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Hereditary angioedema is a rare disease that can often be disabling
or even life threatening because of the unpredictable, self-limit-
ing, and localized swelling episodes involving cutaneous, subcu-
taneous, and mucosal sites. The last decades revealed a spectrum
of possibilities to control the disease through the development of
effective therapies that changed the life of many patients and fam-
ilies worldwide.

This review summarizes the current literature regarding the general
management and therapeutic approach in patients with hereditary an-
gioedema, both with and without C1 inhibitor deficiency. Medications

already available in the market and new drugs in different research stag-
es of development are addressed.

Recent decades saw a huge leap in identifying mechanisms of angioede-
ma and developing modern safe and effective medications to both treat
acute angioedema manifestations and control disease activity via pro-
phylactic therapy. Further improvement is still needed, together with im-
proving global accessibility of diagnostic tools and effective medications.
Whether novel drugs will demonstrate a sustained cost/effectiveness ratio
will be answered in the years to come when we will witness whether a
majority of the patients will benefit from these major advances.

Angioedema (AE) is a chronic disease presenting with recurrent ep-
isodes of non-pruritic, subcutaneous, or submucosal swelling. These
symptoms occur as a result of increased paroxysmal vascular perme-
ability owing to endothelial disequilibrium. The syndrome AE is a
heterogeneous entity with a variety of clinical phenotypes.' Some are
often accompanied by urticaria owing to release of histamine. In mi-
nority of the cases, such as in patients with hereditary AE (HAE) and
other rare forms of AE, bradykinin is believed to be the main mediator
responsible for increased vascular leakage and edema formation.

Bradykinin-mediated AE is, in most cases, episodic, self-limited,
and sometimes worsened by predictable triggers, such as physi-
cal trauma, psychoemotional stress, or some drugs (e.g., angioten-
sin-converting enzyme inhibitors [ACEIs] and estrogen-containing
medication). It typically progresses over continuous hours or a few
days, causing significant physical dysfunction, suffering, and pain,
and can be life threatening if the upper airways are involved.?

The remarkable scientific progress made in the last decades of AE
knowledge unveiled many of the pathomechanisms of this disease
and helped in developing novel therapeutic modalities that changed
the life of many patients and families worldwide. This review will
focus on therapeutic modalities of HAE, both with and without C1
inhibitor (C1-INH) deficiency.

As per the current classification of AE, two major types of HAE
have been recognized: one with congenital C1-INH deficiency
(C1-INH-HAE) because of a pathogenic variant of the SERPING 1
gene and the other with normal C1-INH (nlC1-INH-HAE).># The
latter consists of a variety of currently discovered genotypes, al-
though others are likely to be discovered in the years to come>'?
Furthermore, disequilibrium of bradykinin activity is considered
a crucial player in most of these ultra-rare forms of AE (Figure 1).

GENERAL MANAGEMENT CONSIDERATIONS
Current progress in the understanding of HAE pathophysiology,
genetics, and therapeutic strategies result in the development of
treatment and monitoring personalized plans to help patients with
HAE improve their quality of life (QoL). As previously discussed,
HAE is a life-threatening condition with an unpredictable clini-
cal course. Therefore, to address patients’ needs, a comprehensive
individualized action/management plan should be developed in
cooperation between the treating physicians, patients with HAE,
and patients’ family members/caregivers. The aim of this plan is to
engage patients in their treatment and lessen the significant burden
that HAE places on patients and their families. HAE is character-
ized by wide variability in presentation, clinical course, response,
and tolerance to treatment. Therefore, HAE treatment plans should
be individualized to meet the patient’s needs and to address the
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FIG.1. Genotypes of hereditary angioedema.

HAE, hereditary angioedema; C1-INH, C1 inhibitor; F12, factor 12 gene; ANGPT1, angiopoietin-1 gene; PLG, plasminogen gene; KNG1, kininigen-1 gene; MYOF, myoferlin
gene; HS30ST6, heparan sulfate glucosamine 3-O-sulfotransferase 6 gene; U-HAE, unknown HAE.

heterogenous factors impacting disease course and outcomes. Fur-
thermore, patients should be regularly followed up, and manage-
ment plans should be updated in a timely manner based on the
current condition of the patient. The following information should
be included in HAE management plans: (a) effective on-demand
treatment (ODT) options and information on how to adequately
administer available drugs to treat acute HAE attacks, (b) infor-
mation on the use of short-term prophylactic drugs before invasive
interventions or other known acute HAE attack triggers, and (c)
information on long-term prophylaxis (LTP) for certain cases, aim-
ing to prevent onset and severity of future HAE attacks."

All patients with HAE should be referred to HAE experts to con-
firm the diagnosis and type of HAE, develop or optimize current
treatment plans, monitor and coordinate medical care, and provide
comprehensive education. To achieve this goal, physicians should
be familiar with recent advances in HAE diagnostic work-up,
on-demand therapy, and short- and long-term prophylactic ther-
apies. In addition, healthcare personnel and teachers and educa-
tors who take care of children with HAE should be provided with
clear written information on the characteristics of the disease and
instructions on how to properly use available treatment in urgent
situations, especially in case of an airway attack.'

Initial evaluation of patients with a confirmed HAE diagnosis aims
to provide important information on symptoms, disease course,
treatment options, and disease/attack risk factors and outcomes.
Educational materials, treatment action plans, and attack diaries
should be developed, implemented, and regularly reviewed at fol-
low-up visits. Patients should be advised to keep a diary and to en-
ter their symptoms and therapy given regularly to monitor disease
activity, need for medications, and possible adverse effects of the
treatment. In addition, all patients should have an HAE identifi-
cation card to guarantee prompt recognition of HAE attacks and
facilitate timely and adequate treatment. Therefore, it is strongly
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recommended that all patients with HAE carry a specific sign (card
or letter) with short information on the disease, the HAE treatment
plan, and contact information of an HAE specialist.

Forbidden Medication

As HAE is a disease manifesting with significant variables through-
out a patient’s life, it is of great importance to recognize and avoid
all known possible HAE triggers. The HAE specialist should pro-
actively ask about any existing comorbidities for which the patient
currently takes concomitant treatment, and this HAE-related infor-
mation must be communicated to the patients, their families, and
other involved health care teams to adequately provide and coordi-
nate medical care and services. Patients should be advised to avoid
certain drugs that may worsen the disease course and provoke more
frequent and severe HAE attacks, including ACEIs, hormone re-
placement therapy (HRT), and exogenous estrogens (e.g., estro-
gen-based oral contraceptives [OCs]).!>!® Hormonal contraception
with progestin-only pills may be considered because it is known
to be safe for women with HAE."""" Although patients with HAE
are advised not to use exogenous estrogens, in some cases the risk/
benefit ratio would warrant their use to improve QoL and reduce
the disease burden (e.g., fertility treatments, unbearable symptoms
following surgical or natural menopause). In these cases, patients
should be closely monitored, HAE therapy should be adjusted as
needed, and prophylaxis with CI1-INH could be considered be-
cause it is shown to be beneficial.

Lifestyle
Infectious diseases and mechanical trauma are other common trig-
gers for HAE attack, especially in children. All vaccinations are
considered safe for children and should be recommended. Further-
more, influenza vaccine is associated with reduction in upper air-
way symptoms and potentially reduces frequency and severity of
upper airway swelling, and therefore, it could be advised for all pa-
tients with HAE. Many experts recommend vaccinations for hepa-
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titis A and B for patients in whom human plasma-derived products
are regularly administered.?*?!

Other non-pharmacological risk factors include psychological and
physical stress, fatigue, febrile conditions, acute illness, trauma,
infections, and pregnancy or menstruation’>* Trauma, both acci-
dental or after dental procedures, medical interventions, or surgical
procedures, may precipitate an acute swelling episode. However,
most traumas are unpredictable. Therefore, excessive avoidance of
suspected triggers should not be strongly recommended to not re-
strict activities and lifestyle and limit patients’ normal lives.

Other general preventive considerations include regular dental care
to reduce the need for invasive dental procedures, such as tooth
extractions, and prevent the development of acute or chronic oral
inflammation, which may decrease the threshold for attacks. In ad-
dition, the local primary care team, emergency departments, and
hospitals should be provided with clear information on the man-
agement of specific conditions, such as pregnancy and planned sur-
gical or dental interventions that require short-term prophylactic
treatment.

Pre-Procedural Prophylaxis

Initial evaluation and regular assessments should focus on review
of new and previously available HAE medication options; pre-
scription of on-demand therapy; and review of need for short-term
(pre- and peri-procedural) prophylaxis, particularly in cases of
dental/oral surgery, bronchoscopy or endoscopy, endotracheal in-
tubation or intervention in the upper airway region or pharynx, and
long-term prophylactic options. Medication self-administration
techniques should be communicated to all patients on prescribed
on-demand drugs licensed for self-administration. Self-adminis-
tration is crucial for the effectiveness of ODT because it is well
known that early treatment in the course of a swelling attack is
more effective and may prevent severe symptoms, further compli-
cations, and even fatal outcomes.?*?’ Training should also include
a family member or close friend who is able to administer thera-
py when the patients themselves are unable or uncomfortable with
self-administration.”® Home therapy is associated with decrease in
the severity and duration of HAE attacks, reduction of morbidity
and disability, and improvement of QoL.

Family Consultation and Psychological Support
A discussion of short-term (travel) and long-term future plans, such
as pregnancy, and the importance of screening all family members
for HAE should be routinely performed. Pregnancy, because of
associated anatomical, physiological, and hormonal changes, can
mitigate, aggravate, or have no effect on manifestations, disease
course, and treatment of HAE.? All pregnant patients with HAE
should be closely monitored by an HAE expert and should be man-
aged by a multidisciplinary team of professionals from relevant
medical specialties. Although delivery is only rarely reported as an
attack trigger, all women should be closely followed up for at least
72 hours after uncomplicated vaginal delivery. Care for patients
undergoing cesarean section (C-section), especially if intubation is
necessary, includes similar short-term prophylaxis, as in any other
surgical procedure. C1-INH is the treatment choice for those cases
per current recommendations. Although breastfeeding may result
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in an increased number of maternal attacks, it is still recommended
based on its beneficial effects on the infant.’%3!

Current guidelines recommend that all relatives, including grand-
parents, parents, siblings, children, and grandchildren, of patients
with HAE be screened for C1-INH function, C1-INH protein, and
C4 plasma levels. It is considered crucial because delayed diagnosis
results in decreased QoL owing to delayed initiation of appropriate
therapy and increased mortality because, although rare, the onset of
the disease could be fatal because of airway involvement during the
first HAE attack. All patients with HAE are indicated to have at least
1 annual medical evaluation by an HAE specialist. Newly diagnosed
patients and those on LTP with attenuated androgens (AAs) should
be seen more often to recognize side effects in a timely manner and
re-evaluate the risk/benefit ratio. Therefore, patients on androgens
should continue to be monitored twice a year with proper safety eval-
uation of liver function, lipid profiles, and cardiovascular risk. Fol-
low-up visits should include review of swelling attack log (location,
frequency, and severity of symptoms) and review of frequency of
use, dosing, and effectiveness of treatment. If applicable, long-term
prophylactic therapy should also be monitored in terms of preventive
efficacy, for medication adverse effects, and for dose adjustment as
needed. Furthermore, after attack resolution, patients should record
and discuss with their physician the relevant HAE-specific informa-
tion on the event (suspected triggering factors, dose and medication
administered, time to symptom relief, and any adverse reactions).

QoL Monitoring

Health-related QoL (HRQoL) is known to be significantly de-
creased in patients with HAE. It can be assessed with recently de-
veloped HAE-specific QoL questionnaires (AE-QoL, HAE-QoL,
and HAE Association—-QoL), which measure an individual’s per-
ception of disease impact on several aspects, including physical,
psychological, social, and somatic domains of functioning and
wellbeing®>33 Recent achievements in HAE care, including the de-
velopment of on-demand and LTP therapies that are proven to be
more effective and safer, home therapy, and self-administration,
have led to consistent improvements in patients’ QoL and disease
burden (anxiety and depression, dissatisfaction with treatment, im-
pairment of daily activities and economic costs).>*3

Patient organizations and support groups provide psychological sup-
port for patients with HAE, caregivers, and family members. They
work toward providing all patients worldwide with sufficient infor-
mation and resources to control their illness and lead normal lives.

ON-DEMAND THERAPY

Treatment of Acute C1-INH-HAE Manifestations

The primary purpose of acute HAE treatment is to minimize mor-
bidity and prevent mortality owing to symptoms of AE.* The
ability to apply ODT for episodes of swelling has been a major
achievement in HAE management.*® The advanced insight on the
mechanism of swelling in C1-INH-HAE has led to the develop-
ment of specific ODTs that have shown to be effective and safe in
randomized, controlled studies,?*7*® and their efficacy and long-
term safety have been confirmed in extension studies in real-world
practice.?**
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Latest guidelines advise several on-demand HAE treatments that
can be summarized as replacement therapies (C1-INH concen-
trates, freeze-dried or solvent detergent frozen plasma) and tar-
geted therapies (bradykinin B2 receptor antagonist and plasma
kallikrein inhibitors). The following 4 types of medications have
been approved by regulatory authorities to date: C1-INH—contain-
ing products (plasma-derived C1-INH [pdC1-INH], Berinert and
Cinryze, and recombinant human C1-INH [rhC1-INH], Ruconest)
for intravenous (IV) administration, a bradykinin B2 receptor an-
tagonist (icatibant [Firazyr]) for subcutaneous (SC) administration,
and a plasma kallikrein inhibitor (ecallantide [Kalbitor]) for SC ad-
ministration. All mentioned on-demand medications have shown to
be safe and effective. Nevertheless, there is information that ecal-
lantide can cause systemic allergic reactions (< 2%); therefore, it
is recommended to be administered in a hospital setting or other
facility with the ability for HAE and anaphylaxis management.
Antifibrinolytic agents and anabolic androgens are not suitable for
ODT.1B

Fresh Frozen Plasma: The amount of published data on fresh fro-
zen plasma (FFP) for treatment of HAE attacks is relatively scarce
in comparison to the large amount of randomized controlled trials
(RCTs) conducted for other on-demand therapies. Nevertheless,
FFP remains the only available option for many patients with HAE
globally, especially those in lower-middle-income countries.* The
efficacy and safety data are mainly obtained by published case re-
ports.

Recently, a solid retrospective registry study on the management of
acute HAE attacks was conducted at 1 Iranian National Reference
center, South African centers, and private South African healthcare
institutions. The study covered the period from 2001 to 2017. FFP
was used to treat 98 acute HAE swellings and authors discussed
that (a) FFP has proven to be effective, but time to resolution for
FFP is considerably slower than time to resolution for HAE-spe-
cific therapies; (b) the rate of adverse events is about ~5%, and it
could be reduced by the use of premedication; (c) the management
of acute HAE attacks with FFP has its own specifics, including
speed of access, treatment thresholds, hospital length of stay, dos-
ing, and time to resolution; and (d) FFP treatment is associated
with prolonged length of hospital stay and increased direct health-
care costs. Therefore, availability of HAE-specific therapies would
be preferred, possibly through global access initiatives.

As mentioned, no randomized trials have been conducted, and
safety reporting includes sporadic reports of HAE symptoms
promptly worsening after the administration of FFP. This is pos-
sibly because FFP contains a variety of plasma factors, including
factor XII (FXII), high-molecular-weight kininogen, and plasma
prekallikrein (PKK), that could provide substrate for more bra-
dykinin release, in addition to C1-INH replacement. An addition-
al concern is the potential risk for anaphylactic reactions, which
could be associated with any biological product.

ODT with FFP remains the main option for treating symptoms of
HAE in case other acute therapy is not readily available. Precau-
tions for securing airway must be taken into consideration in case
upper airway swelling occurs. Administration with plasma that is
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solvent detergent—treated is associated with reduced viral transmis-
sion risk and, if available, may be safer to use than FFP.*

Replacement Therapy with C1-INH: Congenital C1-INH defi-
ciency was first revealed as a reason for HAE in 1963 by Donald-
son et al.,* and thereafter, C1-INH, derived from human plasma,
became the first HAE-specific treatment option. In 1974, the Cen-
tral Laboratory of the Netherlands Red Cross Blood Transfusion
Service produced the first plasma-derived C1-INH concentrate.*
The first marketing authorizations for C1-INH in Europe were
granted in 1985, but in the United States (U.S.), only in 2008.
Still, worldwide availability is not evenly secured even nowa-
days.

An thCI1-INH was given marketing authorization in Europe in
2010, and Food and Drug Administration (FDA) approval was
granted in 2014. The drug is associated with a sustainable produc-
tion supply because it is not dependent on blood donations.

Both IV pdC1-INH and rhC1-INH concentrates are equally effec-
tive for treatment of acute HAE attacks in the different age groups
(Table 1).

Currently, 2 pdC1-INHs are available: Berinert (vials of 500 and
1500 TU; CSL Behring) and Cinryze (vials of 1000 IU; Shire, now
part of Takeda). pdC1-INH pharmacokinetics have demonstrated
a mean plasma half-life of 33 = 19 hours.® Administration can be
done by a healthcare professional (HCP), or it can be self-admin-
istered when appropriate training has been provided. Both pdC1-
INH products are known to be well-tolerated and safe. Current vi-
ral safety monitoring provides a secure production chain with no
documented transmission of infectious agents.

Potential anticipated side effects of pdC1-INH products are injec-
tion site reactions (rare), transmission of infectious agents (theoret-
ical), and risk of anaphylaxis (theoretical).

The approved doses for ODT are 20 U/kg IV application for Ber-
inert and 1000 U IV for Cinryze; a second dose of 1000 IU of
Cinryze may be administered if there is no adequate response after
60 minutes.

rhCI1-INH (conestat-o. [Ruconest]; Pharming Group NV) has the
exact same amino acid sequence as human CI-INH with a dif-
ference in the glycosylation pattern because it is produced by a
purification process of milk from transgenic New Zealand white
rabbits.” This difference is considered responsible for the shorter
plasma half-life of the protein (approximately 2-3 hours). Howev-
er, this does not seem to impair the sustained efficacy of the drug
because study results do not show more frequent rebound attacks
than pdC1-INH.*#%. A meta-analysis of trials using pdC1-INH or
rhC1-INH demonstrated that efficacy is mostly dependent on the
number of the infused units and not on the pharmacokinetic pa-
rameters.>*! Although rhC1-INH is considered generally safe, it is
important for clinical practice to avoid it in patients with a rabbit
allergy because of potentially serious allergic reactions, which has
happened within 3 minutes after administration in a single healthy
volunteer with a pre-existent (retrospectively known), non-dis-
closed rabbit dander allergy.*
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TABLE 1. Drugs for treatment of Hereditary Angioedema
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Medication

(Trade name and Mechanism Approved

company) of action indication Regulatory status Dose and route of administration Potential side effects
Plasma-derived  Replaces Acute treatment Australia (> 12 years) > 12 years: 1000 U IV Common: hypersensitivity, rash,

nanofiltered C1- CI1-INH

INH (Cinryze,

Takeda)

Plasma-derived  Replaces

nanofiltered C1- CI1-INH

INH (Berinert,

CSL Behring)

Plasma-derived Replaces

nanofiltered C1- CI1-INH

INH (Haegarda,

Berinert

2000/3000,

Berinert SC, CSL

Behring)

Recombinant Replaces

human C1-INH CI1-INH

(Ruconest,

Pharming)

Ecallantide Selective,

(Kalbitor, reversible

Takeda) inhibitor
of plasma
kallikrein

Icatibant Bradykinin

(Firazyr, Takeda) B2 receptor
antagonist

Lanadelumab Fully human

(Takhzyro, monoclonal

Takeda) antibody
that inhibits
plasma
kallikrein

Berotralstat Oral

(Orladeyo, inhibitor

Biocryst of plasma

Pharmaceuticals) kallikrein

(on-demand EU (> 2 years)

therapy) Australia (> 12 years)
Short-term EU (> 2 years)

prophylaxis Approved by FDA and EMA
Long-term (U.S. and Europe) for patients
prophylaxis > 6 years; Australia, Canada

(> 12 years)

Acute treatment Australia, Canada, EU, U.S.

(on-demand (adult and pediatric)
therapy) EU (adult and pediatric)
Short-term

prophylaxis

Long-term Australia, Canada, EU (> 12
prophylaxis years), U.S. (> 6 years)

Acute treatment EU (> 2 years), U.S. (> 12
(on-demand years)
therapy)

Acute treatment U.S. (> 12 years)
(on-demand
therapy)

Acute treatment U.S. (> 18 years)

(on-demand Australia, Canada, EU (> 2
therapy) years)

Long-term Australia, Canada, EU, U.S.
prophylaxis (= 12 years)

Long-term U.S. (= 12 years)
prophylaxis

2-11 years: 1000 U (> 25 kg body weight)
500 U (< 25 kg body weight)

> 12 years: 1000 U IV

2-11 years: 1000 U (> 25 kg body weight)
500 U (< 25 kg body weight)

Pediatric (6-11 years): 500 IU

every 3-4 days IV

Adolescents and adults:

1000 U IV every 3-4 days

20 Ukg IV
Adults: 1000 U IV
Pediatrics: 15-30 U/kg body weight IV

60 U/kg body weight twice weekly (every
3-4 days)

50 Ulkg IV (< 84 kg)
4200 U TV (> 84 kg)

30 mg SC injection

Adults: 30 mg SC
Pediatric:

12-25 kg, 10 mg SC;
26-40 kg, 15 mg SC;
41-50 kg, 20 mg SC;
51-65 kg, 25 mg SC;
> 65 kg, 30 mg SC

300 mg SC injection every 2 weeks

A dosing interval of 300 mg every 4 weeks
may be considered if the patient is well
controlled (e.g., attack-free) for more than
6 months

150 mg capsule taken orally once daily
with food

In patients with moderate or severe hepatic
impairment, chronic administration

of P-glycoprotein inhibitors or BCRP
inhibitors (e.g., cyclosporine): 110 mg
capsule taken orally once daily with food

pruritus, erythema, injection site
reactions, vomiting dizziness
Theoretical: transmission of
infectious agent, thromboembolic
events

Rare: injection site reactions,
hypersensitivity

Theoretical: transmission of
infectious agent, thromboembolic
events

Very common: injection site
reactions, nasopharyngitis
Common: Hypersensitivity, pruritus,
rash and urticaria, dizziness
Theoretical: transmission of
infectious agents, thromboembolic
events

Uncommon: risk of anaphylaxis in
rabbit-sensitized individuals
Common: headache, nausea, and
diarrhea

Most common: headache, nausea,
fatigue, diarrhea, upper respiratory
tract infection, injection site
reactions, nasopharyngitis, vomiting,
pruritus, upper abdominal pain, and
pyrexia

Uncommon: anaphylaxis

Very common: injection site reactions

Common: injection site reactions
Rare: risk of anaphylaxis

Common: abdominal pain, vomiting,
and diarrhea

BCRP, breast cancer resistance protein; C1-INH, C1 inhibitor; EMA, European Medicines Agency; EU, European Union; FDA, Food and Drug Administration; SC, subcutaneous; U.S.,

United States

Balkan Med J, Vol. 38, No.2, 2021



94

Potential anticipated side effects of rhC1-INH are headache, nau-
sea, diarrhea, and risk of anaphylaxis in individuals with a rabbit
allergy.

The approved dose for ODT is 50 U/kg IV (< 84 kg) or 4200 U IV
(> 84 kg). An additional dose may be given in adults if there is no
satisfactory clinical response within 4 hours. Recently, rhC1-INH
was approved in Europe in the pediatric population > 2 years.>

Targeted Therapy: Icatibant (Firazyr; Shire, now part of Takeda)
is a selective bradykinin B2 receptor competitive antagonist for
SC administration. It is an effective therapy for acute treatment of
HAE attacks.’” The mean plasma half-life is 1.4 + 0.4 hours. It has
demonstrated good tolerability and efficacy,’” although local reac-
tions at the injection site (erythema, swelling, and pain) have been
reported by up to 97% of the patients. The approved dose for ODT
with icatibant is a single 30 mg/3 mL SC injection. The maximum
recommended dose is 3 injections within 24 hours. They should be
administered at intervals of 6 hours. Not more than 8 injections per
month of icatibant have been administered in the clinical trials.>*
The drug is approved for the treatment of acute episodes in the U.S.
for patients aged > 18 years and in Australia, Canada, and Europe
for patients aged above 2 years.

Ecallantide (Kalbitor; Dyax, Cambridge, acquired by Shire, now
part of Takeda) is a potent selective kallikrein inhibitor that re-
versibly inhibits plasma kallikrein. It is used for acute treatment
of C1-INH-HAE Type 1| and 2 in adolescents and adults.’®% It is
a 60-amino-acid protein produced by a recombinant technology.
Ecallantide is administered as a series of 3 consecutive SC injec-
tions. Efficacy and safety of ecallantide was studied in clinical tri-
als (EDEMAO, EDEMA1, EDEMA2, EDEMA3 [double-blind and
repeat dosing], EDEMA4, and DX-88/19), where ecallantide was
demonstrated to be effective (superior to placebo) in the treatment
of moderate and severe HAE episodes in patients aged above 10
years, administered as 30 mg SC injection (within 8 hours of at-
tack onset). In the mentioned studies, ecallantide provided durable
relief up to 24 hours. The most common reported adverse events
are upper respiratory tract infection, fatigue, headache, nausea,
vomiting, upper abdominal pain, diarrhea, injection site reactions,
pruritus, and pyrexia. Hypersensitivity adverse reactions were also
reported in up to 10.8% (in 17.9% when infused intravenously and
in 8.7% when administered subcutaneously) of patients.’® As these
reactions are within the criteria for Type 1 immediate reactions,
it is strongly advisable that ecallantide is administered at facili-
ties with experience to manage systemic anaphylactic reactions
and HAE attacks. The approved dose for ODT is 30 mg (3 x 10
mg/mL) SC injections. A second dose of 30 mg could be adminis-
tered for a period of 24 hours if HAE symptoms persist. FDA has
approved ecallantide for ODT in the U.S. for patients aged > 12
years. Marketing authorization is not granted in Europe.

Treatment of Special Populations: Indications for ODT in children
follow the same recommendations as treatment of adults, although a
limited amount of RCT data are currently available for the pediatric
population. ODT with pdC1-INH in children shows similar respons-
es to adults.”” Data from RCT in children demonstrated that these
medications are effective in decreasing the time to symptom resolu-
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tion and are safe and well tolerated.®® As in adults, data suggest that
early administration of pdC1-INH results in more rapid resolution of
the symptoms. The approved dose for ODT in children is 20 U/kg
IV for Berinert. For Cinryze, the doses are 1000 U IV for children
aged > 12 years and 1000 U IV (> 25 kg) or 500 U IV (< 25 kg) for
children aged 2-11 years. Recently, thC1-INH received marketing
authorization in Europe for children aged > 2 years. The drug has
demonstrated efficacy in 73 acute HAE attacks in children aged >
5 years.® No safety concerns were noted during the study in this
population. The approved dose of thC1-INH for ODT is the same as
in adults: from 50 U/kg IV (< 84 kg) up to a dose of 4200 U/kg IV
(= 84 kg) for Ruconest. If necessary, a second dose could be admin-
istered (a maximum of 2 doses can be administered within a period
of 24 hours). Ruconest is approved for ODT in children in Europe
(aged > 2 years) and in adolescents in the U.S. (aged > 12 years). SC
bradykinin receptor antagonist icatibant is approved for ODT in the
U.S. for patients aged >18 years, whereas in Australia, Canada, and
Europe, it is permitted for patients aged > 2 years. It is approved for
self-administration as a single SC injection dosed per kilogram for
pediatric patients who weighed < 65 kg. Administration of repeated
dosing in children has not been studied. SC kallikrein inhibitor ecal-
lantide is approved for use in patients > 12 years in the U.S., based
on the data from four clinical trials % As in adults, the drug is to be
administered only by an HCP considering the possibility of systemic
allergic reactions.

Data from observational studies and case reports witnessed that
C1-INH products are the treatment option at first choice for HAE
attacks during pregnancy.'’? More real-world experience to date is
available for pdC1-INH, although rhC1-INH has also been report-
ed for uneventful use in this population.®'*> Sporadic case reports
for icatibant use during pregnancy are available.®*** Decision for
use is to be weighed against risk in case CI-INH therapy is not
readily available. To date, there is no information for the use of
ecallantide during pregnancy.

C1-INH is preferred for ODT during lactation and breastfeeding.
More data are available for pdC1-INH, although case series with
rhC1-INH have also been reported. The use of icatibant and ecal-
lantide is not preferred during lactation.

Generally, no special considerations are recognized in the elderly.
Both replacement with C1-INH and targeted therapies are indi-
cated with regular dosing. Theoretically, increased cardiovascular
risk could be taken into consideration for targeted therapies, as the
bradykinin B2 receptor also participates in the control of arterial
hypertension.

Treatment of Acute Manifestations in nlC1-INH-HAE

The ultra-rare nlC1-INH-HAE cases are linked to mutations in a
variety of genes: FXII (F12),% plasminogen (PLG),* angiopoie-
tin-1 (ANGPTI), kininogen-1 (KNGI),"® myoferlin (MYOF),"
and heparan sulfate glucosamine 3-O-sulfotransferase 6 (HS3076)
genes.'? Some of the recognized genes are known to be involved in
the metabolism of bradykinin, whereas others interfere with differ-
ent endothelial permeability processes.®’” Yet, in many nlC1-INH-
HAE families, the genetic background cannot be revealed (referred
to as HAE-unknown).®



Valerieva et al. Therapeutic management of hereditary angioedema

The diagnosis of nIC1-INH-HAE is challenging even for an ex-
perienced specialist, which further creates a unique set of treat-
ment challenges because RCTs have never been conducted in such
patients, although numerous open-label reports demonstrated suc-
cessful treatment response to C1-INH-HAE therapies.

A recently published solid systematic review by Bork et al.,*” includ-
ing 602 reported cases coming from 220 families with genetically
determined types of nlC1-INH-HAE, analyzed the clinical features
(location of attacks, demographic data, triggers) and treatment re-
sponses during acute HAE attacks. The review recognized several
clinical differences between distinct forms of nlC1-INH-HAE and
suggested that identifying the genotype of nlC1-INH-HAE might be
important to improve precision of treatment strategies.

HAE with a Pathogenic Variant of the F12 Gene: FXII-HAE is
an autosomal-dominant inherited trait. It is more common in wom-
en, who seem to be more symptomatic than men identified as carri-
ers of the pathogenic variant of the F'/2 gene. Estrogens (menstru-
ation, pregnancy, OCs, and HRT) seem to be of high importance as
triggering or aggravating factors. Current treatment strategies for
FXII-HAE include similar principles as those effective for patients
with C1-INH-HAE, although no specific treatments are officially
approved. It is also recommended to avoid triggering factors as
much as possible and discontinue the intake of any estrogen-con-
taining medications and ACEIs.® ODT with pdC1-INH and rhC1-
INH concentrates was reported to be effective and demonstrated
significant reduction in the duration of swelling when compared
with non-treated attacks.®’ Icatibant has also demonstrated good
effectiveness for the management of abdominal attacks in FXII-
HAE, with onset of symptom improvement in 30 minutes and com-
plete resolution by 1 hour.”!

HAE with a Pathogenic Variant of the PLG Gene: This form
of nlIC1-INH-HAE was identified in 2018. It is linked to clinical
symptoms of HAE and is an autosomal-dominant trait. Estrogens
were found to play a consistently small physiological role as trig-
gers of PLG-HAE compared with FXII-HAE. ODT experience
was demonstrated by a large case review of 111 patients where
indirect comparison between CI-INH concentrate and icatibant
was done. Icatibant appeared to be more effective in decreasing the
duration of attacks than CI1-INH concentrate and demonstrated a
better responder rate.”

HAE with a Pathogenic Variant of the ANGPTI Gene: This
form of nIC1-INH-HAE was also identified in 2018 and is trans-
mitted in an autosomal-dominant manner. It is a rare novel type of
HAE identified by whole-exome sequencing (WES) in 2 patients
from 1 family. Current reports suggest that tranexamic acid (TXA)
was effective as prophylaxis in 2 patients where administration
showed reduction in the frequency and severity of HAE attacks.
Antihistamines and corticosteroids were not effective for acute at-
tacks or as prophylaxis.’

HAE with a Pathogenic Variant of the KNGI Gene: This form
of nlIC1-INH-HAE was identified in 2019 by WES in a large fam-
ily with an unknown form of HAE. It is transmitted in an autoso-
mal-dominant manner. For this type of HAE, in 1 patient, symptom
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improvement was reported after [V administration of 1000 IU C1-
INH for 2 facial attacks. Corticosteroids and antihistamines were
ineffective.!

HAE with a Pathogenic Variant of the MYOF Gene: A new type
of nlC1-INH-HAE was described recently in 3 women from an
Italian family with symptoms of AE in the oral mucosa, lips, and
face." In this type of HAE, a mutation in the MYOF-217S gene
was found to be the reason for abnormal protein production of my-
oferlin, which is associated with vascular endothelial growth factor
signal transduction. No current evidence for effective treatment of
this type of HAE is available.

HAE with a Pathogenic Variant of the HS30ST6 Gene: Most
recently, this novel nlC1-INH-HAE type was described recently in
3 female patients with AE symptoms.'? The patients presented with
recurrent swellings of the skin, abdominal pain attacks, tongue
swellings, or laryngeal attacks. The identified mutant HS3076 fails
to transfer sulfo groups to the 3-OH position of heparan sulfate,
which results in partial heparan sulfate synthesis. Theoretically,
this affects the interactions of key molecules responsible for the
vascular permeability on the cell surface. This suggests a novel
pathophysiological mechanism for AE development. No current
evidence for effective treatment of this type of HAE is available.

PROPHYLACTIC THERAPY

Short-term Prophylaxis
Short-term prophylaxis (STP) is indicated for patients at increased
risk for an AE attack after exposure to known triggers or stressful
life events. The goal of STP is to decrease the risk of swelling in
patients undergoing a procedure/event that has the potential to pre-
cipitate an attack.®!

It is known that physical trauma, caused by medical and dental
procedures, can result in development of AE .* Patients undergo-
ing invasive upper airway interventions, such as dental surgery
and intubation, are at extremely high risk because of potential risk
of upper airway swelling. However, even minor procedures can
trigger AE episodes. HAE symptoms can develop from hours to
several days after an intervention, and patients should be educated
about the possible risk of AE within 72 hours after intervention.
The characteristics of the local trauma may play an important role
when considering whether to give the patient prophylactic treat-
ment. For example, dental extraction is associated with a higher
risk for AE than dental cleaning or cavity restoration. Other fac-
tors, including emotional stress, can also trigger attacks. Despite
these observations, relatively little is known about the specific
risk associated with certain medical, surgical, and dental proce-
dures and the benefits of pre-procedural prophylaxis (RCTs are
not available). However, several retrospective reviews, surveys,
and analyses report that pre-procedural prophylaxis is associated
with reduced incidence of swelling for both adults and children.”*”’
Therefore, current international guidelines recommend the use of
STP before known patient-specific triggers and procedures (med-
ical, surgical, and dental) that can induce an attack. It should be
noted that irrespective of STP administration, HAE-specific ODT
should be available during and after any procedure.
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C1-INH-HAE: Pre-procedural C1-INH concentrate should be ad-
ministered as close as possible to the beginning of the procedure (1-
12 hours before the procedure). The recommended dose for pdC1-
INH is 20 U/kg intravenously. STP with Cinryze is given at a dose
of 1000 U within 24 hours of the procedure and Berinert at a dose of
1000 U within 6 hours of the procedure, being administered as close
as possible to or immediately before the procedure.” rhCI1-INH can
be considered a reasonable choice for STP although not stated in the
prescription information. It is dosed 50 IU/kg and has to be adminis-
tered as close as possible to the upcoming procedure.”

Alternatively, anabolic androgens may be considered for STP in
cases when CI1-INH treatment is not an available STP option and
particularly if HAE-specific acute treatments are not available. For
scheduled pre-procedural prophylaxis, danazol can be used starting
3-5 days before the anticipated procedure or risk exposure and con-
tinuing 2-3 days after the intervention/procedure/event (danazol
2.5-10 mg/kg/day, maximum 600 mg/day).” It should be noted that
side effects caused by frequent short-term administration may be
similar to those seen with long-term androgen use.!'®

FFP may also be used for STP, although it is not as safe as Cl1-
INH concentrates. It should be considered as a second-line thera-
py because of higher risk of blood-borne disease transmission and
allosensitization. FFP can be used when C1-INH is not available
and there is no sufficient time to complete a course of anabolic an-
drogens. The optimal dose of frozen plasma for STP has not been
established, but based on published data, it is usually given as 2 U
in adults and 10 mL/kg in children 1-2 hours before a procedure or
stressor.”>%

Lanadelumab, a humanized monoclonal antibody (mAb) targeted
against kallikrein, is not recommended for STP, as it needs about
70 days to reach a steady-state concentration. Currently, there is no
available data on the need for STP in patients who are asymptom-
atic under lanadelumab LTP.5!#

Treatment of Special Populations: Indications for STP in children
follow the same guidelines as those in adults. Therefore, pre-pro-
cedural prophylaxis is recommended before medical, surgical, and
dental procedures that can result in any mechanical impact to the
upper respiratory tract. There are no clinical trials supporting ap-
propriate timing and maximum dosing for STP in children. How-
ever, the European pediatric guidelines recommend prophylaxis
with a dose of 15-30 U/kg of pdC1-INH (Berinert) within 6 hours
or 500 U of Cinryze for children 10-25 kg within 24 hours of an
anticipated procedure. Currently, there are no published data about
STP in children with rhC1-INH, although the drug is licensed in
the pediatric population (>2 years). Short courses of AAs, partic-
ularly danazol (2.5-10 mg/kg/day, mean dose 5 mg/kg/day, maxi-
mum 600 mg daily), are allowed as second-line treatment but only
when C1-INH concentrate is not available. With either option, an
on-demand therapeutic option should always be available as STP
may not be successful in all cases.

C1-INHs are the preferred drugs for STP during pregnancy because
of their safety profile.’'8% More data are available for pdC1-INH.
It should be administered before any intervention, such as chorion-
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ic villus sampling and induced surgical abortion. It is recommend-
ed to manage childbirth in the hospital setting. Vaginal delivery is
preferred because surgery may require endotracheal intubation. In
general, not all pregnant patients with HAE are indicated for rou-
tine STP for uncomplicated vaginal deliveries, but C1-INH con-
centrate should be available for on-demand use in case of swell-
ing.!3% However, STP could be considered before vaginal delivery
in certain situations, such as a history of severe, life-threatening
HAE attacks; frequent attacks during the third trimester; or a histo-
ry of genital edema caused by mechanical trauma.’> STP and epi-
dural anesthesia are recommended before a C-section, and, when-
ever possible, intubation should be avoided. Intubation always
requires pre-procedural prophylaxis. AAs are contraindicated in
pregnant women because they cross the placenta and can cause
adverse effects, such as fetal virilization, placental insufficiency,
and fetal growth retardation. Therefore, before initiation of therapy
with androgens, women should be advised to perform a pregnancy
test. Lactation may cause more frequent HAE attacks, potentially
owing to increased serum prolactin levels. Terminating lactation
itself may result in reduction of attack frequency. The use of C1-
INH is recommended in case pre-procedural prophylaxis is needed
during lactation. Anabolic androgens are secreted into the breast
milk, and, therefore, breastfeeding should be discontinued before
their initiation.

nlC1-INH-HAE: There is little experience regarding STP for
nlC1-INH-HAE. For patients with a confirmed diagnosis, the
same approach as in patients with C1-INH-HAE may be adopted,
and on-demand therapy should be provided if needed. However,
as data from randomized controlled studies are not available, no
conclusive recommendations regarding STP of HAE with normal
C1-INH can be made.

Long-term Prophylaxis
LTP of HAE represents the regular administration of medication to
prevent or decrease the frequency, severity, and duration of HAE
attacks. The decision when to start with this therapeutic approach is
one of the most difficult topics in patient management. Current HAE
guidelines attempt to provide recommendations on which medica-
tions are suitable for LTP, although there are still no clear rules on
when the right moment is to initiate it. Many factors influence this
choice, and it has to be individualized based on the patient’s needs.
Attack frequency, severity and duration, comorbid conditions, ac-
cess to emergency treatment, patient’s ability to self-administer
on-demand therapy, and the individual impact on QoL must be taken
in consideration. Because all these factors could significantly vary
over time, patients must be regularly monitored and reassessed, and
the necessity to initiate, continue, or stop LTP should be repeatedly
analyzed and discussed with the patient. Patients’ preferences should
always be taken into consideration because success of LTP can de-
pend on their compliance and inner motivation.

It should be noted that LTP does not eliminate risk entirely, even if
it has success in decreasing number and severity of attacks. There-
fore, all patients receiving LTP must be informed about that risk,
provided with effective on-demand therapy, and regularly trained
how to use it in case an acute HAE attack occurs.
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C1-INH-HAE: Medications for LTP in C1-INH-HAE include IV
and SC supplementation with C1-INH, an mAb acting as selective
inhibitor of plasma kallikrein (lanadelumab), and orally adminis-
tered AAs and antifibrinolytics. Expert recommendations suggest
that the latter two are considered second-line therapies because of
long-term safety and efficacy concerns.’®* Guidelines advise that
first-line therapies should be preferred whenever possible. Andro-
gens and antifibrinolytics have to be assigned in cases when the
first-line medications are not readily available or when the patient
will agree with oral therapy only. In addition, the possible side ef-
fects of second-line therapies should be clearly communicated with
patients.

AAs (17-a alkylated androgens) are traditionally used for many
years for LTP of HAE, with danazol and stanozolol being most
widely prescribed. It is suggested that they boost the level of C1-
INH, although the exact mechanism is not well investigated.* Their
effectiveness in reducing HAE attacks has been demonstrated in a
pile of clinical observations, and oral route of administration facil-
itates their use.®”° The main concerns about AAs are their numer-
ous anticipated side effects, which can affect most patients. Their
adverse effects are dose dependent, with one of the most import-
ant being hepatotoxicity, including hepatocellular adenoma and,
in very rare cases, carcinoma.’’”> Menstrual disorders, hirsutism,
acne, weight gain, and depression are also common.”® AAs are con-
traindicated during pregnancy, because they might cause viriliza-
tion of the female fetus, and in patients with androgen-dependent
malignancies and hepatitis.”** AAs might also interfere with many
drugs’ metabolism and thus can increase other adverse effects. AAs
have to be used at the minimum effective dose to diminish the side
effects. Usually, the treatment starts with initial induction with a
higher dose for a month (e.g., danazol 400 mg to 600 mg daily;
stanozolol 4 mg to 6 mg daily). Then, the dose has to be gradually
reduced to the lowest dose that assures reliable prophylaxis (usu-
ally 2 mg stanozolol daily or every other day or 200 mg danazol
daily or every other day). It is recommended to check patient status
every 6 months, which should include laboratory tests for liver en-
zymes, lipid profile, complete blood cell count, alpha-feto-protein,
and urine examination.” To detect early eventual diagnosis of liver
tumors, it is desirable to perform abdominal ultrasound annually.

Antifibrinolytic agents (TXA and epsilon aminocaproic acid) have
been used for LTP but with less effectiveness than other avail-
able medications. Current guidelines recommend their use only
in situations where other first-line therapies are not available, and
androgens are contraindicated. TXA is the preferred antifibrino-
lytic, because e-aminocaproic acid is related to many undesirable
effects, including thrombosis, postural hypotension, muscular pain
and weakness associated with an increase in creatine kinase and
aldolase, anal pruritus, and myositis.”” The daily dose of TXA is
usually 1-3 g per day, up to 6 g daily. Side effects are uncommon
and include abdominal discomfort, mild transient diarrhea, nausea,
headache, and anal pruritus.

Replacement therapy with C1-INH is a reasonable approach to
treat a congenital C1-INH deficiency, being the ultimate historical
strategy to minimize the chance for acute AE attacks via normaliza-
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tion of plasma C1-INH levels. IV substitution was the first attempt
used for LTP, which demonstrated reasonable efficacy, although
with relatively poor long-term tolerability because of the need for
repetitive IV applications. Drug delivery through an indwelling
port system was tried and resulted in several thrombotic events,
which led to the discontinuation of this practice.”® Pharmaceutical
companies tried to initiate an investigational program for hyaluro-
nidase-enhanced SC delivery, which resulted in the formation of
antihyaluronidase antibodies, and again resulted in a ban on this
approach.” Only recently, in 2017, pdC1-INH was registered as an
SC LTP option in the U.S. and Europe.

Cinryze (1000 U; Shire, now part of Takeda) was the first to receive
FDA approval in 2008 as a plasma-derived, nanofiltered C1-INH
with the IV route of administration for routine prophylaxis of HAE
attacks in adults and adolescents. The European Medicine Agency
(EMA) granted approval in 2011. Cinryze demonstrated significant
reduction in the severity and continuation of attacks in ODT use
when compared with placebo.?’ These findings were further con-
firmed in an open-label extension (OLE) study, where the patients
were treated up to 2.6 years.'” LTP with Cinryze was highly ef-
fective, sustainable, and safe in most patients with C1-INH-HAE.
The dose regimen approved by Regulatory Authorities for LTP is
1000 U 1V every three to four days.!” Escalation of the dose (up to
2500 IU twice weekly) and the number of applications (3 times per
week) have demonstrated improved efficacy for patients who are
still symptomatic, although the administered usual dose is 1000 IU
twice weekly. The indication for Cinryze was expanded in 2018,
when the medication was approved by both FDA and EMA for
LTP in children aged 6-11 years, on the basis of the favorable the
outcomes in a Phase 3 study.!® Berinert 500 and 1500 U (CSL Beh-
ring), another IV pdC1-INH, is currently not approved for LTP, al-
though widely used off-label. The analysis of the data collected in
an international registry showed that Berinert administered as LTP
for HAE was efficacious with a very good safety profile and led to
a decrease in the rate of attacks that required on-demand therapy,
usually observed in the beginning of LTP initiation.!”® There are
several thromboembolic events reported by patients receiving IV
pdC1-INH, evaluated as being related to the use of port catheters
or with underlying risk factors for thrombotic events, rather than
the drug itself.”® Still, the official summary of product characteris-
tics for Cinryze and Berinert recommends carefully following the
patients with available risk factors for thromboembolic events. Ru-
conest, an thC1-INH, is not currently approved for LTP; however,
it showed a clinically important decrease in the frequency of HAE
attacks and demonstrated a good safety profile when applied for
routine prophylaxis once or twice weekly.*’

Maintaining long-term venous access for LTP with IV C1-INH is
challenging, and many patients have had difficulties with I'V self-in-
fusions.'® In addition, they expressed concerns about damaging
their veins with long-term repetitive IV injections and expressed
dissatisfaction because of long infusion time. These concerns
could be overcome by the highly concentrated human pdC1-
INH approved in the U.S. and Europe for SC injection (Berinert
2000/3000; Haegarda). At a dose 60 IU/kg, SC CI1-INH demon-
strated a significant decrease in attacks versus placebo and a reduc-
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tion in the need for on-demand medication by a median of 100%
during 16 weeks of treatment. The substantial and sustained pro-
phylactic effect was further displayed in an OLE study, where most
of the patients became attack-free.!* In addition, improvements in
multiple HAE-related HRQoL impairments were observed.'” SC
CI1-INH is well tolerated with a very good safety profile; the most
common adverse events were nasopharyngitis, hypersensitivity,
dizziness, and localized injection site reaction.'™ Presently, the
concern about this LTP approach is the long-term sustainability of
drug manufacturing because of the large amounts of donor plasma
needed for the production process of these products.

Lanadelumab (Takhzyro; Shire, now part of Takeda) is the first
mAb approved in the U.S. and European Union (EU) for prophy-
laxis of HAE attacks. It is a fully human, k-light-chain, monoclonal
immunoglobulin G1 with high affinity to plasma kallikrein and with
a long half-life (~ 2 weeks).!%17 The Phase 3 HELP study investi-
gated 3 dose regimens administered SC 150 mg every 4 weeks, 300
mg every 4 weeks, and 300 mg every 2 weeks.®! All of them signifi-
cantly reduced HAE attacks during the 26-week treatment period
where the highest concentration was most effective (86.9% reduc-
tion in attacks) and subgroup analyses showed that this was not
dependent on age, gender, body weight, and baseline HAE clinical
characteristics. Ad hoc analysis of the HELP study demonstrated a
rapid onset of action and maintained effectiveness in reducing the
rate of HAE attacks.®” The OLE HELP study investigated the long-
term safety (primary endpoint) and efficacy of lanadelumab for a
period of up to 2.5 years and ended in November 2019. An interim
analysis of the results showed a continuous decrease in HAE attack
rates in subjects who were treated for a mean period of 19.7 months
(0-26.1 months).!”® The safety profile of lanadelumab is good, and
no significant safety signals have been registered across the trials
conducted so far. The most common side effects for lanadelumab
reported through the HELP study were injection site pain (42.9%),
viral upper respiratory tract infection (23.8%), headache (20.2%),
injection site erythema (9.5%), injection site bruising (7.1%), and
dizziness (6.0%). The severity was mild to moderate. Two hyper-
sensitivity reactions were reported by one patient, representing
intermediate symptoms of oral tingling and itching. The events
were of mild or moderate intensity and resolved with no additional
therapy or premedication.®! An interim analysis of the OLE HELP
study confirmed the good safety profile that was comparable across
all subgroups, with adverse events observed in half the patients (n
= 106). The most frequently reported side effect was mild injection
site pain.'” The starting dose of lanadelumab is 300 mg SC every
2 weeks. For patients who achieved good control after a certain pe-
riod, a dosing regimen of 300 mg every 4 weeks could be applied.

Berotralstat is an oral, once daily, inhibitor of plasma kallikrein that
was approved by FDA in December 2020 for prophylaxis of HAE
attacks in adults and adolescents > 12 years under the trade name
Orladeyo (Biocryst Pharmaceuticals). Application for approval was
submitted to EMA in April 2020 and is under evaluation. The Phase
2 study, called APeX-1, investigated the effectiveness, safety, and
tolerability of several doses (62.5 mg, 125 mg, 250 mg, and 350 mg
once daily) of berotralstat in 75 patients with HAE."® There was a
significant decrease in the number of HAE attacks for the daily doses
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of > 125 mg compared with placebo, with a 73.8% difference at 125
mg (P <.001). Improvement of QoL scores was demonstrated in the
125-mg and 250-mg dose regimens (P < .05). The most frequently
observed adverse events were gastrointestinal, mainly of grade 1,
especially in the two highest berotralstat dosages. These positive re-
sults were further confirmed in the Phase 3 study, called APeX-2.""
The trial was placebo-controlled and enrolled 121 patients aged > 12
years who were randomly assigned to receive berotralstat 110 mg,
150 mg, or placebo. A significant decrease in the number of attacks
was observed for both 110 mg and 150 mg doses compared with pla-
cebo. This effect began within the first month of medication admin-
istration and was maintained during the whole 24-week period of the
study. Berotralstat at a dose of 150 mg showed the most favorable
benefit-to-risk ratio. There were no serious adverse events (SAEs)
related to the drug, and the most frequently occurring adverse events
were abdominal pain, vomiting, diarrhea, and back pain. An OLE tri-
al, APeX-S (NCT03472040), is currently ongoing and investigating
the long-term-safety, effectiveness, and sustainability of treatment
response with berotralstat.

Treatment of Special Populations: Indications for starting LTP
in children should follow the same recommendations as for adult
patients.'? The therapy should be flexible, and patients should be
followed regularly to reflect the changes in hormones and lifestyle
typical for children and adolescents. One of the main issues in the
management of children is the lack of RCTs that involve patients
from this age group for most of the therapies. pdC1-INH is the
preferred therapy for LTP in children on the basis of the available
results from RCTs and their OLE studies demonstrating its efficacy
and tolerability.'”"'* Cinryze is approved in the EU and U.S. for
LTP in children > 6 years old since 2018. The dose regimen is 500
U every 3-4 days for children 6-11 years old and 1000 IU every
3-4 days for adolescents (12-17 years old). SC C1-INH (Haegarda,
Berinert 2000/3000) was initially approved for adolescents aged >
12 years and recently, in September 2020, the FDA granted approv-
al for children aged >6 years. The extension of the use was made
based on the data from the COMPACT study and its OLE study
that included 10 patients aged < 17 years treated for up to 2.55
years. The results demonstrated that SC C1-INH was efficient with
a good safety profile as LTP in children and adolescents, as it was in
adults with HAE. Both lanadelumab and berotralstat have approv-
al for adolescents (e.g., subjects aged > 12 years). The aforemen-
tioned 3 medications provide another option for young patients in
whom the regular venous access required for application of pdC1-
INH for prophylaxis may not be well tolerated. Androgens are not
recommended for children because of many potential effects and
interference with normal growth and hormonal development.

Indications for LTP might appear during pregnancy, especially if
the frequency of HAE attacks increases. The current guidelines
recommend pdC1-INH as the preferred medication for LTP during
pregnancy, mainly on the basis of case reports, observational stud-
ies, retrospective analyses, and expert opinions, because perform-
ing RCTs with pregnant women is extremely rare because of ethical
reasons.'*®! The data available so far suggest that pdC1-INH is well
tolerated and not related to any newborn abnormalities.3!838 A
recently published subgroup analysis of COMPACT OLE showed
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that four women exposed to SC C1-INH during the first trimester
had uneventful pregnancies and delivered healthy babies.!'* Andro-
gens are contraindicated during pregnancy because of the risk of
virilization of the female fetus. In addition, treatment with AAs
has to be stopped at least 1 month before a planned pregnancy.'’
LTP with antifibrinolytics during pregnancy is considered medical-
ly indicated only when pdhC1-INH is unavailable.!” Lactation and
breastfeeding might increase the frequency of HAE attacks, with
elevated prolactin levels being suspected as a triggering factor. In
case LTP is indicated during this period, pdC1-INH is suggested
as a treatment of choice.!” Androgens and antifibrinolytics are not
recommended because they pass into breast milk and can have det-
rimental effects on the baby.'

nlC1-INH-HAE: Currently, no RCTs for LTP in patients with nlC1-
INH-HAE are available, and there is no specific treatment approved
for this group. However, there are positive experiences with antifi-
brinolytics, progestins and AAs, and C1-INH. A good effect of LTP
with progestins was observed in 16 female patients with FXII-HAE
after discontinuing estrogen-containing OCs.”” The mean reduction
in attack rate was 99.8%. Similar results with progestins in patients
with FXII-HAE were observed by other groups.!'>!1® TXA and AAs
have also demonstrated effectiveness in reduction of attacks in FXII-
HAE patients; some achieved almost complete disease control, oth-
ers partial improvement. In patients with PLG-HAE, TXA appears to
be the most effective drug compared to progestins and AAs.” In the
recently determined other type of nlC1-INH-HAE, i.e., ANGPTI-
HAE, two patients treated with TXA for prophylaxis experienced
decrease in attack rate and severity.” There are few case reports on
the effect of pdC1-INH in reducing attack frequency in pregnant pa-
tients with nlC1-INH-HAE."’

RESEARCH PIPELINE: NOVEL DRUGS UNDER DEVEL-
OPMENT

KVD900/824

This class of investigational drugs developed by the pharmaceu-
tical company KalVista present selective small-molecule inhib-
itors of plasma kallikrein, tailored for ODT (KVD900) and oral
prophylaxis (KVD824) of AE attacks in adolescent and adult sub-
jects with C1-INH-HAE Type 1 or 2. Phase 2 studies for LTP with
KVD824 and Phase 3 studies for ODT with KVD900 are currently
being initiated.'®

KVD824 was evaluated in two Phase 1 studies in adult healthy
volunteers. Pharmacodynamics of KVD824 have demonstrated
that KVD824 inhibits plasma kallikrein activity at levels ex-
ceeding equivalent concentrations for berotralstat, the currently
approved once daily oral plasma kallikrein inhibitor. KVD824
achieved adequate plasma concentrations with sustained plasma
kallikrein suppression over a 12-14-hour time interval. These
data support further investigation of KVD824 as an orally admin-
istered treatment with adequate plasma kallikrein suppression to
potentially prevent or reduce the occurrence of HAE attacks. The
doses of modified-release KVD824 to be given in this trial were
well tolerated in a previous clinical trial comprising 16 subjects
who received single doses of KVD824 up to 900 mg and 21 sub-
jects who received at least 600 mg twice a day for 14 days (Study
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KVD824-102). All adverse events observed in these studies were
of mild and of short duration. No Grade 3 (severe) or SAEs were
reported.

The KVD900 Phase 2 study was a randomized, double-blind, pla-
cebo-controlled, crossover clinical trial evaluating the efficacy
and safety of KVD900 for ODT for HAE attacks. The trial was
completed by 53 adult patients with HAE from 25 clinical sites
in the U.S. and Europe. During the first part of the two-part trial,
patients received a single, open-label 600 mg dose of KVD900 for
the evaluation pharmacokinetic and pharmacodynamic properties.
All patients then entered the double-blind step to assess the effi-
cacy of KVD900 compared with placebo in a two-attack, cross-
over design. Attacks treated with KVD900 resulted in significantly
reduced use of rescue (P = .001), with 15% of KVD900-treated
attacks rescued compared with 30% on placebo at 12 hours, and
the effect was maintained at 24 hours (P = .0005). KVD900 sig-
nificantly reduced time to onset of symptom relief (P <.0001) with
a median time of 1.6 hours versus 9 hours for attacks treated with
placebo. There were no SAEs reported in the trial, and no patients
withdrew because of adverse events. In the open-label phase, eight
treatment-emergent adverse events (TEAEs) were experienced by
5 patients. In the crossover phase of the trial, 3 TEAEs were expe-
rienced by 3 patients (5.2%) following administration of KVD900,
and 2 TEAEs were experienced by 2 patients (3.6%) following ad-
ministration of placebo.

ATN-249

ATN-249 is a novel, oral, small-molecule kallikrein inhibitor.
ATN-249 was studied first in a human double-blind, placebo-con-
trolled safety, tolerability, and pharmacokinetic study to evaluate a
single ascending dose in 48 healthy subjects. A total of 30 volun-
teers received 50 mg to 800 mg, and 12 subjects received placebo.
A part of the 100-mg cohort received the drug under fasted and fed
conditions.'?

A Phase 2 study to evaluate the safety, tolerability, pharmacokinet-
ics, pharmacodynamics, and efficacy of ATN-249 for LTP of HAE
is expected to begin.

PHA121

PHA121 (PHA-022121; Pharvaris) is an oral, potent antagonist
of the bradykinin B2 receptor, thus it uses the same mechanism
as icatibant. The molecule is under development for on-demand
and prophylactic treatment of HAE and other bradykinin-mediated
diseases. Data from the recently completed Phase 1 study (random-
ized, double-blind, placebo-controlled, multiple ascending dose) in
healthy volunteers confirm PHA121°s oral bioavailability and rap-
id action. The trial included 38 healthy subjects dosed twice daily
(BID) for 10 days in 4 sequential dosing cohorts, ranging from 12
to 50 mg. During the study, PHA121 was well tolerated up to the
highest dose of 50 mg BID. Results demonstrated that PHA 121 has
been observed to be safe and well tolerated at the doses studied to
date. The total incidence and type of TEAEs were similar between
the active drug and placebo groups. Lab safety, vital signs, and
electrocardiogram parameters remained within reference ranges in
all subjects.'?
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Garadacimab (CSL312)

Garadacimab (investigated as CSL312) is a newly developed mAb
to inhibit Factor XIla and is under investigation for prophylac-
tic therapy of HAE. Announced data from a Phase 2 clinical trial
show that the drug decreased total attacks compared with place-
bo in patients with C1-INH-HAE."' The study included 32 adults
with HAE who were randomized to receive garadacimab (either 75
mg, 200 mg, or 600 mg) or placebo once monthly for three months.
Decreased attack rate was observed with 88.68%, 98.94%, and
90.50% for distinct treatment groups versus placebo, respectively.
The drug was well tolerated, with injection site reactions being the
most common TEAE (12.5%).

An orphan drug designation for prophylaxis of bradykinin AE was
granted by FDA in May 2020 (including both hereditary and ac-
quired AE).

IONIS-PKK

IONIS-PKK is an antisense oligonucleotide (ASO) targeting PKK
to control severe bradykinin-mediated AE .'** Ionis developed two
ASOs, IONIS-PKKRx, and IONIS-PKK-LRx, to target the pro-
duction of PKK. Both therapies work through the same mecha-
nism. Of note, PKK-L is a version of PKK that has been chemically
modified to have a more potent effect in humans and it allows for
the same pharmacological effect at a lower dosing.

Completion of the Phase 1 study in healthy subjects demonstrated
a dose-dependent decrease of up to 95% in PKK. Development is
planned to continue because of demonstrated safety and tolerability.

Arecent report by Cohn et al.'” showed advantages of the drug in 2
patients with difficult to manage bradykinin-mediated AE (a com-
passionate-use pilot study). Patients were given SC unconjugated
parent drug, IONIS-PKKRx, weekly for 3-4 months. Thereafter,
patients continued therapy with IONIS-PKK-LRx (80 mg) every
3-4 weeks for an additional 7-8 months. Decrease in number of
attacks was observed with no safety concerns. These pilot find-
ings provide proof-of-concept data supporting the use of ASOs as
a treatment for HAE.

Gene Therapy
A murine model of C1-INH deficiency gave promising pilot re-
sults for studies in humans. Adeno-associated virus (AAV) vectors
have been investigated for hemophilia B'>*!?* and hemophilia A,'*
being able to provide sufficient levels of factor IX and factor VIII,
respectively.

In individuals with HAE, it is difficult to normalize C1-INH syn-
thesis in cells that concurrently produce a dysfunctional C1-INH
protein. Adverum investigates an AAV-based gene therapy for the
treatment of C1-INH-HAE constructed to erase HAE’s underly-
ing pathomechanism by normalizing functional C1-INH synthe-
sis. This drug is designed as a potentially single-administration
treatment. The Phase 1/2 clinical study has been discontinued. Al-
though ADMV-043 was demonstrated to be well tolerated, results
for protein synthesis could not reach reasonable levels.

Another study with ADVM-053 in patient-derived fibroblasts led
to restoration of C1-INH synthesis. Despite this, Adverum has not
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submitted an application before the FDA for an Investigational
New Drug designation.'?’

In conclusion, studies in the recent decades made a huge leap in iden-
tifying mechanisms of AE and in developing modern safe and effec-
tive medications to treat acute AE manifestations or control disease
activity via prophylactic therapy. Future efforts must be concentrated
to improve disease awareness and to develop comprehensible diag-
nostic tools, and, possibly, prognostic biomarkers to recognize early
disease manifestations. Technology-based smart algorithms, harmo-
nized registries, and data sharing will help improve specialist and
individual/caregiver collaboration in the name of better patient care
and understanding the patient’s true needs. Advances in pharmaco-
logical treatment aim to provide a normal lifestyle through improve-
ment of preventive strategies and improved safety, efficacy, and
tolerability of medications for all patient groups (adults, children,
pregnant, and elderly). Future aspirations must focus on improving
global accessibility of diagnostic tools and effective medications and
possibly genetic cures for distinct genotypes of HAE.
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