Population pharmacokinetics of plasma-derived
C1 esterase inhibitor concentrate used to treat
acute hereditary angioedema attacks
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Background: C1 esterase inhibitor (C1-INH) replacement is recommended as a first-line therapy for acute edema attacks in
hereditary angioedema (HAE). Only limited pharmacokinetic analyses of the administered CI1-INH in plasma are available.

Objective: To investigate retrospectively the population pharmacokinetics of a plasma-derived C1-INH (pC1-INH) concen-
trate used to treat acute HAE attacks in a randomized, placebo-controlled phase 2/3 study in patients with HAE.

Methods: Acute abdominal and facial attacks were treated with either a pC1-INH concentrate (Berinert) at single intravenous
doses of 10 or 20 U/kg body weight or placebo. Plasma sampling was conducted 0, 1, and 4 hours after dosing. A nonlinear
retrospective population pharmacokinetic model was obtained using the assumption of a 1-compartment model.

Results: The final population pharmacokinetic model was based on data from 97 patients treated with 10 or 20 U/kg of
pCI-INH concentrate. The estimated mean half-life was 32.7 hours (90% confidence interval, 16.6—48.8 hours), and the
estimated mean clearance was 0.92 mL/kg/h (90% confidence interval, 0.50—1.33 mL/kg/h).

Conclusions: The half-life of the same pC1-INH concentrate reported in a previous study was confirmed by this retrospective
population pharmacokinetic analysis in patients treated for acute HAE attacks. In contrast to other treatment options with shorter
half-lives, the long half-life of pC1-INH concentrate may provide an extended period of protection, even after the symptoms of

an attack have subsided.

INTRODUCTION

Hereditary angioedema (HAE) is a rare autosomal dominant
disease caused by decreased activity or decreased production
of Cl1 esterase inhibitor (C1-INH).! The disease has a prev-
alence of approximately 1 in 50,000.2 C1-INH belongs to the
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serine protease inhibitor superfamily of enzymes. It is in-
volved in the regulation of vascular permeability by inhibit-
ing certain steps in the complement system (mainly C1 and
C-kinins), the coagulation system (factor XIla and kallikrein),
and the fibrinolytic system (thrombin and tissue plasminogen
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activator).? Three variants of HAE have been described: type
1, involving low C1-INH antigenic protein and functional
activity (85% of cases; autosomal dominant); type 2, involv-
ing normal or elevated protein levels but low C1-INH func-
tion (15% of cases; autosomal dominant); and the more
recently described and rare type 3 that occurs mainly in
women, involving normal CI-INH protein levels together
with functional mutations in coagulation factor XII and other
defects yet to be identified.*-3

Patients with HAE may experience recurrent edema of
subcutaneous tissues (extremities, genitals, face, trunk, or
elsewhere); intestinal swellings, with abdominal pain, nausea,
vomiting, or diarrhea; and life-threatening swellings of the
airway.* Untreated attacks tend to be prolonged, typically
increasing during the first 24 hours and then slowly and
spontaneously subsiding after 48 to 72 hours. The frequency
of attacks is variable and typically ranges from 1 to more than
26 attacks per year.”!”

Androgens and antifibrinolytics are commonly used to
prevent the occurrence of type 1 and 2 HAE attacks, but these
drugs cannot stop an acute attack in progress.!! Intravenous
administration of plasma-derived C1-INH (pC1-INH) con-
centrate is the recommended first-line treatment for acute
HAE attacks.? Berinert (CSL Behring, Marburg, Germany) is
a highly purified, virus-inactivated pC1-INH that is approved
in many countries for the treatment of acute HAE attacks.>!2
This product has been used for more than 20 years in
more than 300,000 treatments, with a consistently excellent
safety record.!

Only limited data are available on the pharmacokinetics of
pCI-INH concentrate after its administration for the treat-
ment of acute HAE attacks. Recently, the placebo-controlled
LM.P.A.C.T.1 (International Multicenter Prospective Angio-
edema C1-INH Trial 1) study demonstrated that acute ab-
dominal and facial attacks are safely and effectively treated
with pC1-INH concentrate (Berinert) given at an intravenous
dose of 20 U/kg body weight.!* Herein, we report a retro-
spective population pharmacokinetic analysis based on
plasma concentrations of CI1-INH measured during the
LM.P.A.C.T.1 study. The objective was to estimate pharma-
cokinetic variables for pC1-INH based on a relatively large
number of patients, including an estimate of the half-life as an
indicator that pC1-INH concentrate can provide an extended
period of C1-INH activity after its administration for treating
acute HAE attacks.

METHODS

Study Design

LM.P.A.C.T.1 was a multinational, parallel-group, randomized,
placebo-controlled, 3-arm, double-blind, phase 2/3 study con-
ducted between August 2005 and December 2007 to inves-
tigate the efficacy and safety of pC1-INH concentrate in the
treatment of acute HAE attacks. An independent ethics com-
mittee or institutional review board at each participating
center approved the protocol. Each patient gave written in-

formed consent, or, in the case of a minor, consent was
given by a legally acceptable representative. Assents were
also obtained when appropriate. An independent data and
safety monitoring board constituted specifically for the
LM.P.A.C.T.1 study oversaw the safety of the study.

Patients were included in the study if they had laboratory-
confirmed C1-INH deficiency (type 1 or 2 HAE), were 6
years or older, and had been treated with pC1-INH concen-
trate (Berinert) at a single intravenous dose of 10 or 20 U/kg
on presentation of an acute moderate to severe abdominal or
facial attack within 5 hours of the attack attaining moderate
intensity (as assessed by the patient and confirmed by the
investigator). In addition, patients were included if pC1-INH
concentrate was given as rescue study medication (see the
next paragraph). The main exclusion criteria were a history of
hypersensitivity to C1-INH concentrate, acquired and all
other types of angioedema, abdominal or facial pain not
associated with C1-INH deficiency, use of pain medication
during a current attack, and treatment with any CI1-INH
concentrate or other drug appropriate for acute angioedema or
with fresh frozen or native plasma within 7 days before the
start of treatment in the present study.

Patients were observed for onset of symptom relief for at
least 4 hours after treatment, after which they could receive a
second dose of study treatment (called “rescue study medi-
cation”) if they reported insufficient or no symptom relief:
pCI1-INH, 20 U/kg, for patients taking placebo; pC1-INH, 10
Ul/kg, for patients taking pC1-INH, 10 U/kg; and placebo for
patients taking pC1-INH, 20 U/kg.

The design of the ILM.P.A.C.T.1 study, together with the
efficacy and safety data obtained, have been reported by
Craig et al.'* Herein we report a retrospective population
pharmacokinetic analysis that was based on plasma concen-
trations of C1-INH measured during the study.

Pharmacokinetic Analysis
Blood sampling for the determination of plasma C1-INH
concentrations was performed 0, 1, and 4 hours after each
treatment with pC1-INH concentrate (10 or 20 U/kg), which
was given either during initial dosing for an acute abdominal
or facial HAE attack or as rescue study medication after 4
hours. Sampling extended up to 24 hours after dosing in some
patients until their discharge from the clinic. C1-INH activity
was measured using a nephelometric assay at the study’s
central laboratory (Laboratory Prof. Seelig und Kollegen,
Karlsruhe, Germany).

The following retrospective population pharmacokinetic
model was used, assuming that CI1-INH elimination in
plasma follows a 1-compartment model:

C(t) = Dose/V- X exp (—\1),

where V represents the volume of distribution; A, the elimi-
nation rate constant; and C(¢), the change in C1-INH concen-
tration from baseline to time z.

In cases where a patient received rescue study medication,
the second dose was included in the model as a single dose
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that was equivalent to the sum of the initial dose of study
treatment and the dose of rescue study medication.

The previous model was transformed into a preliminary
linear model as follows:

Log[C(t)yDose] = —Log (V) — A\t

The linear data were analyzed in a random coefficient
regression model using the SAS procedure MIXED, with
patients (intercepts and slopes) as a random effect and treat-
ment phase (initial, rescue, or emergency) as a fixed effect.
Using all available data, preliminary estimates were obtained
(after back transformation to original scale units) for popu-
lation means of volume of distribution and half-life. Half-life
was estimated from A as 0.693/A.

Using the truncated mean approach of removing 3 patients
each with the smallest and largest elimination rates, the final
pharmacokinetic estimates were then obtained using the un-
transformed (nonlinear) model (using the SAS procedure
NLMIXED). All statistical analyses were performed using
SAS version 9.1 (SAS Institute Inc, Cary, North Carolina).

RESULTS

Study Population

As reported by Craig et al,'? 125 patients were randomized
for treatment in the L.M.P.A.C.T.1 study. The treatment
groups were similar in terms of sex, age, and race or ethnic
group, and 108 patients had type 1 HAE. Overall, 98 patients
experienced abdominal attacks, 25 experienced facial attacks,
and 1 experienced a laryngeal attack. Another patient needed
emergency rescue study medication (pC1-INH, 20 U/kg) for
a laryngeal attack before randomization for the intended
(initial) treatment. Patients were initially treated as follows:
placebo: 41 patients; pC1-INH, 10 U/kg: 39 patients; and
pCI1-INH, 20 U/kg: 45 patients. The number of patients who
received rescue study medication was considerably higher
with placebo (n = 24) than with pC1-INH, 10 U/kg (n = 13)
or 20 U/kg (n = 8).

Outcomes

Of the 108 patients treated with pC1-INH concentrate (10 or
20 U/kg), either initially or as rescue study medication, 4 had
no available C1-INH data after baseline and 1 had unreliable
CI1-INH data (no increase after baseline). Therefore, 103
patients were evaluated in the pharmacokinetic analysis ac-
cording to the preliminary linear model. After removal of 3
additional patients each with the smallest and largest elimi-
nation rates, 97 patients were included in the pharmacokinetic
analysis according to the final nonlinear model. For this
analysis, samples were available from 97 patients O and 1
hour after treatment, from 87 patients 4 hours after treatment,
and from 11 patients 4 to 24 hours after treatment.

Using all available data from 103 patients, and after back
transformation to original scale units, the mean population
estimates from the preliminary (linear) model were 28.7
hours for the half-life of pCl-INH concentrate and 0.48
dL/kg for volume of distribution (Table 1). Based on data

Table 1. Retrospective Population Pharmacokinetic Analysis of
pC1-INH Concentrate After Single-Dose Administration for the
Treatment of Acute HAE Attacks

Estimate of

Pharmacokinetic variable 90% CI
expected mean
Preliminary (linear) model
(n = 103)
Half-life, h 28.7 15.3-237.4
Volume of distribution, dL/kg 0.48 0.42-0.55
Final (nonlinear) model (n = 97)
Half-life, h 32.7 16.6-48.8
Volume of distribution, dL/kg 0.43 0.40-0.47
Clearance, mL/kg/h 0.92 0.50-1.33

Abbreviations: Cl, confidence interval; HAE, hereditary angioedema;
n, number of subjects; pC1-INH, plasma-derived C1 esterase inhib-
itor.

from the 97 patients included in the final (nonlinear) model,
the estimated values for the pharmacokinetics of pC1-INH
concentrate were 32.7 hours for half-life, 0.43 dL/kg for
volume of distribution, and 0.92 mL/kg/h for clearance
(Table 1).

DISCUSSION
In this study, the population pharmacokinetics of pC1-INH
were analyzed retrospectively using plasma samples obtained
mostly during the first 4 hours after treatment of acute ab-
dominal and facial attacks with C1-INH concentrate in the
LM.P.A.C.T.1 study.!?® The main focus of this pharmacoki-
netic analysis was to evaluate the half-life of C1-INH when
given in response to an acute attack, ie, in patients with
symptomatic HAE, in a relatively large number of patients.
The half-life gives insight into the potential for pC1-INH
concentrate to provide an extended period of C1-INH activity
and, thereby, minimize the risk of rebound edema. Other
potential therapeutic options for treating acute HAE attacks,
most of which have yet to be marketed, include ecallantide (a
protein kallikrein inhibitor), icatibant (a bradykinin B, recep-
tor antagonist), and transgenic human C1-INH. These thera-
pies all have a short half-life and, therefore, a limited pro-
phylactic effect,!* so their use for treating acute HAE attacks
could be associated with an increased risk of rebound edema.
The population estimate for the half-life of pC1-INH was
32.7 hours, which is considerably longer than the half-life of
ecallantide (1.2 hours)," icatibant (1.2-1.5 hours),'® or trans-
genic human CI1-INH concentrate (approximately 3 hours).!”
The remarkable difference in half-life between transgenic
C1-INH and pC1-INH concentrates is believed to be due to
alterations in the N-linked glycosylation pattern of the trans-
genic molecule, which is expressed in the milk of transgenic
rabbits compared with the human plasma-derived molecule.!”
As summarized in Table 2, limited data are available in the
literature on the pharmacokinetics of pC1-INH concentrate.
The comparison of the present data with these studies based
on single dosing is valid because the present study was
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Table 2. Summary of the Single-Dose Pharmacokinetic Variables for pC1-INH Concentrate Reported in the Literature

Mean (SD)
pC1-INH product (dose) Population ) Clearance
Half-life, h ’
mL/kg/h
Berinert'® (500 or 1000 U) Adults with asymptomatic HAE (individual replacement therapy, 33.3(23.2) 1.1(1.8)
n = 15)
Adults with asymptomatic HAE (on-demand therapy, n = 19) 47.8 (21.2) 0.9 (0.4)
Noncommercial product'® (25 plasma Adults and children with symptomatic HAE (n = 11) 37.9(19.8) 1.2(0.4)
U/kg body weight)
Cinryze?* (1000 U) Adults with asymptomatic HAE (n = 7) 56 (36) 0.85 (1.07)
C1-esteraseremmer-N28 (1000, 1500, Adults with asymptomatic HAE (n = 36) 40.2 (NA) 0.70 (NA)2
or 2000 U)
Noncommercial product?® (1 mg of Healthy adults (n = 3) 64.0 (1.4) NA
125-C1-INH in 2 mL)
Adults with asymptomatic HAE (n = 3) 67.7 (4.9) NA

Abbreviations: HAE, hereditary angioedema; n, number of subjects; NA, not available; pC1-INH, plasma-derived C1 esterase inhibitor; SD,

standard deviation.

a Calculated assuming 75 kg of body weight, the reported value was 0.0527 L/h.

essentially a single-dose study despite administration of res-
cue medication in some cases. Where it occurred due to
administration of rescue study medication, the second dose
was included in the model as being equivalent to the sum of
the initial dose of study treatment and the dose of rescue
study medication. Although this approach to handling pa-
tients who received rescue medication could be considered a
limitation of this analysis, it also reflects the regimen that is
used in practice for treating acute attacks.

The most relevant data for comparison of these findings
were reported by Martinez-Saguer et al,'® who treated pa-
tients with a single 500- or 1000-U dose of the same pCl-
INH concentrate (ie, Berinert) during an attack-free and sub-
stitution-free interval of at least 3 days. The mean half-life of
pCI-INH in adults with a high frequency of severe attacks
(=1 attack per week, treated with individual replacement
therapy) was 33.3 hours, and the mean half-life in adults with
a lower frequency of severe attacks (maximum of 1-2 attacks
per month, treated with on-demand therapy) was 47.8 hours.
The population estimate of 32.7 hours for the half-life of
pCI1-INH, obtained in patients with symptomatic HAE, was
comparable with these values, especially for adults with a
high frequency of severe attacks. This estimate was also
comparable with the mean half-life of 37.9 hours reported for
patients with symptomatic HAE treated with a different pC1-
INH concentrate.'” Our own data, as well as these published
data for the half-life of pC1-INH concentrate, are also con-
sistent with the half-life of 35.5 hours that was reported when
pCI-INH concentrate was administered for the treatment of
myocardial injury.??!

In general, the variability (% coefficient of variation) in the
half-lives reported for pC1-INH was relatively high, ranging
from 44% to 74% in the study by Martinez-Saguer et al,'® and
with a mean of 52% in the study by Kunschak et al (Table
2). A direct comparison with the variability around the
population estimate in the present study is not possible due to

the methodological difference, but despite use of the trun-
cated mean method to reduce variability, the relatively wide
90% confidence interval (16.6-48.8 hours) around the esti-
mated mean of 32.7 hours indicates a relatively high degree
of variability (Table 1). This variability was probably af-
fected by having had more samples obtained at earlier rather
than later times after treatment, ie, by the concentration of
samples obtained up to 4 hours after treatment. Given the
variability seen in other studies involving sampling periods of
24 hours or more, it is improbable that the variability seen in
this study was driven only by the fact that the estimate for
half-life was based mostly on samples taken for up to only 4
hours after treatment. The variability in the elimination of
C1-INH may be inherently high owing to different degrees of
complement activation during an attack, leading to variability
in the rates of metabolic clearance.?>?3

A pCI1-INH concentrate recently approved in the United
States for prophylactic treatment of HAE attacks (Cinryze;
ViroPharma, Exton, Pennsylvania) was reported to have a
half-life of 56 hours in adults with asymptomatic HAE (n =
7),2* and a noncommercial product had a half-life that ex-
ceeded 60 hours in adults with asymptomatic HAE (n = 3)
and in healthy adults (n = 3)> (Table 2). There is no obvious
explanation as to why these half-lives were so much longer
than those observed in the present study and in the studies by
Martinez-Saguer et al'® and Kunschak et al.!® However, of
note is that in the study by Brackertz et al, the patients had
been symptom free for at least 2 months before treatment, and
in the Cinryze study they had been symptom free for at least
7 days.?® One potential effect on the half-life of C1-INH in
plasma is the temporal relationship between an HAE attack
and the administration of pC1-INH concentrate on which the
pharmacokinetic analysis is based. C1-INH is degraded only
in plasma when it complexes with its target protein-
ases.”” Hence, the half-life of pCI1-INH could tend to be
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longer in patients who had been asymptomatic for a relatively
long period.

A further consideration is the small number of participants
in these studies and the relatively high degree of variability in
the pharmacokinetics of CI-INH, as described previously
herein. For example, for Cl-esteraseremmer-N, a C1-INH
concentrate identical to Cinryze but made from plasma
sourced from outside the United States, a study?® in 36
patients with asymptomatic HAE reported a half-life of only
40.2 hours compared with the 56 hours reported for Cinryze
in 7 patients.?* Although retrospective in nature, a strength of
this analysis is that the data were obtained in 97 patients,
which is a relatively large population in this indication.
Further confidence in these data is provided by the general
agreement with the pharmacokinetic data reported by Mar-
tinez-Saguer et al'® for the same C1-INH concentrate.

The estimated clearance of 0.92 mL/kg/h in this study fell
within the range of values reported in other studies for the same
pCI1-INH concentrate (mean values of 0.9-1.1 mL/kg/h)!® and
for other pC1-INH concentrates (mean values of 0.7-1.2 mL/
kg/h)!92428 (Table 2).

In conclusion, this retrospective population pharma-
cokinetic estimate of 32.7 hours for the half-life of pCl-
INH concentrate based on samples collected during the
LM.P.A.C.T.1 study confirms the values obtained using in-
tensive pharmacokinetic analyses in the study by Martinez-
Saguer et al'® using the same pC1-INH concentrate. Thus, in
the IM.P.A.C.T.1 study, in addition to the rapid onset of
relief (median, 30 minutes), none of the patients treated with
pCI1-INH concentrate at the recommended dose of 20 U/kg
experienced rebound edema, which was defined as the lack of
a new attack before complete resolution of the previous
attack.'® These results indicate that when pC1-INH concen-
trate is dosed as recommended, and in contrast to other
treatment options with shorter half-lives, its long half-life
provides an extended period of C1-INH activity, even after
the symptoms of an attack have subsided. This information
on the half-life of C1-INH is essential for practitioners to
be able to proactively address the clinical needs of their
patients with HAE.
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