient mice (data not shown). Because of limited
availability of reagents, ELISA for determination of
serum C4 levels was performed for only three
CI1INH~- and four C1INH"~ mice. The serum C4 lev-
els of the CIINH~- mice were 38%, 41%, and 59% of
the levels measured in wild-type littermate controls.
The serum C4 levels of the CIINH"- mice were more
variable (49%, 76%, 120%, and 49% that of wild-type
controls). The mean serum C4 level of the CIINH/~
mice differed significantly from that of the wild-type
mice (P < 0.01). Consistent with these low C4 levels,
total hemolytic complement activity in serum from
the null mice was also decreased in comparison with
the wild-type mice (data not shown). These data pro-
vide indirect evidence suggesting insufficient regula-
tion of complement system activation, as is the case
with the human disease.

Mating of heterozygous-deficient mice (a total of 144
offspring) resulted in 38 CIINHY* mice (26%), 75
CIINH*~ mice (52%), and 31 CIINH”/~ mice (22%),
which corresponded to the expected Mendelian ratio of
1:2:1. The average number of pups per litter was seven.
There was no alteration in the ratio of males to females
(71 females, 73 males).

Increased vascular permeability in C1INH-deficient mice.
Evans blue dye was injected intravenously into the tail
vein, and extravasation of dye from the vasculature
was measured. Over a period of 15-30 minutes, the
skin of the normal CIINH"* mice developed a slight
blue coloration that was particularly apparent around
the nose and eyes, and on the feet (Figure 3, a and c).
Under baseline conditions, the CIINH"~ (Figure 3, b
and c) and C1INH”/~ mice (Figure 3c) had markedly
increased vascular permeability compared with the
wild-type mice. The blue coloration of the eyes, nose,
and feet was observed within minutes after the Evans
blue dye injection and was much more intense in the
heterozygous and homozygous-deficient mice than in
the wild-type mice.

The increased vascular permeability was less appar-
ent on the ears than on the feet and noses of all the
mice. In fact, there was no difference in baseline vascu-
lar permeability in the ears of CIINH~~ mice in com-
parison with the wild-type. However, the difference
between wild-type and deficient mice was enhanced by
the topical application of mustard oil to the ear after
injection of Evans blue dye (Figure 3, a and b). Mustard
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Figure 3

Analysis of vascular permeability.
Extravasation of Evans blue dye at 15-30
minutes was much more extensive in
C1INH-deficient mice (b) than in wild-
type mice (a), particularly after the
application of mustard oil to the left ears
of the mice. (c) The difference in the
amount of extravasation was clearly
demonstrated by the rear footpads of
mice of each genotype. Administration
of human C1INH resulted in reduced

lof i vascular permeability, as did the combi-
ﬁ @ ‘ F nation of Bk2R deficiency together with
, v C1INH deficiency.
Y
C1INH genotype +/+ +/+ —/— —/— /=
Bk2R genotype +/+ +/+ +/+ +/+ —/—
Evans blue dye - + + + +
C1INH treatment - - - + —

Figu
Spec

oil is a local irritant that induces plasma leakage and
inflammation. However, even with mustard oil treat-
ment, the blue coloration was less intense in the wild-
type mice (Figure 3a) than in the CIINH*~ mice (Figure
3b) and the CIINH /- mice (not shown).

The amount of extravasated dye was quantitated by
spectrophotometric analysis. Evans blue dye was
extracted from the ears and rear paws of the mice with
formamide and was read at an absorbance of 600 nm.
This revealed that the amount of extravasated Evans
blue dye in the rear paws was significantly greater in
both the CIINH?- and CIINH”/- mice than in the
CIINH""* mice (Figure 4) (P = 0.0009 and P = 0.002,
respectively). Similarly, 30 minutes after application
of mustard oil to the ears, the amount of Evan’s blue
dye increased two- to fivefold in the CI1INH*~ and in
the CIINH”~ mice compared with the wild-type mice
(Figure 5), even though the baseline values in the two
were very similar. The increases in both the CIINH"~
and CIINH”/~ mice were significant in comparison
with both the mustard oil-treated CIINH"* mice
(P=0.007 and P=0.0003) and with the untreated con-
trols of the same genotype (P = 0.003 for the CIINH"~
mice and P =0.0002 for the CIINH~~ mice). Intestinal
vascular permeability was analyzed in a limited num-
ber of mice (Figure 6). Permeability in this tissue was
also increased in the CIINH~7~ mice in comparison
with CIINH"* mice, although the difference between
the two was of borderline statistical significance
(P=0.05), probably as a result of the small number of
mice studied. These data clearly indicate that the

re4
trophotometric analysis of vascular permeability in footpads.

Quantitation of Evans blue dye extracted from the paws of mice of

the i
veno

1060

ndicated genotypes, either treated or not treated with intra-
us CTINH (C11), DX88 (DX), or Hoe140 (Hoe).

C1INH-deficient mice not only have increased vascu-
lar permeability, but also have an increased perme-
ability response to an external irritant.

Intravenous injection of human CILINH reverses the
increased vascular permeability in C1INH-deficient mice. In
order to provide evidence that the increased vascular
permeability observed in the CIINHY~ and CI1INH7/~
mice was a direct result of C1INH deficiency rather
than an unforeseen associated defect, human C1INH
(100 pg in 100 pl PBS) was injected into the tail veins
of mice, followed by injection of Evans blue dye with-
in 10 minutes. Mice treated with human CI1INH
became slightly blue and appeared essentially identi-
cal to the wild-type mice, as demonstrated by the foot-
pads shown in Figure 3c. This observation was con-
firmed by spectrophotometric analysis of Evans blue
dye extravasation in the foot (Figure 4). In both the
CIINH'- and CIINH~~ mice, the differences in Evan’s
blue dye between the untreated and C1INH-treated
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B 0.16 1 o
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Treatment 0 0 0 0 Ci1 Cil DX Hoe
Mean 0.10 0.15 0.16 0.10 0.11 0.10 0.08 0.09
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Figure 5

Spectrophotometric analysis of the vascular permeability response
to application of mustard oil to the ears of mice of the indicated phe-
notypes and treatments.

groups were statistically significant (P = 0.003 and
P =0.002, respectively). The mice infused with C1IINH
were also treated with mustard oil on their ears, and
their permeability responses were quantitated spec-
trophotometrically. The heterozygous and homozy-
gous-deficient mice reconstituted with human
C1INH showed a diminished response to mustard oil
in comparison with the CIINH”~ and CIINH”/~ mice
that had not been treated with C1INH (Figure 5)
(P = 0.02 for the CIINH*- C1INH-treated versus
untreated mice, and P = 0.006 for the CIINH/-
C1INH-treated versus untreated mice).

The increased vascular permeability in C1INH-deficient
mice is mediated by BR2R. To test the hypothesis that
increased vascular permeability in CIINHY- and
C1INH”~ mice resulted from bradykinin mediated via
Bk2R, C1INH-deficient mice were treated with the
plasma kallikrein inhibitor DX88, with the Bk2R
antagonist Hoe140, and with the ACE inhibitor cap-
topril (Figure 4 and Figure 6). Plasma kallikrein inhi-
bition, which would prevent contact system-mediat-
ed bradykinin generation, reversed the increased
vascular permeability in CIINH7~ mice (Figure 4)
(P =0.004 for CIINH7~ mice treated with DX88 ver-
sus untreated CIINH7~ mice). Similarly, interference
with the ability of Bk2R to interact with its ligand
also reduced vascular permeability (P = 0.008 and
P = 0.0007 for treated versus untreated CIINH7/~
mice, vascular permeability in the feet and intestines,
respectively) (Figure 4 and Figure 6). On the other
hand, treatment with the Bk1R antagonist, des-
Arg?® [Leu®]-bradykinin, had no effect on vascular
permeability (Figure 6). Bk1R is expressed primarily
by tissues during inflammation, and therefore would
not be expected to mediate the increased vascular

permeability. Treatment with captopril resulted in a
dramatic increase in vascular permeability (P =0.002
treated versus untreated).

In addition, C1INH knockout mice were crossed
with Bk2R knockout mice (Figure 7). Initially,
C1INH-deficient mice were crossed with Bk2R null
mice. CIINH"~-, Be2R*/~ mice that resulted from these
crosses were mated. These crosses resulted in all the
predicted genotypes. The CIINHY-, BR2R”~ and
CI1INH”/~, Be2R/~ mice all appeared normal. Vascular
permeability in the CIINH*~, Be2R7/~ and C1INH",
Bk2R7~ mice was strikingly less than that in the
CIINH*/-, BR2R*/* or C1INH~-, Bk2R** mice and was
essentially the same as that observed in the CIINH"*
mice (BR2R*, Bk2R*/~, or BR2R7"), as shown both by
visual inspection of the footpads (Figure 3c) and by
spectrophotometric analysis of extravasated Evans
blue dye in both the footpads and the mustard
oil-treated ears (Figure 4 and Figure 5). The difference
in dye extravasation in CIINH/~, Be2R”/~ mice com-
pared with CIINH~~, BR2R”* mice was significant in
both the footpads (P = 0.002) and the mustard
oil-treated ears (P = 0.0004).

Discussion

The C1INH-deficient mouse model described here
shares a number of characteristics with HAE. In par-
ticular, the studies have shown that C1INH deficien-
cy in the mouse, as in the human, results in increased
vascular permeability. In addition, many of the mice
had decreased C4 levels in association with the
decreased C1INH levels. Furthermore, the observed
increased vascular permeability could be reversed with
intravenous infusion of C1INH. On the other hand,
no episodes of angioedema involving the skin have
been observed in the deficient mice. However, prelim-
inary observations suggest that these mice may, in
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Figure 6

Spectrophotometric analysis of vascular permeability in the small intes-
tine. Quantitation of extravasated Evans blue dye in CTINH~~ mice
treated with an ACE inhibitor (captopril), a Bk1R antagonist (des-
Arg? [Leu®]-bradykinin; Bk1RA), and a Bk2R antagonist (Hoe140).
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fact, develop acute attacks of angioedema. Five mice
(two CI1INHY- and three CIINH7/") have been
observed with abdominal distension secondary to
edema of the wall of the small intestine. It is not clear
if such episodes are self-limited, because the mice were
euthanized. Such episodes have not been observed in
any wild-type littermates. However, it is not possible
to reach definitive conclusions based on these obser-
vations because insufficient numbers of mice have
been observed for prolonged periods. Currently,
groups of CIINH"*, CIINH"-, and C1INH”~ mice are
being observed throughout their life spans for the
development of such episodes.

Another distinction between this animal model and
HAE is that no human with homozygous deficiency of
C1INH has ever been described. Therefore we had
hypothesized that CIINH~~ mice would not be viable.
However, as described here, these mice survive and are
phenotypically essentially identical to the CIINH"~
mice. There are at least two potential explanations for
this similarity. First, it is possible that below a thresh-
old C1INH level, activation of the proteolytic pathways
is completely unregulated, and that further decreases
in the level of C1INH have no additional effect. Alter-
natively, it is possible that other protease inhibitors in
the mouse contribute to regulation of the complement
and/or contact system proteases to a greater extent
than in the human. Preparation of the reagents
required to perform the studies designed to test these
hypotheses is in progress.

A primary goal of these studies was to test the
hypothesis that bradykinin is the primary mediator of
angioedema. Several earlier studies implicated the
classical complement system in the generation of
angioedema. Mixtures of Cls, C4, C2, and plasmin
produced a kinin-like activity, referred to as C2 kinin,
that was similar to the kinin activity isolated from
plasma of patients with HAE (19). In addition, intra-
dermal injection of C1s induced angioedema with no
itching, no pain, and no signs of inflammation (20).
This response was decreased or absent in both
humans and guinea pigs deficient in C2. Intravenous
infusion of C2 in C2-deficient guinea pigs restored
the response to Cls (7).

However, other studies have suggested that C2 may
not be the source of the kinin-like activity generated
in HAE plasma. Fields et al. showed that the kinin
was resistant to tryptic digestion but was destroyed
by carboxypeptidase B, which is more consistent with
the hypothesis that the source of the kinin activity is
bradykinin rather than the C2 kinin (21). Another
study was unable to generate kinin activity from C2

Figure 7

Genotype analysis of CTINH~~, Bk2R~/~ mice. The genotypes of the double knockout mice were determined by PCR
amplification using the primer pairs indicated in Methods. Amplification in the CTINH*/*, Bk2R"/* mice resulted in
a C1INH** genotype as shown in Figure 2a, while the BkK2R*/* genotype showed a single band of 361 bp. Amplifica-
tion in the CTINH~/~, Bk2R~~ mice resulted in a C1TINH~~ genotype as shown in Figure 2a, while the Bk2R~/~ geno-

++ —/—

type showed a single band of 280 bp.

by cleavage with purified Cls (22). Blister fluid
obtained from suction blisters induced on the skin of
patients with HAE contained large amounts of active
kallikrein, while fluid similarly obtained from nor-
mal individuals did not (23). Subsequently, Shoe-
maker et al. demonstrated that the contact system,
but not the complement system, was required for
generation of the kinin activity from angioedema
plasma following incubation at 37°C (9). Further-
more, bradykinin was the only kinin that could be
isolated from such plasma, and no kinin activity
could be generated from normal plasma incubated
under the same conditions. Other evidence suggest-
ing that bradykinin might be a primary mediator of
angioedema is the observation that members of a
family with a mutant C1INH (Alagys — Val) that
inhibits the contact system proteases, but is a poor
inhibitor of the complement proteases, have never
developed angioedema (10). Finally, more recently,
Nussberger et al. have shown that bradykinin can be
detected in the plasma of HAE patients during
attacks of angioedema (11). Taken together, these
previous reports suggest that mediators of angioede-
ma are generated through activation of the contact
system, but the possibility that mediators resulting
from complement system activation may play a role
has not been disproved.

The studies reported here provide additional strong
evidence that bradykinin contributes substantially to
the vascular permeability in the C1INH-deficient
mice via Bk2R. Previous studies have indicated that
Bk2R mediates bradykinin-induced vascular perme-
ability (24, 25). In this report, the C1INH-deficient
mice were protected from enhanced vascular perme-
ability by an inhibitor of plasma kallikrein, by a Bk2R
antagonist, and by Bk2R-deficiency. This deficiency
corrected both the generalized increased vascular
permeability and the exaggerated vascular permeabil-
ity response to the mustard oil skin irritant. Further-
more, treatment of CIINH7- mice with an ACE
inhibitor increased vascular permeability. To our
knowledge, no ligand for Bk2R other than bradykinin
has been described. These data, therefore, strongly
suggest that the symptoms of angioedema are medi-
ated by bradykinin via Bk2R. The receptor that medi-
ates the C2 kinin-induced enhancement of vascular
permeability has not been identified. Therefore it
remains theoretically possible that the C2 kinin could
play a role in the vascular permeability response. In
either case, the results described here suggest that
bradykinin receptor antagonists may be effective in
the treatment of HAE.
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