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New therapies for hereditary angioedema: Disease
outlook changes dramatically

Michael M. Frank, MD,a and Haixiang Jiang, MD, PhDb Durham, NC
Hereditary angioedema (HAE) is an autosomal dominant
disease associated with episodic attacks of nonpitting edema
that may affect any external or mucosal body surface. Attacks
most often affect the extremities, causing local swelling, the GI
tract, leading to severe abdominal pain, and the mouth and
throat, at times causing asphyxiation. Most patients with HAE
have low levels of the plasma serine protease inhibitor C1
inhibitor. The edema in these patients is caused by unregulated
generation of bradykinin. Effective chronic therapy of patients
with impeded androgens or plasmin inhibitors has been
available for decades, but in the United States, we do not have
therapy for acute attacks. Five companies have completed or are
in the process of conducting phase 3 clinical trials, double-blind,
placebo-controlled studies of products designed to terminate
acute attacks or to be used in prophylaxis. Two companies, Lev
Pharmaceuticals and CSL Behring, have preparations of C1
inhibitor purified from plasma that have been used in Europe
for decades (trade names Cinryze and Berinert P, respectively).
One company, Pharming, has developed a recombinant C1
inhibitor preparation. One company, Dyax, is testing a
kallikrein inhibitor (ecallantide), and one company, Jerini, is
completing testing of a bradykinin type 2 receptor antagonist
(Icatibant). Although little has been published thus far, all of
these products may prove effective. It is likely that HAE
treatment will change dramatically within the next few years.
(J Allergy Clin Immunol 2008;121:272-80.)
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The prospects for specific therapy in hereditary angioedema
(HAE) in America have changed dramatically in the last several
years, and it appears that our approach to therapy in just a few
years will be quite different from that used currently. The first
attempts to treat patients with HAE were entirely empirical. An
agent was tried because it was available and thought to be nontoxic
(methyltestosterone).1 There was essentially no rationale for its
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use, but a double-blind study of its use in 1 family showed it to
be effective. Because a reasonable rationale was absent, the value
of the therapy never became recognized and was not used. A sec-
ond effective therapy, epsilon aminocaproic acid (EACA), also
was origin/ally was used with relatively little rationale. Its value
was suggested in a wide screening study, examining the usefulness
of the drug in a great many unrelated diseases.2 It was then tried as
specific therapy for HAE.3,4 The first investigators examining its
use in HAE all performed limited open trials and found it to be
effective. There was some rationale for its use in that it was possi-
ble that the enzymes involved in fibrinolysis played a part in HAE
attacks, and EACAwas a fibrinolysis inhibitor. Interestingly, there
is still no clear evidence presented that it functions in HAE as
a fibrinolysis inhibitor. These articles led to a double-blind study
that proved its effectiveness.5 A more conveniently used chemical
cousin of EACA, tranexamic acid, also proved effective, although
this drug is not available for oral use in America.6,7

Subsequent therapies were developed to test specific hypoth-
eses about the basis of disease. One important group of studies
was based on the clinical observation that endocrine factors
appeared to be of critical importance in the course of the disease.8

The disease was made worse by estrogens. It usually began in
childhood but was more severe at puberty. It tended to improve
in pregnancy. The individuals who began the studies of impeded
androgens were unaware of the original study of methyltestoster-
one. In a series of double-blind studies, it was shown that the
‘‘impeded’’ (or chemically weakened) androgens were very effec-
tive in therapy of HAE, and the surprising finding was made that
the drugs tended to normalize the blood levels of C1 inhibitor and
C4.9-12 It was also realized that clinical response often occurred
before normalization of blood values. These agents required
chronic administration and did not have a clinical effect for about
48 hours.

With the seminal observation in 1963 that patients with HAE
were deficient in the plasma protein C1 inhibitor,13 and with the
gradual development of better techniques for purifying proteins
from donor plasma, it seemed reasonable to replace this missing
plasma protein. Currently this is the approach of 3 companies:
Lev Pharmaceuticals, New York, NY; CSL Behring, King of
Prussia, Pa; and Pharming, Leiden, The Netherlands. With a
more concrete understanding of pathophysiology of the disease,
more directed rational therapy of attacks has been forthcoming
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(Ecallantide; Dyax, Cambridge, Mass; and Icatibant; Jerini, Ber-
lin, Germany). It appears that the therapeutic armamentarium for
the treatment of HAE in America is soon to be expanded mark-
edly. It is of vital importance to patients that this expansion
occurs.

Although chronic therapy has markedly altered the lives of
patients with HAE, there are many reasons why this therapy is not
adequate for some patients and must be considered halfway
therapy. Currently in America, there is no adequate treatment for
acute attacks; the care available for patients with acute attacks of
HAE requires chronic therapy. The new drugs are all rapidly
effective and are needed to deal with acute attacks for a number
of reasons.

The first of these is that androgens, the mainstay of chronic
therapy and useful in prophylaxis are not effective in acute at-
tacks. Impeded androgens are thought to have little clinical effect
for at least 48 hours after they are taken. Moreover, effective im-
peded androgens are not available in intramuscular or intravenous
preparations. Only the methylated androgen derivatives have
proven effective in treatment; testosterone itself is ineffective as
therapy. The effective androgens must be given orally. This is in-
appropriate in patients who often have attacks of abdominal angi-
oedema with swelling of the bowel, vomiting, and unreliable
gastrointestinal absorption. Although at times they have been
used, the androgens cannot be used safely in children as chronic
treatment and will not be used if other alternatives are available.14

They may promote premature closure of bony epiphyses with re-
sulting short stature and may cause other chronic problems such
as hyperlipidemia, seen in some athletes taking chronic androgen
treatment, and liver abnormalities.

Impeded androgens are not appropriate therapy in pregnancy,
because ambiguous genitalia have been described in offspring of
women taking these agents,15 although reports in the literature
suggest that they do not always cause these side effects. Further-
more, it is clear that a subset of patients does not respond to these
drugs. Finally, the androgens have many additional side effects,
which, although usually mild, preclude their use in some people.
These include mood changes, weight gain, hirsutism, occasional
hair loss, bladder telangiectasia, abnormalities of liver function,
and so forth.16 Hepatic adenomas and even carcinomas have been
noted in patients on long-term attenuated androgens, although
these are rare occurrences.17-19 Although the side effects are gen-
erally mild and often do not preclude administration of the andro-
gens, safer drugs not given chronically are more appealing for
proper management.

Like the androgens, the second class of agents used in chronic
therapy, the plasmin inhibitors such as EACA and tranexamic
acid, are not effective in acute attacks. EACA, the only plasmin
inhibitor available for oral use in the United States, for unknown
reasons requires about 48 hours after administration to begin to
have an effect, at least in our hands. The high doses of EACA re-
quired (about 8 g/d in adults) lead to inconvenient administration,
and toxic side-effects are common with prolonged use. Tranexa-
mic acid, a similar, more potent product that is available in Europe
for oral chronic treatment of HAE, is not available for oral use in
this country. Although it is easier to use, it also is felt to have a
delayed onset of effect.

Fresh frozen plasma (FFP) has been reported to be used widely
in therapy of acute attacks.20 Usually FFP is efficacious; it cures
acute attacks in the vast majority of patients by supplying needed
C1 inhibitor, but in some patients it may prove dangerous. We
now believe that attacks are a result of uncontrolled activation
of the kinin-generating mediator system.21 Bradykinin is formed
by cleavage of the circulating protein high-molecular-weight
kininogen. In infusion of FFP, high-molecular-weight kininogen,
present in normal plasma, is administered along with C1 inhibitor.
All of those who have taken care of many patients in acute attacks
of HAE have found that the rare patient gets worse, presumably
because of the cleavage of infused high-molecular-weight kinin-
ogen and the release of additional bradykinin. In this country cur-
rently, if a patient’s angioedema progresses, there is no fall back
position; we have no other therapy.

Currently, 5 companies are attempting to make available
therapy for acute attacks of HAE. Two of these companies, Lev
Pharmaceutical and CSL Behring, are introducing purified C1
inhibitor protein prepared from pooled plasma of thousands of
donors. C1 Inhibitor is partially deficient in these patients;
therefore, the goal of this therapy is to replace the missing plasma
protein. One company, Pharming, is introducing a recombinant
C1 inhibitor protein preparation. Dyax is introducing a kallikrein
inhibitor, DX-88 or Ecallantide. Because the plasma enzyme
kallikrein, acting on the substrate high-molecular-weight kinin-
ogen, releases bradykinin, kallikrein inhibition prevents brady-
kinin generation and therefore is likely to prevent attacks of HAE.
Finally, a fifth company, Jerini, is testing a bradykinin type 2
receptor antagonist, Icatibant. Icatibant blocks the bradykinin
receptor, thought to be responsible for initiating the plasma
leakage associated with the angioedema attack, and therefore is
likely to prevent attacks. All the companies are enthusiastic about
their products, and preliminary data suggest all will be effective in
treating acute attacks. All have gone through phase I and II testing
and are in or have completed phase III trials. All have an
appropriate rationale for their action.

A major advantage in the development of new therapies for
HAE is that studies can be performed relatively rapidly, because
attacks are episodic and on the average have a duration of only
about 3 days. Many patients on no therapy have an attack
frequency of about 1 or more per month. All the current studies
are placebo-controlled, double-blind studies with each subject
receiving either drug or placebo once. All have a preliminary
screening visit at which the diagnosis is confirmed. Patients are to
have either low circulating C1 inhibitor protein, true of 85% of
patients, or normal levels of C1 inhibitor antigen but low levels of
functional C1 inhibitor, low C4, and normal C1q. A complication
is that some patients are on danazol or other androgen that tends to
normalize their C4 and C1 inhibitor blood levels. Some studies
have made allowance for this and allow blood levels performed in
the past in evaluation of the patients to be considered. There
usually is a requirement for normal blood levels of C1q to rule out
entry of patients with acquired C1 inhibitor deficiency.22 All these
studies enroll individuals who are relatively early in attacks.
Patients usually must enter the study 4 to 6 hours from the start
of an attack, because none of the companies want to enter patients
whose attacks may resolve spontaneously. If such were the case, it
would confound the study by suggesting efficacy of placebo. All
studies stipulate that patients continue the medications they have
been on chronically. The dose of androgen is not changed once the
study starts. Given the potential for life-threatening attacks, it is
not considered ethical to discontinue current therapy. Most sug-
gest that narcotic treatment for abdominal pain is not acceptable
or is deemed a treatment failure. The type of attack acceptable for
each treatment protocol varies from study to study. Some allow



J ALLERGY CLIN IMMUNOL

JANUARY 2008

274 FRANK AND JIANG
FIG 1. The treatment of 4 patients with HAE with purified C1 inhibitor (C1 Inh) prepared by the American Red

Cross. The panels labeled Patient 1 and Patient 2 illustrate blood levels of C1 inhibitor and C4 after intrave-

nous infusion of 2 patients who were asymptomatic at the time of infusion. The panels labeled Patient 4 and

Patient 6 show the response in 2 patients who were treated during an attack. The patient on the right was

having a laryngeal attack, and the dose was repeated. Both patients responded to treatment with clearing of

symptoms. Adapted from Gadek JE, Hosea SW, Gelfand JA, Santaella M, Wickerhauser M, Triantaphyllo-

poulos DC, et al. Replacement therapy in hereditary angioedema: successful treatment of acute episodes

of angioedema with partly purified C1 inhibitor. N Engl J Med 1980;10:542-6.23
peripheral edema attacks to be included for the protocol; some do
not. Some allow facial attacks; some do not. For some studies, the
US Food and Drug Administration (FDA) has allowed purified se-
rum C1 inhibitor to be used as a rescue medication if the patient
remains in difficulty after the study drug has been used and found
to be ineffective. In others, the rescue medication is the drug under
investigation used in an unblind fashion. One factor that has
slowed drug development is that 5 companies are attempting to
enter patients into double-blind trials of a rare disease simulta-
neously, which has slowed recruitment. Each of the studies
involves a relatively small number of patients, and all propose
to treat about 70 patients with drug or placebo.

C1 INHIBITOR PURIFIED FROM PLASMA
As mentioned, 2 companies are testing purified C1 inhibitor

from plasma. This product has the advantage of having been used
successfully in Europe for decades. As noted, Donaldson and
Evans13 described the deficiency of C1 inhibitor in patients with
HAE in 1963, and by the 1970s, multiple organizations that had
ongoing purification procedures for the isolation of IgG from
plasma turned their attention to isolating C1 inhibitor protein.
In particular, the Dutch Red Cross, Behring Pharmaceuticals in
Germany, and the American Red Cross set out to make pilot
runs of purified C1 inhibitor. From 1974 to 1976 in the United
States, the American Red Cross prepared experimental batches
of C1 inhibitor from plasma in a small-scale research facility.
Gadek et al23 reported the biochemical effect of the Red Cross
preparation in 8 patients with HAE and documented the effective-
ness of the preparation in the treatment of HAE attacks in 5
patients. One patient was treated successfully on 3 separate
occasions. Years later, it was discovered that one of the asymp-
tomatic patients treated did not have HAE but had acquired
angioedema with circulating monoclonal anti–C1 inhibitor
autoantibody. This autoimmune disease that mimics HAE was
not described until almost a decade later.22 It is interesting that
this patient was the only one who did not have a significant bio-
chemical response to the infusion. With the onset of the AIDS ep-
idemic starting in the United States in 1980, preparation of this
plasma protein by the American Red Cross was halted, and the
Red Cross never got back to preparing large batches for treatment.

Fig 1 shows the effect of C1 inhibitor in 4 patients with HAE.23

Two of the patients were having HAE attacks at the time of the
infusion. It is not surprising that these data, reported 27 years
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ago, are similar to the data being generated now. On intravenous
infusion, the plasma C1 inhibitor level rose rapidly, with the C4
level also rising but far later than the C1 inhibitor. The elevated
C4 level was sustained longer than that of the C1 inhibitor. The
blood level of the C1 inhibitor fell rapidly, reflecting its short
half-life in the circulation. In patient 6 illustrated in Fig 1 and
treated during an HAE laryngeal attack, a second infusion was
given on day 4, again with a rapid rise in C1 inhibitor and a slower
rise in C4. All of the patients with HAE having attacks responded
to therapy. The lack of biochemical response to therapy in a pa-
tient with acquired C1 inhibitor deficiency who was not having
an attack is shown in Fig 2. In this HAE-like syndrome, the mon-
oclonal anti–C1 inhibitor antibody led to rapid inactivation and
loss of the infused C1 inhibitor. Here, there was no rise in C4,
and the level of C1 inhibitor present in the patient showed only
a small increase in level just after the beginning of the infusion.
The case provides an excellent control showing that functional
C1 inhibitor is required for the increased level of C4.

At about this same time, the Dutch Red Cross became
interested in purifying plasma C1 inhibitor.24 It is a derivative
of this preparation that is being studied in this country currently
by Lev Pharmaceuticals. Their first batches of C1 inhibitor
were prepared from plasma as early as 1972. Agostoni et al24 re-
ported that the preparation was effective in the treatment of HAE
in a case report in 1978 and in a longer report in 1980. In that pub-
lication, no detailed biochemical or clinical data were reported.
The plasma protein manufacturing arm of the Dutch Red Cross
merged into the company Sanquin in 2003. Over the years, the
manufacturing techniques used by the company and by all com-
panies preparing serum products have improved. For example,
all companies now treat plasma protein preparations with deter-
gents designed to destroy the membranes of enveloped viruses.
In addition, during test purification runs, both known enveloped
and nonenveloped viruses are added to crude preparations and
taken through the purification procedure to be certain that they
are removed. In 1989, heat treatment was added to plasma prep-
aration to further reduce the possibility of viral contamination,
and more recently, a nanofiltration step has been added by San-
quin to remove agents larger than 15 nm. In some companies, col-
umn chromatography is used. These various steps are added to
ensure that preparations have little or no danger of contaminating
viruses.

Table I shows the effect of nanofiltration and the other steps in
purification on a plasma preparation that is purposely contami-
nated with a series of lipid enveloped viruses or nonlipid

FIG 2. As part of the study illustrated in Fig 1, a patient later found to have

acquired C1 inhibitor deficiency and high titer monoclonal anti–C1 inhibitor

antibody was infused with C1 inhibitor at a time when the patient was asymp-

tomatic. An increase in C1 inhibitor level was noted only in the first sample

obtained, and there was no change in C4 titer. AAE, Acquired angioedema.
enveloped viruses such as canine parvovirus or hepatitis A.
Many logs of purification are achieved.

All companies dealing with donated plasma go through rela-
tively similar procedures to prove the efficacy of purification
procedures. An FDA requirement is that all plasma used for
preparation of C1 inhibitor to be sold in the United States must be
obtained from American donors. The plasma is tested for a variety
of viruses and antibodies to viruses. All units of donated plasma
are stored for several months so the donor can be retested for the
development of antibody, for example to HIV-1. In other words, if
the donor was infected with a virus and was still in the period
before he or she had made antibody, this would be detected by the
current testing procedure, and the donated plasma would be
discarded before it entered the donor pool.

CSL Behring in Germany also began to prepare C1 inhibitor in
the 1970s. It was first licensed as a nonpasteurized product in
Germany in 1979 and as a pasteurized product in 1985. It has been
approved either as a licensed product or for compassionate use in
many European and South American countries since the early
1980s. In normal subjects, it is reported to have a half-life of about
4.5 days.25 In subjects with mild HAE, it has a half-life of
about 46.5 hours, and in patients with severe attacks, a half-life
of about 31.75 hours. Bork26 first mentioned the use of C1 inhib-
itor to terminate an attack in a case report in 1979, although no
biochemical data were given at that time. Since then, he and his
colleagues have reported on its use extensively, but most of the
studies are retrospective studies of case reports. Bork directs a
center that collects many patients from all over Germany, and
large numbers of patients are treated. Possibly because the
German physicians tend to not use danazol but tend to treat
patients with C1 inhibitor, they have treated enormous numbers
of attacks per patient in their population. For example, Bork
and Barnstedt27 reported that they had compiled data from a vari-
ety of centers that treated 193 attacks of laryngeal edema occur-
ring in 18 patients with 500 to 1000 units of C1 inhibitor, and
all responded. Bork et al28 have also reported treatment of 4874
abdominal attacks in 75 patients with a marked shortening of the
period of vomiting and diarrhea and a mean time to relief of symp-
toms of 53.5 minutes. Similarly, Cicardi and Zingale29 have trea-
ted large numbers of attacks successfully.

It is important to note that the CSL Behring and Lev products
have now been given to hundreds of patients over decades with no
infections reported.

The Lev product (Cinryze), manufactured in The Netherlands,
has been in phase III clinical trials of treatment of acute attacks.
Recently it was announced that these clinical trials have shown a

TABLE I. Remarkable fall in titer of several viruses added to a C1

inhibitor preparation during the purification process

Virus reduction during purification

Lipid-enveloped virus Nonlipid-enveloped virus

Step BVDV HIV PRV CPV HAV

PEG precipitation >4.5 >5.1 >6.0 >5.4 >2.8

Pasteurization >6.7 >6.1 >6.7 0.1 >2.8

Nanofiltration >5.5 >5.6 >6.4 >4.5 >4.9

Total >16.7 >16.8 >19.1 >10.0 >10.5

BVDV, Bovine diarrheal virus; CPV, canine parvovirus; HAV, hepatitis A virus; PRV,

pseudorabies virus; PEG, polyethylene glycol.

In this case, a nanofiltration step was responsible for the fall in titer. Provided by Lev

Pharmaceuticals.
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FIG 3. The effect of intravenous infusion of C1 inhibitor or placebo given intravenously every 3 days on the

level of C1 inhibitor antigenic protein (A) and C4 functional activity (B) in a group of patients.
statistically significant treatment difference between drug and
placebo. Moreover Lev has also recently reported that in a double-
blind trial, a statistically significant difference between drug and
placebo in attack frequency was seen in a group of patients using
the drug twice a week for prophylaxis. It is believed that the data
supporting these findings will be published in the near future. The

TABLE II. Outpatient infusion data obtained in Waytes et al30

Location of

edema

Length of time to response with C1 inhibitor or placebo

Response in less

than 30 min

Response in less

than 240 min

C1 inhibitor Placebo C1 inhibitor Placebo

Abdomen 25/35 (71) 0/34 35/35 (100) 2/34 (6)

Larynx 3/4 (75) 0/4 4/4 (100) 1/4 (25)

Face 7/7 (100) 0/8 7/7 (100) 1/8 (12)

Extremities 9/16 (56) 1/16 (6) 13/16 (81) 3/16 (19)

First 3 locations 33/44 (75) 0/40 44/44 (100) 4/40 (10)

All locations 38/55 (69) 1/49 (2) 52/55 (95) 6/49 (12)

Shown are responses to various types of attacks over time, comparing C1 inhibitor with

placebo.
CSL Behring product (Berinert P) has just completed phase III
clinical trials and the company has announced that both of these
preparations have been in use in Europe for well over 20 years,
and it is almost certain that the data will prove this product to be
effective. As mentioned, both the CSL Behring product, manufac-
tured in Germany, and the Lev product, manufactured in The
Netherlands, use plasma collected in the United States and are ex-
tensively tested for viruses as required by the FDA. It is of interest
that both of these products are far more pure biochemically than
the Immuno Pharmaceuticals product that we used a decade ago
for our double-blind trials.

The clinical signs of HAE can be markedly influenced by
psychological factors, and double-blind study of the use of these
agents is of great importance.8 For example, we have been told by
several of the companies conducting clinical trials that just enroll-
ing patients in a study and assuring them that they will have access
to effective products to end attacks has markedly decreased their
incidence of attacks, making the studies of course more difficult
to complete. The first double-blind study of C1 inhibitor purified
from plasma was conducted by Waytes et al30 and reported in
1996. The product tested was a vapor-heated C1 inhibitor prepared
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FIG 4. The clinical response of patients to home infusion of C1 inhibitor (C1 Inh). The comparison group

shown is a group of historical controls. Adapted from Levi. J Allergy Clin Immunol.
from plasma by Immuno Pharmaceuticals, Austria, a product also
available in Europe. It was quite impure in terms of percent C1 in-
hibitor/total protein but was biologically effective. The study was
performed in 2 locations. The inpatient portion of the study was
performed by Dr Thomas Waytes and Dr Michael M. Frank at
the National Institutes of Health. We hospitalized patients with se-
vere disease, randomized their treatment courses, and gave them
C1 inhibitor placebo intravenously every 3 days in a double-blind
fashion. Their clinical symptomatology was evaluated, and blood
was taken for C4 and C1 inhibitor levels. The outpatient portion of
the study was performed at Boston Children’s Hospital by the late
Dr Fred S. Rosen and colleagues. In Boston, patients having acute
angioedema attacks were administered C1 inhibitor or placebo in
a double-blind fashion and evaluated for the next 4 to 6 hours in an
outpatient setting. Patients were asked to estimate whether and
when their clinical symptoms began to resolve. Some of our re-
ported findings were used in the development of a clinical trial
by Baxter Pharmaceuticals that used the same C1 inhibitor prep-
arations some years later.

Fig 3 shows the results of the inpatient portion of the C1 inhib-
itor study. As seen in Fig 3, A, infusion of C1 inhibitor led to a
rapid rise in blood C1 inhibitor levels and a rapid fall thereafter,
reflecting the short half-life of C1 inhibitor in the circulation. In-
fusion of placebo did not change the level of circulating C1 inhib-
itor. As in the 1980 study (Fig 3, B), the C4 gradually rose in
patients treated with C1 inhibitor to the point that, at about 3
days, the level was above the lower limit of normal for C4. Again,
in placebo-treated patients, the level did not change. Symptom
scores determined by an observer with no knowledge of treatment
were far lower in the patients during infusion of C1 inhibitor. In
the outpatient portion of the study, patients were asked to evaluate
attacks and determine or estimate when they thought their attacks
were improving (Table II). As noted, essentially all of the patients
thought they were improving by 4 hours. The only exception was
a few patients whose attacks were associated with angioedema of
the extremities. In this case, it appears that the absorption of the
edema fluid from peripheral sites is slower then absorption
from the gastrointestinal mucosa. Many of the patients thought
their attacks were starting to resolve at 30 minutes, and this cer-
tainly was not true of the patients receiving placebo. Overall,
we interpreted this double-blind study to indicate that C1 inhibitor
was very effective in terminating attacks of HAE. Unfortunately,
the Immuno Pharmaceuticals was sold, and the drug was never li-
censed for use in America. Because of a series of misadventures,
no C1 inhibitor product has been licensed for use in America. This
has led in part to the tremendous interest in developing new agents
currently.
There is a considerable literature on the effectiveness of open-
label C1 inhibitor in treating attacks of HAE. In most cases, the
reports have used historical controls. Nevertheless, these reports
are very useful. For example, in 2005 and 2006, Bork et al28,31 re-
ported estimates of the time to relief of abdominal pain in a large
group of patients treated with the plasma purified C1 inhibitor
prepared by CSL Behring (Berinert P). Many of the patients
started to find relief of symptoms within 30 minutes. Because
data in these reports do not come from blind studies, some of
the patients were queried afterward about their time to relief.
Nevertheless, Bork et al28,31 found that in all patients and partic-
ularly in the patients with the most severe disease, administration
of C1 inhibitor shortened or improved the duration of attacks. In
keeping with these results, within the past few weeks the company
has reported in a press announcement that their phase III double-
blind clinical trial has shown a statistically significant improve-
ment in time to resolution of attacks. Levi et al,32 studying the
Sanquin C1 inhibitor preparation, have reported on the use of self-
administered C1 inhibitor, as have Longhurst et al.33 As shown in
Fig 4, self-administration at home of C1 inhibitor causes a rapid
initiation of symptom relief and early complete resolution of at-
tacks. Again, the control group in this study is not patients given
placebo at the time of attack but recollection of patients of their
previous attacks; therefore, these numbers may not be entirely
accurate. Levi et al32 and Longhurst et al33 also report that self-
administration of C1 inhibitor on a regular basis can decrease
attack frequencies, in some cases to 0, and that C1 inhibitor
only had to be infused once a week. As mentioned, we infused
patients with C1 inhibitor every 3 days in our limited National
Institutes of Health study, but the blood level fell back to baseline
in this period, and it will be interesting to see whether an infusion
as infrequent as once a week will control attacks in a larger group
of patients. This is very important, because one of the major
problems that patients have is traveling to a hospital emergency
department for treatment with a stay that may extend for
hours. In studies of plasma-derived C1 inhibitor, the dose of C1
inhibitor used to terminate attacks has been in the range of about
20 to 25 U/kg, with 1 U representing the amount of activity in
1 mL plasma.

RECOMBINANT C1 INHIBITOR
A third C1 inhibitor product for infusion under development is

prepared by the Dutch company Pharming. This is a recombinant
protein not prepared from human plasma. Here, the human gene
for C1 inhibitor has been cloned and introduced into animals, in
this case rabbits, under the gene regulatory control of a bovine a



J ALLERGY CLIN IMMUNOL

JANUARY 2008

278 FRANK AND JIANG
S1-caseine promoter.34 Under these conditions, the human pro-
tein is secreted in the milk of the lactating rabbit, and the milk
can be collected and the human protein isolated. Thus far, we
have relatively little published information about the use of this
material in HAE, but details of the pharmacokinetics have been
reported.35 It has been reported that patients do respond to therapy
with this material. Because the rabbit-produced C1 inhibitor is
glycosylated differently than the normal human protein, it has a
much shorter half-life in the recipient than the native protein.36

The half-life is dose-related. The half-life at 100 U/kg, the dose
used to treat acute attacks, is only about 3 hours.35 Use of the
product has been shown to lead to the rapid disappearance of C4
fragments from the patient’s serum. Because the effect of C1 in-
hibitor is to prevent the cleavage of C4 and C2 by activated C1,
and because this cleavage continues in the absence of C1 inhibi-
tor, the presence of C4 fragments in the circulation is an indication
of uncontrolled activation of C1. The disappearance of these frag-
ments suggests that the infused C1 inhibitor was effective in
inhibiting C1. Pharming states that the product reliably terminates
attacks as noted in phase I and phase II studies, and the company
has recently announced that the material has proved to be effica-
cious in European trials.

KININ PATHWAY INHIBITION
Two products have been developed that directly affect the

bradykinin pathway, thought to be directly responsible for
angioedema formation. Ecallantide, manufactured by Dyax, is a
reversible inhibitor of the enzyme plasma kallikrein.37,38 It is a
60–amino acid peptide derived from a Kunitz domain structural
backbone with 7 unique amino acids that is synthesized in the
yeast Pichia pastoris. The kallikrein enzymatic binding site has
an on rate for this inhibitor of 2 3 106 M/21 s21 and an off rate
of 2 3 105 s21. Thus it binds very rapidly and is released more
slowly. This material can be administered intravenously or subcu-
taneously. It is usually kept frozen before administration. Ecallan-
tide is quite specific and has a very high apparent KI of 4 3 1011.
The C1 inhibitor has a KI of only 1.7 3 104 for plasma kallikrein.
Ecallantide does not strongly inhibit activated C1r or C1s, the 2
enzymatically active subunits of C1; they are inhibited more
strongly by C1 inhibitor. It has a relatively low affinity for coag-
ulation factors XIIa and XIa. C1 inhibitor has a relatively low af-
finity for these latter products as well. When Ecallantide was
given to mice in Davis’ mouse model of C1 inhibitor deficiency
and the animals were challenged with mustard oil, the Ecallantide
in a dose-dependent fashion decreased the extravasation into the
tissues of albumin with bound Evans blue, suggesting that the
drug prevented bradykinin-induced angioedema.39 In an open-
label study called EDEMA 0, 9 subjects were given Ecallantide
intravenously and had relief of angioedema symptoms.25

EDEMA 1 was a randomized double-blind trial studying increas-
ing doses of Ecallantide given intravenously to define an effective
therapeutic dose of the drug. In a group of 49 patients, the drug
proved to be effective, with 72.5% of patients having attacks re-
sponding to the drug, whereas 25% of patients on placebo re-
sponded.40 In EDEMA 2, a phase II dose-finding study, it was
noted that 92% of patients responded to 5 mg/M2, 86% to 10
mg/M2, and 100% to 20 mg/M2. The drug was found to be effec-
tive when administered as a subcutaneous agent, and EDEMA 3
was developed as a phase III trial, examining the usefulness of
the agent in a total of 71 patients when given in 2 sites with a total
of 30 mg drug or placebo. The results of this study are currently
available in abstract form,41 and the study reports the agent highly
effective at terminating attacks compared with placebo. EDEMA
4, an additional double-blind trial, is currently underway. As men-
tioned, Ecallantide is a large peptide prepared in a yeast. One pa-
tient is reported to have had an anaphylactic response to the
subcutaneous injection of the agent and several other patients to
have had mild hypersensitivity.42

The final product is Icatibant. Icatibant is a bradykinin type 2
receptor antagonist.43 The bradykinin type 2 receptor is a member
of the 7-transmembrane–spanning receptor superfamily. This
10–amino acid synthetic peptide is not inhibitory for the bradyki-
nin I receptor, which optimally recognizes des-Arg-bradykinin. It
is a potent, specific, reversible, competitive 10–amino acid pep-
tide antagonist of this receptor with an inhibitory concentration50

of 1.4 nmol/L. Five of the amino acids in the drug’s sequence are
not natural amino acids, and the drug resists hydrolysis in tissues.
Icatibant is 96% bioavailable after subcutaneous injection, and
patients are being studied with abdominal, cutaneous, and laryn-
geal edema attacks. In case reports, it is reported to be effective in
treatment of HAE.44 Two trials have been completed, FAST-1 and
FAST-2. The trial in America (FAST-1) studied drug against pla-
cebo. The FAST-2 trial in Europe studied drug against a control
agent, tranexamic acid, a drug not thought to be effective in acute
attacks. The trial in Europe showed a statistically significant dif-
ference between the drug and tranexamic acid, and the trial in
America missed statistical significance. In both double-blind
studies, the severity data from all types of attacks were given a nu-
merical rating and the data pooled. In the American trial, the re-
sponse of abdominal pain to drug was consistent with the findings
in Europe, but patients receiving placebo responded more quickly
than expected. Because the protocol developed by Jerini pooled
numerical data from multiple types of attacks, the data analysis
may have may have led to difficulties with adequate comparisons.
Like Ecallantide and like purified C1 inhibitor, Icatibant prevents
capillary leak in the Davis C1 inhibitor deficient mouse model.45

Like the other agents, this agent is likely to be effective in
patients.

At this point, there is relatively little published about any of
these new clinical trials, but press releases from Lev, Pharming,
Dyax, and Jerini are encouraging. The CSL product has been on
the market for decades, and there are many publications suggest-
ing that it is effective. Nevertheless, it is clear that all of the
products in development have theoretical disadvantages and
advantages. The plasma products are likely to be effective
because they represent replacement of a missing protein. This
protein under physiologic conditions prevents attacks. Plasma
protein infusion always carries the risk of infection. In this case,
the risk is relatively minor, because according to the manufac-
turers, no infection has been observed with the current products,
and they have been used for more than 20 years. Both start with
the blood of healthy donors and go through potent virus reduction
purification. A second disadvantage of these products is that they
are currently being given intravenously rather than subcutane-
ously, as are some of the other products. They are more difficult to
administer at home. Because all patients are heterozygotes and
make normal protein, significant allergy to the administered
product is unlikely. It is likely that subcutaneous administration of
these products will be examined.

In the case of recombinant C1 inhibitor, glycosylation differs
from normal C1 inhibitor, and the half-life of the product is short.
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Given the difference in glycosylation, there is some risk of
hypersensitivity, although none has been reported, and certainly
there is some risk of allergy from contaminating rabbit protein,
although the C1 inhibitor itself is highly purified. There are 2
advantages of this product. First, it is not prepared from pooled
human plasma; therefore, it is unlikely to contain infectious
human pathogens. Second, because it is made in animals, theoret-
ically the supply is limitless.

The kallikrein inhibitor (Ecallantide) and the bradykinin
receptor antagonist (Icatibant) are both foreign peptides. In both
cases, there is some risk of allergy with repeated administration,
and their half-life of action is short. With both, there is a risk of
rebound, and the drug dosage may have to be repeated. Icatibant
has been associated with minor cutaneous reactions at the site of
injection. We know little about the long-term effect of bradykinin
inhibition in human beings. Because in most patients these attacks
do not occur extremely frequently, and because it is not proposed
to use these agents chronically, this is not likely to be a long-term
problem. Cardiac difficulties have been seen in animals with
chronic administration of high-dose bradykinin receptor antago-
nists. To our knowledge, this has never been seen in patients
administered drug. As mentioned, both products are given
subcutaneously, both are relatively inexpensive to make com-
pared with the serum product, and there is no risk of infection. As
with the repeated administration of any foreign peptide, there is a
risk of sensitization. Ecallantide is a 60–amino acid peptide made
by biosynthesis in a yeast, P pastoris, and purified after biosynthe-
sis. Icatibant is a 10–amino acid peptide prepared by direct bio-
synthesis. One would expect some greater risk of sensitization
with repeated use of the larger peptide.

Self-administration of the plasma products has been reported
already and it is expected that there will be pressure to develop
means of administration that do not involve a prolonged stay in
the emergency department of local hospitals. Similarly, there
have been prophylactic use trials that are reported to be success-
ful, and it is to be expected that patients who have frequent attacks
will opt for prophylaxis. The short-acting agents are not useful for
this indication. On the other had, agents that can be used subcu-
taneously are easy to use at home. Patients for the most part have a
prodrome that indicates to them they are going to have attacks,
and there are data to suggest that early treatment of attacks leads
to more rapid resolution. Therefore, all of these agents may be
expected to be used early to abort attacks.

The plasma products would be expected to be safe in childhood
and in pregnancy, because these patients have the product of
1 normal gene in their circulation at baseline, and their use in
childhood and pregnancy without complications has been re-
ported in limited numbers of patients. They should also be useful
in patients experiencing side effects from androgen therapy and in
patients who do not respond to androgens. They should be
effective in prophylaxis of surgery and dental procedures. There is
too little experience with the 3 other products to recommend their
use in pregnancy, but they will probably come to be tried in
childhood to treat the rare severe attack. They should be effective
in patients who do not respond to androgens and in patients with
androgen toxicity and should be effective if a surgical or dental
patient has an acute attack.

It should be clear from this discussion that the outlook for new
patient therapy appears to be excellent at this time. These new
therapies will lead to a totally new approach to treatment of HAE.
Many patients currently receiving chronic impeded androgen
therapy will elect to discontinue chronic therapy and treat each
acute attack as it occurs. This will certainly be true if there is a
convenient drug they can easily use at home. Those more rare
patients with many attacks per month may choose to receive
chronic prophylaxis with purified C1 inhibitor. Either approach
should minimize long-term toxicity and allow appropriate treat-
ment of children and pregnant women.
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