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Abstract

In the vast majority of patients with hereditary angioedema (HAE), angioedema attacks are due to the quantitative or functional
deficiency of Cl-esterase inhibitor (C1-INH), which leads to increased vascular permeability and unregulated release of brady-
kinin. Exogenous administration of C1-INH is a rational way to restore the concentration and functional activity of this protein,
regulate the release of bradykinin, and attenuate or prevent subcutaneous and submucosal edema associated with HAE. Recent
international guidelines for the management of HAE include C1-INH as an option for acute treatment of HAE. In addition, these
guidelines recommend C1-INH as first-line treatment for long-term prophylaxis and as the therapy of choice for short-term/
preprocedural prophylaxis. Several C1-INH products are available, with approved indications varying across regions. For the
acute treatment of HAE, both plasma-derived and recombinant C1-INH formulations have been shown to be effective and well
tolerated in adolescents and adults with HAE, with onset of relief within 30 min to a few hours. Plasma-derived C1-INH is
approved for use in children, and recombinant C1-INH is being evaluated in this population. Intravenous (IV) and subcutaneous
(SC) formulations of C1-INH have been approved for routine prophylaxis to prevent HAE attacks in adolescents and adults. Both
formulations when administered twice weekly have been shown to reduce the frequency and severity of HAE attacks. The SC
formulation of C1-INH obviates the need for repeated venous access and may facilitate self-administration of HAE prophylaxis at
home, as recommended in HAE treatment guidelines. As with most rare diseases, the costs of HAE treatment are high; however,
the development of additional acute and prophylactic medications for HAE may result in competitive pricing and help drive
down the costs of HAE treatment.

Keywords Hereditary angioedema - Subcutaneous - C1-inhibitor - Prophylaxis

Introduction

Hereditary angioedema (HAE) is an autosomal dominant ge-
netic disorder resulting from mutations in the SERPING 1 gene
that give rise to a deficiency in the quantity or function of
endogenous Cl-esterase inhibitor (C1-INH). C1-INH plays a
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crucial regulatory role in multiple systems, most notably the
complement system and the intrinsic coagulation (contact)
system [1].

The role of C1-INH in the contact system is most relevant
to the pathophysiology of HAE. C1-INH is the primary regu-
lator of the contact system, where it inhibits the activity of
factor XIla and plasma kallikrein, two enzymes that regulate
the formation of bradykinin (Fig. 1). Under conditions of C1-
INH deficiency, uncontrolled activation of the contact system
leads to overproduction of bradykinin, a potent vasoactive
peptide thought to be the primary mediator of angioedema in
HAE. In this process, factor XIla converts prekallikrein to
kallikrein, which catalyzes the cleavage of high-molecular-
weight kininogen (HMWK) to produce bradykinin. Factor
Xlla acts on factor XII in an autoactivation cycle that results
in generation of additional factor XIla. In addition, with C1-
INH deficiency, kallikrein activity is less controlled, resulting
in increased conversion of HMWK to bradykinin [2—4].
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Fig. 1 Role of C1-INH in the regulation of bradykinin in HAE [2-4]. By
inhibiting the activity of factor XIla, C1-INH inhibits the autoactivation
of factor XII (A) and prevents conversion of prekallikrein to kallikrein
(B). By inhibiting kallikrein, C1-INH blocks the cleavage of HMWK to

Bradykinin production results in increased vascular perme-
ability and release of nitric oxide and prostaglandin E, which
further increase vasodilation and extravasation of fluid into
subcutaneous tissues. These effects manifest as the character-
istic edema in HAE of subcutaneous tissues, as well as the
submucosa of the gastrointestinal, genitourinary, and upper
respiratory tracts [3].

Spéth et al. examined the relationship between C1-INH
concentration and apparent functional activity in plasma
samples from 21 patients with HAE due to C1-INH defi-
ciency (CI-INH-HAE). In this study, C1-INH concentra-
tions >0.075 g/L were not associated with an attack of
edema, and attacks were most frequent when the C1-INH
concentration was <0.035 g/L. These results support the
concept of a functionally critical level of C1-INH concen-
tration [5]. Kaplan et al. also found that when CI1-INH
functional activity was below 30%, there was insufficient
inhibition of bradykinin-forming enzymes, increasing the
likelihood of an HAE attack [4]. These findings suggest
that when C1-INH concentration, and therefore C1-INH
functional activity, falls below a certain threshold due to
either a quantitative deficiency of C1-INH protein (C1-
INH-HAE type I) or a dysfunctional C1-INH protein
(C1-INH-HAE type II), the risk of an attack increases
[5]. Therefore, in C1-INH-HAE, exogenous administra-
tion of C1-INH is a rational way to restore the concentra-
tion and functional activity of this protein, regulate the
release of bradykinin, and attenuate or prevent subcutane-
ous and submucosal edema associated with C1-INH-HAE.

Pharmacokinetic studies have shown that exogenous Cl1-
INH, administered intravenously or subcutaneously, results in
an increase in C1-INH concentrations and functional activity,
increased C4, and a decrease in cleaved HMWK, a surrogate
marker of bradykinin production [6].

This paper reviews the use of C1-INH formulations in the
acute and prophylactic treatment of HAE, based on their
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approved indications in the USA and in the context of current
guidelines for HAE treatment.

Guidelines and Recommendations
for the Treatment of HAE

The availability of new and effective medications for treating
HAE has improved clinical outcomes of HAE management.
However, choosing and implementing the optimal treatment
for an individual patient remains a challenge for physicians.
To address these challenges, a number of consensus recom-
mendations and guidelines for HAE management have been
published, including guidelines recently issued jointly by the
World Allergy Organization (WAO) and the European
Academy of Allergy and Clinical Immunology (EAACI)
[7-10]. All these consensus documents share the following
principles: (1) HAE therapy needs to be individualized, (2)
all patients should have access to acute (on-demand) treat-
ment, and (3) some patients require long-term and short-
term prophylaxis (Table 1) [7-10].

The WAO/EAACI guidelines emphasize the development
of an individualized management plan for every HAE patient
[10]. Due to the substantial variability in symptom frequency,
severity, and response to treatment, it is necessary to tailor and
adjust HAE treatment plans to fit each individual’s needs. The
WAO/EAACI guidelines recommend that individuals affected
by HAE consult with a clinician familiar with the condition
and the various HAE treatment options. When possible, care
should be delivered by clinics with expertise in HAE [10]. The
HAE treating physician should assist in the development and
implementation of an effective management plan and commu-
nicate with other health-care providers regarding medical is-
sues related to HAE. Patient and family education is an addi-
tional important component of treatment that can be facilitated
by the HAE physician. Patients should be familiar with the
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Table 1 Principles of acute and prophylactic treatment of HAE [7-10]

Principles of acute treatment of HAE
1. All angioedema symptoms are eligible for treatment.
2. Acute treatment plan should establish:
* Medication dosing
* Who will administer the medication
* When the medication will be given
» Where the medication will be stored
* How the medication will be refilled
» Back-up emergency plan if planned treatment is unsuccessful
. Initiate effective therapy early in the course of an attack.
. Self-administered acute medication should be used whenever possible.
. Airway angioedema requires emergent clinical evaluation.
. Acute treatment plan should be reviewed periodically to ensure
effective treatment of HAE symptoms.

AN kW

Principles of prophylactic treatment of HAE
1. Decision to initiate long-term prophylactic therapy should be based on
overall disease burden, including:

* Disease activity (e.g., attack frequency, attack severity, history of
severe or debilitating attacks)

* Impact on patient’s quality of life (e.g., anxiety, fear of future attacks,
work/school attendance and productivity, ability to perform activities
of daily living)

» Comorbidities

* Availability of health-care resources and access to emergency medical
care

» Patient preference

2. Efficacy and safety of the prophylactic regimen should be assessed
periodically at clinical follow-up.

* Dosage and/or treatment intervals should be adjusted based on
clinical response.

* Need for long-term prophylactic therapy should be assessed at every
clinical visit, at least once per year.

3. All patients should continue to have effective, reliable on-demand
medication in case of breakthrough attacks.

HAF hereditary angioedema

signs, symptoms, and natural course of HAE episodes and the
risks of untreated attacks. All first-degree relatives should be
screened for HAE [7-10].

The first priority for HAE treatment is to establish a plan to
treat angioedema episodes with an effective medication.
Acute or “on-demand” treatment is critical to prevent mortal-
ity and minimize morbidity and disability related to angioede-
ma symptoms. Each patient, in consultation with his/her HAE
specialist, should review the acute treatment options and con-
sider differences with regard to medication side-effect profile,
route of administration (intravenous [IV] vs. subcutaneous
[SC)), and source of production (plasma-derived [pd] vs. re-
combinant vs. synthetic molecules). Efficacy differences may
be observed in some individuals despite proven efficacy of
each drug for HAE attacks in rigorous clinical studies.
Following selection of acute medication, the logistics of the
on-demand treatment plan should be established. This in-
cludes patient understanding of treatment details, such as
proper medication dosing, who will administer the medica-
tion, when the medication will be given, where the medication

will be stored, how the medication will be refilled, and a back-
up emergency plan if planned treatment is unsuccessful
[7-10].

Current guidelines emphasize that all angioedema symp-
toms are eligible for treatment and recommend treatment with
effective medication early in the course of angioedema attacks
to minimize the severity of symptoms and to achieve complete
resolution of symptoms as quickly as possible (Table 1)
[7—-10]. Due to the unpredictability of HAE attacks, consensus
guidelines have strongly recommended self-administered
acute medication whenever possible [11]. This reduces delays
in treatment that occur when patients must go to a clinic or
hospital for drug administration and may reduce the overall
treatment costs for these patients compared with hospital-
based therapy [11, 12]. Evidence has shown that the earlier
an attack is treated, the sooner it resolves; self-administration
of acute medications, therefore, can significantly reduce the
time to symptom resolution [13—15]. Current evidence sup-
ports successful treatment of most angioedema attacks with
patient self-administration of effective medication outside the
health-care setting, but airway angioedema requires emergent
clinical evaluation [16, 17]. The WAO/EAACI global guide-
lines emphasize that patients with HAE worldwide should
have access to effective on-demand medication and that
home- and self-administration are preferred because they re-
duce morbidity, absenteeism, costs, disease burden, and po-
tentially mortality, as well as improve quality of life [10]. The
acute treatment plan should be reviewed periodically at
follow-up with the HAE expert to ensure ongoing reliable,
efficient, and effective treatment of HAE symptoms [7, 9].

When developing the HAE management plan, clinicians
should consider long-term prophylactic therapy as an important
option for many patients, particularly for patients who are se-
verely symptomatic (Table 1) [7-10]. Long-term prophylaxis
refers to the use of medication on a scheduled routine to prevent
or reduce the frequency and severity of angioedema episodes
and reduce the burden of disease for patients. Consensus treat-
ment guidelines state that the decision to use long-term prophy-
lactic therapy should be individualized based on a number of
clinical factors discussed between the patient and the HAE
specialist [7-10, 18]. Strong consideration should be given to
the frequency and severity of angioedema attacks, anatomical
location of symptoms, response to on-demand therapy, access
to emergency medical care, other medical comorbidities, and
patient preferences [7, 9, 10]. As these factors can change over
time, the 2017 WAO/EAACI guidelines recommend that the
need for long-term prophylaxis be assessed at every clinical
visit, at least once per year [10]. As the goal of the HAE man-
agement plan is to restore normalcy to patients’ lives, prophy-
lactic therapy should be strongly considered when on-demand
treatment alone does not achieve this goal. However, for some
patients, implementation of long-term prophylaxis immediately
at the time of diagnosis is reasonable if warranted by the
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severity of symptoms and associated disability [7, 9]. The po-
tential benefits of long-term prophylactic therapy must be
weighed against the treatment burden and potential adverse
effects of the prophylactic regimen.

The efficacy and safety of any long-term prophylactic reg-
imen should be assessed periodically at clinical follow-up.
Doses and intervals should be adjusted based on clinical re-
sponse [10, 19]. Long-term prophylactic therapy may be
discontinued or reintroduced in some patients, depending on
HAE symptom activity or variability in known triggers that
occur periodically such as pregnancy, predictable work or
school stress, travel, or worsening of other health conditions.
Importantly, patients on long-term prophylactic therapy must
continue to have an effective, reliable on-demand treatment
plan, as breakthrough angioedema symptoms may occur with
any of the available preventive medications [7-10].

A final component of the HAE management plan is the use
of short-term prophylaxis when indicated. Short-term prophy-
laxis should be implemented prior to medical, surgical, or
dental procedures that may trigger HAE attacks [10, 20].
Generally, this includes procedures involving tissue incisions
and/or manipulation of the airway or gastrointestinal tract (i.e.,
oral surgery, intubation, endoscopy) [10].

C1-INH Replacement Options

Angioedema attacks in patients with C1-INH-HAE are due to
the quantitative or functional deficiency of endogenous C1-
INH. C1-INH therapy attempts to correct this underlying
deficiency/dysfunction by replacing the protein and increasing
C1-INH functional activity [10]. In the acute setting, intrave-
nous (IV) CI1-INH replacement can be used to treat attacks
once symptoms are recognized. C1-INH may be also used IV
as short-term prophylaxis before a medical procedure or other
potential triggering events and used IV or subcutaneously as
routine long-term prophylaxis to prevent angioedema attacks.
The 2017 WAO/EAACI guidelines for management of HAE
include C1-INH as an option for acute treatment of HAE. In
addition, these guidelines recommend C1-INH as first-line
treatment for long-term prophylaxis and as the therapy of
choice for short-term prophylaxis [10].

In the USA, two formulations of C1-INH—one plasma-
derived (pdC1-INH) and one recombinant (thCI-INH)—are
approved for acute treatment of HAE attacks (Table 2). The
pdC1-INH concentrate (Berinert® [C1 esterase inhibitor, hu-
man], CSL Behring) is indicated for the treatment of acute
abdominal, facial, or laryngeal HAE attacks in all patients,
with no age restriction. It is administered as an IV injection
at a recommended dose of 20 [U/kg [21].

The rhC1-INH formulation (Ruconest® [C1 esterase inhib-
itor, recombinant], Pharming) is derived from the milk of
transgenic rabbits, and has the same amino acid sequence
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and functional inhibitor properties as the endogenous protein,
but with different glycosylation patterns [22, 23]. The rhC1-
INH product is approved for the treatment of acute attacks in
adult and adolescent patients with HAE. The recommended
dose is 50 IU/kg administered by IV infusion with a maximum
dose of 4200 TU [23].

Two other C1-INH formulations are indicated for routine
prophylaxis for angioedema attacks in adolescent and adult
patients. Both are nanofiltered, pasteurized, and plasma-
derived concentrates that are given approximately twice a
week, but one is administered intravenously and the other
subcutaneously [24, 25]. The C1-INH (IV) formulation
(Cinryze®, Shire) is given as a fixed 1000-IU dose every 3
to 4 days with dose escalation up to 2500 IU as required based
on clinical response [24]. The C1-INH (SC) formulation
(Haegarda®, CSL Behring) is dosed by body weight at
60 IU/kg and is also administered every 3 or 4 days [25].

Acute Treatment of HAE Attacks with C1-INH
Replacement Therapy

In the USA, C1-INH options for the acute treatment of HAE
include pdC1-INH and rhC1-INH; both have been proven to
be effective in randomized controlled trials (RCTs) and long-
term open-label extension studies [21, 23].

Plasma-Derived C1-INH (IV)

Although C1-INH replacement therapy has been in use in
Europe for more than 30 years, [26] the first pdC1-INH con-
centrate for acute treatment was approved by the US Food and
Drug Administration (FDA) only in 2009—this product
(Berinert®) is indicated for the treatment of acute abdominal,
laryngeal, and facial HAE attacks in adult and pediatric pa-
tients and is the only C1-INH therapy approved for the treat-
ment of laryngeal attacks [21]. Approval was based on a ran-
domized, double-blind, and placebo-controlled trial
(International Multicenter Prospective Angioedema C1-INH
Trial 1 [LM.P.A.C.T. 1]) in 125 adult and pediatric patients
(age range, 6—72 years) with type I or type II HAE [27].
Patients with facial or abdominal attacks were randomized to
receive placebo or pdC1-INH at either 10 or 20 IU/kg by IV
infusion. The primary endpoint was time from the start of
treatment to onset of symptom relief, as determined by the
patient’s response to a standard question posed at specific time
intervals. Time to complete resolution of all HAE symptoms
was a key secondary endpoint [27].

Results showed that median time to onset of relief was
significantly shorter with pdC1-INH 20 IU/kg compared with
placebo (0.5 vs. 1.5 h; P=0.0025); for the 10 [U/kg dose,
there was no statistically significant difference from placebo
(1.2 vs. 1.5 h; P=0.2731). The reduction in time to onset of
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Table2 FDA-approved C1-INH options for acute and prophylactic treatment

Product (trade Indication (US) Recommended dosage Product source  Route of
name, company) administration

Acute treatment

pdC1-INH, human (Berinert®,
CSL Behring) [21]
pediatric patients
thCI1-INH (Ruconest®, Pharming) [23]
adolescent patients with HAE
Prophylactic treatment

CI1-INH (IV), human
(Cinryze®, Shire) [24]

Routine prophylaxis against

and adult patients with HAE
CI-INH (SC), human Routine prophylaxis against
(Haegarda®, CSL Behring) [25]

and adult patients with HAE

Treatment of acute abdominal, facial,
or laryngeal HAE attacks in adult and

Treatment of acute attacks in adult and

angioedema attacks in adolescent

angioedema attacks in adolescent

20 IU/kg Plasma-derived IV

50 IU/kg (< 84 kg) Recombinant v

4200 TU (> 84 kg)

1000 TU every 3—4 days Plasma-derived IV
with dose escalation to 2500
1U as needed

60 IU/kg every 3—4 days Plasma-derived  SC

CI-INH C1 esterase inhibitor, FDA US Food and Drug Administration, HAE hereditary angioedema, /V intravenous, 74 recombinant human,

SC subcutaneous

relief was greatest for severe attacks (0.5 vs. 13.5 h). Median
time to complete resolution of HAE symptoms was also sig-
nificantly lower with pdC1-INH 20 IU/kg vs. placebo (4.9 vs.
7.8 h; P=0.0237) [27].

Adverse events that occurred in more than one patient treat-
ed with pdC1-INH 20 IU/kg were nausea, abdominal pain,
and dysgeusia; most of these symptoms were related to the
underlying disease. No seroconversions for human immuno-
deficiency virus, hepatitis virus, or human B19 virus were
observed [27].

The open-label extension of this trial (LM.P.A.C.T. 2)
evaluated the long-term efficacy and safety of 20 1U/kg
pdC1-INH in the treatment of successive HAE attacks at
any body location. The patient-reported time to onset of
symptom relief (primary endpoint) and time to complete
resolution of all symptoms (secondary endpoint) were an-
alyzed per patient and per attack. Over a 24-month period,
1085 attacks in 57 patients (age range, 10—53 years) were
treated. The median time to onset of relief in the per-patient
analysis was 0.46 h and was similar for attacks at all loca-
tions (0.39-0.48 h). The median time to complete resolu-
tion of symptoms was 5.8 h for laryngeal attacks, 12.8 h for
abdominal attacks, 22.7 h for peripheral attacks, and 26.6 h
for facial attacks [28].

The Berinert registry study [29] was conducted between
2010 and 2014 at 30 US sites and 7 European sites to
collect real-world prospective (collected after enrollment)
and retrospective (collected before enrollment) data on
safety and usage of pdC1-INH for any reason (acute treat-
ment, short-term prophylaxis, or both). Based on registry
data, 95% of the infusions were administered outside the
health-care setting. Among the 296 patients in the safety
population studied prospectively, 252 adverse events were
reported in 85 patients over 9148 infusions, a rate of 0.03

events/infusion. Of these 252 adverse events, only 9 were
considered related to pdC1-INH. Two thromboembolic
events occurred in patients with pre-existing risk factors
for thrombosis [17, 30].

Pediatric Studies

The WAO/EAACI guidelines recommend that CI-INH
be used for the acute treatment of HAE attacks in chil-
dren <12 years of age [10]. Plasma-derived C1-INH is
approved for on-demand treatment in pediatric patients
<12 years of age and has been shown to be effective
and well tolerated in this population [10, 31]. In the
USA, the pdC1-INH formulation (Berinert®) is the only
acute HAE therapy FDA approved for the treatment of
pediatric patients and is approved for home therapy/self-
administration [21]. The recommended dose in pediatric
patients is 20 IU/kg as in adult patients [21]. The
ILM.P.A.C.T. 1 trial enrolled seven pediatric patients
(age 10—18 years), and the open-label extension study
(.LM.P.A.C.T. 2) included nine pediatric patients. In both
these studies, the responses to pdCI1-INH in pediatric
patients were similar to those observed in the adult pop-
ulation. The pdC1-INH formulation was also well toler-
ated—one pediatric patient experienced an adverse event
in the placebo-controlled trial (elevated body tempera-
ture) and three pediatric patients in the open-label study
had an adverse event that was possibly related to treat-
ment [32].

The Berinert registry discussed previously included 18
children (age, < 12 years) and 21 adolescents (age range, 12
to <17 years). The majority of patients used pdC1-INH for
on-demand treatment only, generally outside of the health-
care setting. The mean dose per infusion was 17.3 IU/kg in
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children and 14.3 IU/kg in adolescents. Adverse event rates
per infusion among pediatric patients (children and adoles-
cents) were similar to those observed in adults from the reg-
istry (0.03). None of the adverse events observed in pediatric
patients were serious or considered related to pdC1-INH. No
thromboembolic events occurred in pediatric patients and no
adverse events related to blood-borne viral infections were
observed [33].

Lumry et al. evaluated the efficacy of a single dose of
the pdC1-INH formulation marketed as Cinryze® (500,
1000, or 1500 IU) in the acute treatment of HAE attacks
in a small cohort of very young patients (n=9; age 2 to <
12 years). In this cohort, three patients were treated with
500 IU, three with 1000 IU, and three with 1500 IU pdC1-
INH (IV). All patients had onset of unequivocal relief of
the defining symptom within 4 h following initiation of
treatment, with a median time to relief of 0.5 h (range,
0.25-2.5 h) [34]. In the USA, the pdC1-INH formulation
marketed as Cinryze® is not currently FDA approved for
acute use in adults or children [24].

Recombinant Human C1-INH (IV)

The rhC1-INH product (Ruconest®) was approved by the
FDA in 2014 for the treatment of acute attacks in adolescent
and adult patients with HAE [23, 35]. The efficacy and safety
of thC1-INH have been evaluated in three RCTs and two
open-label extension studies. In two similarly designed,
placebo-controlled RCTs, patients (> 12 years or > 16 years)
with onset of attack symptoms within 5 h and an overall se-
verity visual analog score (VAS) of > 50 mm were randomized
to receive thCI1-INH at 50 or 100 [U/kg (n =70) or placebo
(n=29) [36]. The primary efficacy endpoint was the time to
onset of relief of symptoms and the key secondary endpoint
was the time to minimal symptoms. The median time to onset
of symptom relief was 66 min (P<0.001), 122 min (P=
0.013), and 495 min in the 100 IU/kg thC1-INH, 50 IU/kg
rhC1-INH, and placebo groups, respectively. Median time to
minimal symptoms was also significantly reduced in the
groups treated with the two doses of thCI1-INH vs. placebo
(266 and 247 min vs. 1210 min; P<0.001 and P =0.001 vs.
placebo, for 100 and 50 IU/kg, respectively) [36].

In a third trial, 75 patients with HAE were randomized
(3:2) to thC1-INH (50 IU/kg up to 4200 IU/treatment) or
placebo. Median time to beginning of symptom relief at the
primary attack location, as measured by patient responses on a
Treatment Effect Questionnaire (TEQ), was 90 min in patients
treated with rhC1-INH compared with 152 min for patients in
the placebo group (P =0.031). When measured based on > 20-
mm reductions in the VAS, the median time to onset of symp-
tom relief was 75 min for patients treated with rhC1-INH vs.
303 min with placebo (P=0.003). Median time to minimal
symptoms was also shorter in patients treated with thC1-INH
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vs. placebo based on the TEQ and the VAS (TEQ: 303 vs.
483 min [P =0.078]; VAS: 240 vs. 362 min [P =0.005]) [37].

In an integrated analysis of seven RCTs and open-label
extension studies, thC1-INH was well tolerated; the most
common adverse events were headache, nausea, and diarrhea
[23].

Pediatric Studies

The rhCI1-INH formulation is being evaluated as acute
treatment in an ongoing open-label, single-arm, and phase
2 safety study of children 2 to 13 years of age. Patients in
this trial received a single injection of rhC1-INH 50 IU/kg
(patients < 84 kg) or 4200 IU (patients > 84 kg). In addi-
tion to safety parameters, the onset of relief, time to min-
imal symptoms, and time to complete resolution of symp-
toms were assessed [38]. A total of 20 children have been
treated for 73 attacks. Preliminary results from this study
indicate that rhC1-INH is well tolerated, with no related
serious adverse events, hypersensitivity reactions, or neu-
tralizing antibodies. The median time to onset of relief
was 60 min (95% CI, 60—63 min) and the median time
to minimal symptoms was 122 min (95% CI, 120—126
min). Three of 74 attacks (4%) required a second dose
of rhC1-INH [39].

Routine Prophylaxis with C1-INH
Replacement Therapy

The 2017 WAO/EAACI guidelines recommend C1-INH as
first-line therapy for prophylactic treatment of HAE [10].
Prophylactic therapy with twice-weekly IV or SC adminis-
tration of C1-INH has been shown to significantly reduce
the frequency and severity of HAE attacks in patients with
HAE and is associated with improvements in quality of life
[10]. In addition, the WAO/EAACI guidelines, along with
other consensus guidelines, recommend C1-INH replace-
ment therapy for long-term prophylaxis in pediatric pa-
tients [10, 31].

Plasma-Derived C1-INH (IV)

A CI-INH formulation (Cinryze®) that is administered intra-
venously was approved by the FDA in 2008 for routine pro-
phylaxis for HAE attacks in adult and adolescent patients
based on a 24-week, placebo-controlled crossover study in
24 patients with HAE [24, 40]. Patients (> 6 years of age)
were randomly assigned to receive C1-INH (IV) 1000 IU or
placebo every 3 to 4 days during two consecutive 12-week
periods in a crossover fashion [41]. The mean time-
normalized number of attacks during the two 12-week cross-
over periods (primary endpoint) was 6.26 for C1-INH (IV)
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and 12.73 for placebo (P < 0.001). The need for rescue med-
ication was reduced, with 11 of 22 patients (50%) requiring
rescue therapy during C1-INH (IV) prophylaxis vs. 22 during
placebo treatment. C1-INH (IV) was well tolerated, with only
three adverse events (pruritus and rash, lightheadedness, and
fever) classified as possibly related to treatment [41].

The C1-INH (IV) formulation was evaluated as prophylax-
is in an open-label multicenter extension study in 146 patients
with HAE treated for up to 2.6 years with 1000 IU adminis-
tered intravenously every 3 to 7 days [42]. The primary effi-
cacy parameter was the number of angioedema attacks and
was compared with the historical attack rate. The median
number of attacks per month was reduced by 93.7% during
prophylaxis compared with the historical rate of attacks (0.19
vs. 3.0; P<0.001); 88% of patients (n=128) had < 1 attack
per month and 35% of patients (n =51) were attack-free dur-
ing prophylaxis. Approximately 7.5% of patients continued to
have frequent attacks despite twice-weekly prophylaxis. Most
patients required twice-weekly dosing, although a subgroup
achieved control with once-weekly treatment [42].

Based on the observation that some patients treated with
CI-INH (IV) were not adequately controlled on the indicated
dose of 1000 IU every 3 or 4 days, a trial was conducted to
evaluate the safety of escalating doses of C1-INH (IV) [19].
Patients with inadequate control on the 1000-IU dose regimen
and > 1 attack per month during the 3 months before the trial
were eligible. Patients were treated with C1-INH (IV) 1500 IU
every 3 or 4 days for 12 weeks; those who continued to have
> 1 attack per month were eligible for further escalation to
2000 IU and then 2500 IU every 3 or 4 days. Of the 20 patients
who started therapy at 1500 IU, 13 were escalated to 2000 IU,
and 12 were escalated further to 2500 IU. A total of 18 patients
reported adverse events, but no patients discontinued due to
these events. Four serious adverse events were reported but
none were considered to be related to treatment [19]. Based on
the findings of this study, the approved labeling for C1-INH
(IV) allows dose escalation up to 2500 IU every 3 to 4 days for
patients who do not respond adequately to the 1000-IU dose
regimen [24].

Pediatric Studies

Lumry et al. evaluated the efficacy of C1-INH (IV) in pediatric
patients treated in the pivotal prophylaxis study for this product
and the open-label extension study [41-43]. Among the four
pediatric patients (age 9—17 years) enrolled in the placebo-
controlled crossover study, the mean number of attacks de-
creased from 13.0 during the 12-week placebo period to 7.0
during the 12 weeks of CI1-INH (IV) prophylaxis. In the
open-label extension study, 23 pediatric patients age 2 to
17 years received routine prophylaxis with C1-INH (IV)
1000 TU every 3 to 7 days [43]. The median attack rate per
month among pediatric patients decreased from 3.0 (range,

0.5-28.0) before enrollment to 0.39 (range, 0—3.36). During
prophylaxis with C1-INH (IV), 87% of pediatric patients re-
ported < 1 attack per month and 22% were attack-free [43].

A phase 3 multicenter, dose-ranging crossover study eval-
uated six pediatric patients aged 6 to 11 years who were ran-
domized to receive twice-weekly C1-INH (IV) for 12 weeks
in two treatment sequences in a crossover manner (500 TU
followed by 1000 IU and 1000 IU followed by 500 IU). All
patients were female with type I HAE (median age,
10.5 years). The number of attacks per month decreased from
2.26 at baseline to 0.37 with both doses (84.8% reduction for
500 TU and 88.1% reduction for 1000 IU). In addition, the
attack severity and number of attacks requiring rescue medi-
cation were reduced during prophylaxis with C1-INH (IV)
[44].

Plasma-Derived C1-INH Concentrate (SC)

The first subcutaneously administered C1-INH formulation
(C1-INH [SC]) was approved by the FDA in June 2017 for
routine prophylaxis against HAE attacks in adolescents and
adults (Haegarda®) [25, 45]. The recommended dose of this
highly concentrated formulation is 60 IU/kg, equivalent to
4500 IU for a person weighing 75 kg, given subcutaneously
twice weekly [25]. Every 500 IU of CI-INH (SC) is
reconstituted with 1 mL of sterile water before administration
[25]. Pharmacokinetic studies indicate that mean C1-INH
functional activity after administration of C1-INH (SC)
60 IU/kg ranged from 63.9 to 69.4% in adults, close to the
low-normal range in healthy adults (70%) [46]. The pivotal
phase 3, randomized, multicenter, double-blind, placebo-
controlled, crossover study (COMPACT [Clinical Study
for Optimal Management of Preventing Angioedema with
Low-Volume Subcutaneous Cl-Inhibitor Replacement
Therapy]) compared twice-weekly prophylaxis with C1-
INH (SC) vs. placebo in patients with frequent HAE at-
tacks [47].

In this trial, adolescent and adult patients (age > 12 years)
experiencing at least four HAE attacks over a consecutive
2-month period received twice-weekly injections of Cl1-
INH (SC) (40 or 60 IU/kg) as prophylaxis and correspond-
ing high-volume or low-volume placebo during two con-
secutive 16-week treatment periods in a crossover manner.
All injections were self-administered and patients were
allowed to use rescue medication as needed [47]. The pri-
mary endpoint in this trial was the time-normalized number
of HAE attacks and was evaluated in the intent-to-treat
population.

Patients experienced significantly fewer attacks during pro-
phylaxis with C1-INH (SC) 60 or 40 IU/kg compared with the
placebo period, with the 60-1U/kg dose having a greater treat-
ment effect (60 TU/kg: 0.52 vs. 4.03 attacks/month, mean dif-
ference of —3.51 attacks, P<0.001; 40 IU/kg: 1.19 vs. 3.61
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attacks/month, mean difference of —2.42, P<0.001). With
CI1-INH (SC) 60 and 40 1U/kg prophylaxis, the median attack
rate was reduced by 95% and 89%, respectively, relative to
placebo. Of the 45 patients randomized to the 60-IU/kg dose,
25 patients had 71 attacks on 60 IU/kg C1-INH (SC), and 42
patients had 472 attacks on corresponding placebo [48].
Eighteen of 45 patients (40%) were attack-free during prophy-
laxis with C1-INH (SC) 60 IU/kg vs. none during the placebo
period. Use of rescue medication decreased significantly dur-
ing prophylaxis with CI1-INH (SC) 60 IU/kg compared with
placebo (0.32 vs. 3.89 uses/month; P <0.001). With C1-INH
(SC) 60 IU/kg, the mean reduction in use of rescue medication
relative to placebo was 89% and the median reduction was
100%. The average severity of HAE attacks was lower during
prophylactic treatment with C1-INH (SC) 60 IU/kg than dur-
ing the placebo period. A total of 31 patients (68.9%) had at
least one severe attack during the placebo period vs. 4 patients
(8.9%) during prophylaxis with 60 IU/kg C1-INH (SC) [48].
No patient experienced a laryngeal attack during prophylaxis
with 60 IU/kg C1-INH (SC) [47].

The most common adverse events with C1-INH (SC) were
injection-site reactions, 95% of which were mild. No serious
adverse events occurred with C1-INH (SC) 60 IU/kg. In ad-
dition, no seroconversions for human immunodeficiency virus
or hepatitis B or C were observed. No anaphylactic reactions
were observed and no inhibitory antibodies to C1-INH were
detected [47].

Recombinant Human C1-INH (IV)

The prophylactic efficacy of thC1-INH was studied in a
recent phase 2, randomized, double-blind, and placebo-
controlled crossover trial [49]. Patients (> 13 years of
age) with a history of >4 HAE attacks per month for at
least 3 months before study initiation were eligible.
Patients received each of the following treatments in a
randomized sequence for 4 weeks with a 1-week washout
between treatment periods: thC1-INH (50 IU/kg up to
4200 IU maximum) twice weekly, thC1-INH once weekly
and placebo once weekly, and placebo twice weekly. The
mean number of HAE attacks per 4 weeks was signifi-
cantly reduced with rhCI1-INH twice weekly and once
weekly, with mean differences of —4.4 attacks
(P<0.0001) and — 2.8 attacks (P=0.0004), respectively,
vs. placebo [49]. Headache and nasopharyngitis were the
most common adverse events. No thrombotic/
thromboembolic events, systemic allergic reactions, or
neutralizing antibodies were reported. In the USA, rhCl1-
INH is currently approved for acute treatment of HAE but
not for long-term prophylaxis [23].
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Short-term Prophylaxis with C1-INH
Replacement Therapy

Tissue trauma occurs with certain dental and surgical proce-
dures, which may activate the contact system. In patients with
HAE, this activation is uninhibited by C1-INH and can trigger
attacks of angioedema. The general risk of perioperative an-
gioedema without preprocedural prophylaxis is estimated to
range from 5.7 to 30.5% [50]. Bork et al. observed 124 attacks
of'angioedema following 577 dental extractions in the absence
of short-term prophylaxis (88 facial, 8 laryngeal, 28 com-
bined) [51].

Postprocedural attacks typically occur within 48 h. Risk
factors for postprocedural attacks of HAE may be directly
related to the area of trauma and manipulation, as well as
patient tolerance for similar procedures previously performed.
Therefore, the decision to use short-term prophylactic therapy
should take into consideration the patient’s surgical history.
The risk of angioedema after a procedure may also be related
to factors such as anesthesia, psychological stress, and under-
lying disease [50].

The WAO/EAACI guidelines recommend the use of C1-
INH for preprocedural prophylaxis [10]. In the USA, no C1-
INH therapies are specifically indicated for short-term prophy-
laxis; however, in the European Union, both C1-INH (IV)
formulations (Berinert® and Cinryze®) are approved for
preprocedural prophylaxis [52, 53]. Studies of short-term pro-
phylaxis with C1-INH have shown that preprocedural admin-
istration of C1-INH (IV) within a few hours of a dental or
surgical procedure can effectively abrogate attacks if dosed
appropriately [20, 51, 54, 55]. In a study by Farkas et al., five
attacks were observed after 87 procedures despite short-term
prophylaxis with C1-INH (IV) 500 IU, a dose that is today
generally recognized as subtherapeutic [20]. In a study of
short-term prophylaxis before dental extractions, Bork et al.
reported 12 attacks following 75 procedures using 500 IU C1-
INH (IV) and 4 attacks following 53 extractions using
1000 IU C1-INH (IV) [51]. In a retrospective analysis, Grant
et al. reviewed data from two clinical trials in which at least
1000 IU CI-INH (IV) was administered as short-term prophy-
laxis within 24 h before a medical, surgical, or dental proce-
dure [54]. In this review of 41 patients (including 8 pediatric
patients) undergoing 91 procedures, only 2 procedures were
followed by angioedema attacks within 72 h and both were
treated successfully with C1-INH [54].

In a smaller study by Gavigan et al. of 12 patients with
HAE type I, no postprocedural attacks were observed during
24 surgical procedures when C1-INH (IV) (Berinert®) dosed
by body weight at 10-20 IU/kg was administered as short-
term prophylaxis [55]. In this study, most patients received a
dose corresponding to 1000 to 2000 IU, considerably higher
than the 500-IU doses used in earlier studies. These studies
suggest that C1-INH doses higher than 1000 IU may be



Clinic Rev Allerg Immunol (2019) 56:207-218

215

required to effectively prevent postprocedural angioedema
attacks.

Real-world data appear to support the finding that higher
doses of C1-INH may be needed to completely prevent
postprocedural HAE attacks [56]. The Berinert registry is
one of the few data collections on individuals using C1-INH
(IV) for any reason (acute treatment, short-term prophylaxis,
or both) [56]. In the Berinert registry, investigators were asked
to cite the reason for use by designating C1-INH infusions as
“acute treatment,” “prophylaxis,” or “other.” During the anal-
ysis phase of the Berinert registry, C1-INH infusions that were
designated by the investigator as “prophylaxis” and adminis-
tered more than 7 days before or after any other prophylactic
infusion or administered after a medical or dental procedure
were considered to be short-term prophylactic infusions. The
median C1-INH (IV) dose per short-term prophylactic infu-
sion was 14.6 TU/kg or 1000 IU. The primary data collected
were the attack rates within 1, 2, and 3 days of the infusion.
The cumulative attack rates at 1, 2, and 3 days of the short-
term prophylactic infusion were 0.04 (95% CI, 0.015-0.088),
0.06 (95% CI, 0.028-0.115), and 0.11 (95% CI, 0.061
—0.174), respectively [56].

Dose-response analysis of HAE attack rates at 1, 3, and
7 days after a short-term prophylactic infusion of C1-INH
(IV) suggested higher efficacy with weight-based doses of
> 15 TU/kg and absolute doses of > 1500 IU [56]. It should
be noted, however, that the confidence intervals overlapped,
in some cases due to the small number of events. The registry
data suggest a trend toward greater efficacy with higher doses
of C1-INH (IV) and confirm the findings of the clinical studies
discussed previously.

Current recommendations for infusing C1-INH concentrate
suggest that higher doses for short-term prophylaxis be admin-
istered as close as possible to a potential triggering event. As
always, on-demand rescue medication should be readily avail-
able if breakthrough attacks occur despite short-term prophy-
laxis with C1-INH [7, 9, 10].

Cost Considerations

Before the development of HAE-specific acute and prophy-
lactic therapies, oral attenuated androgens were commonly
used to prevent HAE attacks [10]. While the direct cost of
androgens is less relative to other HAE medications, andro-
gens are generally not favored in the medical community, due
to the significant adverse effects, long-term safety concerns/
complications, and limitations in usage among children and
female patients of reproductive age [10, 57]. The direct costs
of newer HAE-specific acute and prophylactic therapies, in-
cluding C1-INH products, are greater, as is the case with many
orphan drugs for rare diseases [58]. The variability in disease
activity and burden in patients with HAE and the lack of head-

to-head trials comparing agents make it difficult to compare
the cost-effectiveness of these therapies.

Pharmacoeconomic analyses have evaluated acute thera-
pies for HAE based on the costs to resolve symptoms of an
attack, taking into consideration drug acquisition costs, dos-
ing, location of administration (self-administration at home vs.
administration at a health-care facility), other medical costs
(e.g., need for vaccinations), and need for additional doses
[59-61]. Several studies have found that treatment of acute
attacks at home with self-administered medication can result
in faster resolution of symptoms and lower costs compared
with treatment administered by a health-care professional [12,
62]. An indirect cost comparison of pdC1-INH to other ther-
apies for HAE such as icatibant and ecallantide found that use
of pdC1-INH resulted in cost savings to US payers compared
to these other agents [60]. However, a study in the UK found
that icatibant was associated with lower treatment costs vs.
pdC1-INH 20 IU/kg mainly due to lower drug acquisition
costs in that country and a higher rate of self-administration
[61]. A study from the Polish payer perspective found that
rhC1-INH is associated with potentially lower costs and
higher probability of cost-utility compared with pdC1-INH
[63]. All such analyses are based on complex factors with high
variability between patients, health-care systems, and local
health-care practices and policies, thereby weakening the gen-
eralizability of the findings. Further, such analyses tend to
oversimplify the complexity of patient morbidity and quali-
ty-of-life, which are more difficult to quantify but are ultimate-
ly a critical measure of treatment success.

Until recently, the only C1-INH product approved for prophy-
lactic use in the USA was CI1-INH (IV) [58]. The recent intro-
duction of C1-INH (SC) into the market has resulted in compet-
itive pricing [58] and has made direct cost comparisons between
prophylactic therapies more feasible. In a preliminary cost anal-
ysis of prophylactic C1-INH formulations, C1-INH (SC) was
found to be cost-saving from a payer perspective compared with
CI1-INH (IV), based on a lower breakthrough attack frequency
and attack-related costs [64]. The development of additional
acute and prophylactic agents, particularly those that facilitate
self-administration, may result in more competitive pricing and
help drive down the costs of treatment.

Summary

C1-INH replacement therapy has been the foundation of HAE
acute treatment for several decades. The development of on-
demand IV plasma-derived and recombinant C1-INH replace-
ment therapies has enabled patients to effectively treat HAE
attacks as soon as symptoms are recognized, with onset of
relief possible as early as within 30 min and complete resolu-
tion of symptoms within hours instead of days. However, the
burden of the disease itself remains high—patients experience
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recurrent and debilitating attacks and approximately 50% of
patients will experience at least one laryngeal attack over their
lifetime [65], which may be fatal if not treated promptly.
Despite the availability of acute treatments, HAE still causes
considerable anxiety and fear of future attacks, with a signif-
icant impact on quality of life, even between attacks [66, 67].

The goal of the HAE management plan is to restore a sense of
normalcy to patients’ lives—prophylactic therapy with C1-INH
can help achieve this goal, particularly when on-demand treat-
ment alone does not. Patients with very frequent attacks, severe
symptoms, and/or associated disability and anxiety may derive
particular benefit from prophylactic therapy. The most recent
WAO/EAACI guidelines on the management of HAE recom-
mend C1-INH as a first-line therapy for long-term prophylaxis
[10]. In the USA, two C1-INH replacement therapies, an IV and
an SC formulation, are approved for prophylactic use in patients
with HAE. Both are effective and well-tolerated options for
preventing HAE attacks. However, therapy with C1-INH (IV)
requires continued venous access, which may be difficult to
maintain in the long term as repeated IV administration may
result in loss of venous access over time [7, 68]. For these pa-
tients, indwelling ports may facilitate venous access but are as-
sociated with a significant risk of infection and thrombosis, and
their use is therefore discouraged by the Medical Advisory Board
of the US HAE Association [7].

The C1-INH (SC) formulation allows the delivery of large
concentrated doses of C1-INH and maintenance of improved
steady-state plasma concentrations of C1-INH compared with
C1-INH (IV) dosed at 1000 IU every 3 or 4 days [10].
Pharmacokinetic studies suggest that functional C1-INH activity
can be maintained close to the low-normal range in healthy
adults (70%) when C1-INH (SC) is administered at the approved
dose of 60 IU/kg [46]. Subcutaneous injections of C1-INH were
well tolerated in clinical trials despite the high concentrations
delivered, with no serious or severe injection-site reactions ob-
served. As noted by the FDA and in the 2017 WAO/EAACI
guidelines, the SC route of administration of this product may
make it more convenient for patients and caregivers to administer
C1-INH prophylactic therapy at home [10, 45]. The ability to
reduce the frequency and severity of HAE attacks with self-
administered SC injections may make C1-INH prophylactic ther-
apy more acceptable to patients and caregivers and reduce the
burden of disease for individuals with HAE.
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