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AIMS
To characterize the pharmacokinetics (PK) of recombinant human C1
inhibitor (rhC1INH) in healthy volunteers and hereditary angioedema
(HAE) patients.

METHODS

Plasma levels of C1INH following 294 administrations of rhC1INH in 133
subjects were fitted using nonlinear mixed-effects modelling. The
model was used to simulate maximal C1INH levels for the proposed
dosing scheme.

RESULTS

A one-compartment model with Michaelis—Menten elimination kinetics
described the data. Baseline C1INH levels were 0.901 [95% confidence
interval (Cl): 0.839-0.968] and 0.176 U ml~" (95% Cl: 0.154-0.200) in
healthy volunteers and HAE patients, respectively. The volume of
distribution of rhC1INH was 2.86 | (95% Cl: 2.68-3.03). The maximal rate
of elimination and the concentration corresponding to half this
maximal rate were 1.63 Uml™" h™' (95% Cl: 1.41-1.88) and 1.60 U mI™'
(95% Cl: 1.14-2.24), respectively, for healthy volunteers and
symptomatic HAE patients. The maximal elimination rate was 36%
lower in asymptomatic HAE patients. Peak C1INH levels did not change
upon repeated administration of rhC1INH. Bodyweight was found to be
an important predictor of the volume of distribution. Simulations of the
proposed dosing scheme predicted peak C1INH concentrations above
the lower level of the normal range (0.7 U mlI™") for at least 94% of all
patients.

CONCLUSIONS

The population PK model for C1INH supports a dosing scheme on a
50 U kg™ basis up to 84 kg, with a fixed dose of 4200 U above 84 kg.
The PK of rhC1INH following repeat administration are consistent with
the PK following the first administration.

© 2013 The British Pharmacological Society
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Introduction

The C1 esterase inhibitor (C1INH) is an endogenous
human protein and regulates several inflammatory
pathways by inhibiting proteases that are part of the
human immune and inflammatory systems. Hereditary
angioedema (HAE) is a rare disease, with an estimated
prevalence of 1:50 000, caused by a heterozygous muta-
tion in the gene for C1INH [1]. This results in low levels of
C1INH activity, leading to excessive activation of the com-
plement and contact systems and subsequent release of
vasoactive peptides, causing acute attacks of angioedema
[2, 3]. Although patients have chronically low C1INH
levels, attacks occur episodically, usually without an
apparent trigger. These attacks are characterized by acute
and often painful swellings of submucosal or subcutane-
ous soft tissues, which can be life threatening when
located in the upper airway. Attacks develop over the
course of hours and take several days to subside if not
treated [1].

A rational treatment of HAE attacks is the admini-
stration of C1INH protein, because this can normalize
the levels of functional C1INH and stop the biochemical
activation processes underlying the angioedema attack.
Typically, one administration of C1INH is sufficient to
ameliorate clinical symptoms quickly, indicating that
only short exposure to C1INH is required to treat an
HAE attack. Plasma-derived C1INH (pdC1INH) products
have been used for decades for this indication, but
their use has been limited by both supply issues and
the risk of transmission of blood-borne patho-
gens. Ruconest® (Pharming Technologies BV, Leiden,
The Netherlands), a recombinant human C1INH (rhC1INH),
is manufactured from the milk of transgenic rabbits,
allowing for the commercial production of large quantities
of high-grade product of consistent quality, which is
devoid of the potential risk for transmission of blood-
borne pathogens.

Although C1INH products have been used for decades
to treat HAE patients with an acute angioedema attack,
appropriate dosing studies with individual products have
not been performed, presumably because of the low
prevalence of the disease. Comparison of data from con-
trolled trials with different C1INH products indicates that
for optimal clinical efficacy a dose of 50 U kg™ should be
given [4].

During the clinical development program of
rhC1INH, blood samples were taken before and after
administration of rhC1INH. These samples were assessed
for levels of C1INH activity to evaluate the pharmacoki-
netics (PK) of rhC1INH. Studies were performed in
healthy volunteers, in asymptomatic patients with HAE
and in HAE patients with acute attacks. The present
population PK analysis of rhC1INH incorporates all avail-
able PK data from six clinical studies using mixed-effects
modelling.
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Methods

Study design
Table 1 summarizes the design of each of the six studies
included in the population PK analysis.

Study C1 1107-01 Twelve HAE patients, who were
asymptomatic at the time of drug administration, were
infused on two separate occasions, with an interval of at
least 5 weeks, with escalating doses (6.25-100 U kg™') of
rhC1INH. Serial PK sampling was performed on each of the
two occasions.

Study C1 1706-02 Fourteen healthy volunteers were
enrolled to receive rhC1INH at 100 U kg™ on five occasions,
with intervals of approximately 3 weeks between doses.
Eleven subjects completed the study. Serial PK sampling
was performed following the first, third and fifth occasion
when rhC1INH was administered. Serial PK samples for at
least one administration were available from all subjects.

Study C1 1202-01 This was an open-label exploratory
study in four patients with symptomatic HAE to assess the
safety, tolerability and efficacy as well as PK and pharma-
codynamics (PD) of rhC1INH dosed at 100U kg™. Two
patients received a repeat treatment for a subsequent
angioedema attack.

Study C1 1203-01 This was an open-label exploratory
study in 10 patients with symptomatic HAE to assess the
safety, tolerability and efficacy as well as PK and PD of
rhC1INH dosed at 100U kg™'. Five patients received a
repeat treatment for a subsequent angioedema attack.

Study C1 1205-01 This was a randomized, placebo-
controlled, double-blind study of the safety and efficacy of
rhC1INH for the treatment of acute attacks in patients with
HAE, evaluating doses of 50 and 100 U kg™. In the rand-
omized, controlled portion of the study, 38 patients were
treated and three dose groups were evaluated, namely
50 U kg™ (12 patients), 100 U kg™ (13 patients) and saline
(13 patients).In the open-label extension part of this study,
39 patients, including 11 who had received rhC1INH in the
randomized phase, received a dose of 50 U kg™, with an
option of an additional 50 U kg™ within 4 h of the first
dose. This second dose was given at the discretion of the
investigator depending on the patient’s clinical condition.
Each 50 U kg™ dose was delivered as a fixed volume of
90 ml.The study also allowed for repeat treatments of sub-
sequent angioedema attacks.

Study C1 1304-01 This was a randomized, placebo-
controlled, double-blind study of the safety and efficacy of
rhC1INH for the treatment of acute attacks in patients with
HAE. Thirty-two patients were randomized to receive
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Table 1

Summary of rhC1INH studies included in population pharmacokinetic analysis

Number of PK Number of PK
samples above  samples below
administrationst PK samples LLOQ LLOQ

Number of

Number of rhC1INH
Population rhC1INH dose subjects*
C1 1101-01 Asymptomatic HAE 6.25-100 U kg™’ 12 24
C1 1106-02 Healthy volunteers 100 U kg™’ 14 36
C11202-01  Symptomatic HAE 100 U kg™ 4 6
C1 1203-01 Symptomatic HAE 100 U kg™ 10 15
C1 1205-01 Symptomatic HAE 50 and 100 U kg™ 52 11
C1 1304-01 Symptomatic HAE Up to three vials 41 102
of 2100 U
Total 133 294

Screening, baseline, 0.25, 0.5, 1, 359 7
2,4,8,12, 16, 24, 48, 96 and
504 h postdose

Screening, baseline, 0.267, 0.5, 1, 355 0
2,4, 8,12 and 168 h postdose

Screening, baseline, 0.267, 0.5, 1, 41 10
2,4,8,12, 24,168 and 528 h
postdose

Screening, baseline, 0.267, 0.5, 1, 129 28
2,4,8,12,24,168 and 528 h
postdose

Screening, baseline, 0.25, 0.5, 1, 209 254
2,4,8,12, 16, 24, 144 and
504 h postdose

Screening, baseline, 0.25, 0.5, 1, 269 357
2,4,8,12,24 and 504 h
postdose
1362 656

Abbreviations are as follows: HAE, hereditary angioedema; LLOQ, lower limit of quantification; PK, pharmacokinetics; rhC1INH, recombinant human C1 inhibitor. *Refers to the
number of patients for whom there were associated PK samples. tRefers to the number of administrations for which there were associated PK samples. For Study C1 1205-01, seven
of these administrations were second doses given within 4 h of the initial treatment of an attack. For Study C1 1304-01, 26 of these administrations were second doses given within
4 h of the initial treatment of an attack. Therefore, PK data from the treatment of 201 attacks in symptomatic HAE patients were included in the data set.

rhC1INH at 100 U kg™ (16 patients) or saline (16 patients).
In the open-label extension phase, 41 symptomatic
patients, including four who had received rhC1INH in the
randomized phase, were treated with a single vial of
2100 U of rhC1INH. At the discretion of the investigator
and depending on the patient’s condition, in the open-
label extension phase, an additional dose of one or two
vials (2100 or 4200 U) could be administered within 4 h
from the initial dose of 2100 U.Therefore, the maximal total
amount of rhC1INH that could be given to a patient during
a single attack in the open-label phase was 6300 U. The
study also allowed for repeat treatments of subsequent
angioedema attacks.

All together, the PK data set contained data from the
treatment of 201 attacks in symptomatic HAE patients. In
33 of these attacks, a second dose of rhC1INH was admin-
istered within 4 h of the initial treatment.The rhC1INH was
administered intravenously over 2-30 min.

Subjects

All subjects participating in the clinical studies, for whom a
sufficient number of pre- and postexposure C1INH activity
values were available, were included in this population PK
analysis (Table 1). Data from 294 administrations from 133
subjects were included, as follows: 14 healthy volunteers
and 12 asymptomatic and 107 symptomatic HAE patients.
Sixty-eight and 33 subjects had two and three or more
administrations, respectively, with 431 of the 1362 quanti-
fiable concentrations resulting from the second adminis-

tration,and 202 quantifiable concentrations resulting from
three administrations or more. The age of the subjects
included ranged from 13 to 66 years (median of 33 years),
while their weight ranged from 45 to 128 kg (median of
72 kg). Of the 133 subjects, 47 were male and 86 were
female.

Bioanalysis

A chromogenic assay was used to measure levels of
functional C1INH as described [3]. This assay is based on
the property of active complement component 1, s sub-
component (C1s) to convert a chromogenic substrate. The
chromogenic assay measures the inhibitory effect of
C1INH on cleavage of the chromogenic substrate by a
fixed amount of Cls in the sample to be tested. The
test sample is incubated with an excess of C1s for 15 min
to allow Cis to interact with C1INH. The remaining C1s
activity is subsequently measured by addition of a chro-
mogenic substrate. The difference between the amount
of C1s added and the C1s activity measured reflects the
amount of CI1INH present in plasma. Results are
expressed as units per millilitre, with 1 U ml™" represent-
ing the amount of functional C1INH in pooled normal
human plasma.

Plasma levels of functional C1INH in Study 1101-01
were measured in a specialized laboratory, whereas levels
in the other studies were measured in a central contract
laboratory using the same chromogenic assay. The lower
limit of quantification (LLOQ) of the assay in the specialized
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laboratory was 0.07 U ml™', while that in the central con-
tract laboratory was 0.28 U ml™".

Population pharmacokinetic analysis

The population PK analysis was conducted using the
nonlinear mixed effects modelling program, NONMEM
(version 7.2.0) [5] to estimate the population mean param-
eters, interindividual () and residual (¢) random effects.
The interindividual variability (I1V) of each of the structural
parameters of the basic model was modelled using the
following exponential model:

P,' = PTV X eXp(T],-)

where P; is the value of the parameter in the ith individual,
and n);is the random variable for the difference between P;
and Pry, which is the value of the parameter in a typical
individual. It was assumed that the values of n; are nor-
mally distributed, with a mean of zero and a variance of ®?.
The residual variability was evaluated to describe the
intrasubject variability. The combined additive and pro-
portional error model based on the following equation
best described the residual variability:

Cj = Cored,j X (14 €pro ) + €addj

where Cjis the jth observed value in the ith subject, Cpreq;j is
the jth predicted value in the ith subject, and €, and €aqq,j
are the residual intrasubject variability, with means of zero
and variances of Gy’ and Gaqd?, respectively.

A composite of methods [iterative two-stage (ITS) fol-
lowed by stochastic approximation expectation maximi-
zation (SAEM) followed by IMP (EONLY =1)] was used
throughout the model development process by using
multiple SEST statements so that final estimates from
one method served as initial estimates for the next.'Mu
Referencing’ [5] was used to improve the efficiency of
computations.

The base model, which included key parameters, was
selected based on goodness-of-fit plots, precision of the
estimates and the likelihood ratio test within NONMEM.

For linear models, endogenous C1INH levels were
assumed to be constant, and it was also assumed that the
observed functional C1INH levels were the sum of the
endogenous baseline levels and exogenous drug adminis-
tered. Baseline concentration was estimated, and it was
assumed that the rate of production was constant with
respect to the baseline clearance. For nonlinear models,
baseline concentration was estimated, and the rate of pro-
duction was a function of the nonlinear clearance and
baseline concentration.

Baseline samples were included in the NONMEM data
set to allow these samples to provide information on the
endogenous baseline functional C1INH levels.
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Concentrations below LLOQ were included in the
NONMEM data set, and the likelihood was maximized
for all the data, treating concentrations below LLOQ as
censored, with the likelihood for data above and below
LLOQ conditioned on the observations being greater
than zero (M4) [6]. Overall, concentrations below LLOQ
accounted for 33% of the total data.

Population (healthy volunteers, symptomatic patients
and asymptomatic patients), weight, age, gender, dose and
study were evaluated as covariates. Covariates were added
to the base model if a relationship was evident in the indi-
vidual random effects against covariates plots. All signifi-
cant covariate—parameter relationships [greater than 10.8
point decrease in objective function value (OFV)] were
retained in the model.

Model evaluation

The accuracy and robustness of the final population model
were evaluated by performing a visual predictive check as
follows. The predicted concentration-time profiles for 100
data sets at each time point after each administration of
rhC1INH were generated from the parameters and associ-
ated variances of the final model. The estimated median,
fifth and 95th percentiles of the predicted concentrations
from the simulations were plotted against time, with
the observed concentrations stratified by dose (50 and
100 U kg™) and population.

Simulations

The clinical studies have revealed optimal efficacy as a
treatment for an acute angioedema attack with a dose of
rhC1INH of 50 U kg™ [7]. Simulations were used to investi-
gate the percentage of patients who achieved a maximal
plasma concentration (Cmax) of =0.7 U kg™ upon adminis-
tration of the proposed dosing regimen of 50 U kg™' dose
for bodyweights up to 84 kg and a fixed dose of 4200 U for
bodyweights >84 kg. Functional C1INH levels were simu-
lated using the parameter estimates from the final PK
model for a range of bodyweights (40-180 kg) following a
single administration of rhC1INH in accordance with the
proposed dosing regimen. For each bodyweight, 1000 pro-
files were simulated within NONMEM.

Results

Population pharmacokinetic analysis

A one-compartment model with Michaelis-Menten elimi-
nation kinetics has been previously reported to describe
the PK of rhC1INH in asymptomatic HAE patients and
served as a starting point for the present analysis [8].
A one-compartment linear model had higher objective
function (~91 points) and poorer predictions. However,
attempts to include a parallel linear elimination pathway in
the model provided no further improvement in the pre-
dicted C1INH levels. Separate proportional residual errors
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Population pharmacokinetic parameters for C1INH following administration of rhC1INH

Parameter

Baseline levels in HAE patients (U ml~")

Baseline levels in healthy volunteers (U ml-")

Volume of distribution (I)

Fractional change in volume for studies C1 1202-01 and C1 1203-01
Effect of bodyweight on volume

Vmax (U mI=" h~") in healthy volunteers and symptomatic HAE patients
Fractional change in Vimax (U mI=" h~") for asymptomatic HAE patients
K (U ml™")

Interindividual variability in HAE patient baseline levels (%CV)t
Interindividual variability in healthy volunteer baseline levels (%CV)t
Interindividual variability in volume (%CV)*

Interoccasion variability in volume (%CV)*

Interindividual variability in Vmax (%CV)*

Proportional residual variability for Study C1 1205-01 (%CV)*
Proportional residual variability for Study C1 1304-01 (%CV)*
Proportional residual variability for all other studies (%CV)*
Additive residual variability

Inter- and intrasubject variability %RSE

Final model estimate 95% Confidence interval

0.176 0.154-0.200
0.901 0.839-0.968
2.86 2.68-3.03
0.681 0.579-0.801
0.612 0.351-0.873
1.63 1.41-1.88
0.644 0.517-0.803
1.60 1.14-2.24

544 21.0%
12.7 43.1%
16.2 37.8%
18.3 25.8%
29.2 27.7%
23.6 8.09%
53.6 7.31%
10.5 4.30%
0.0556 6.21%

*The %CV for both intersubject and residual variability is an approximation taken as the square root of the variance for the proportional error term x 100. tThe SD was calculated
as the square root of the variance for the additive error term. Abbreviations are as follows: %CV, coefficient of variation; HAE, hereditary angioedema; K, concentration at which

rate is half of Vinax; Vimax, maximal rate.

were explored for each study; the proportional errror was
comparable for studies 1101-01, 1106-02, 1202-01 and
1203-01, and a single proportional residual error was esti-
mated for these studies without a significant change in the
OFV. Exploration of a two-compartment model, although
resulting in a reduction in the OFV by approximately
32 points, showed no improvement in the overall popula-
tion predicted C1INH levels compared with the one-
compartment linear model. Therefore, a one-compartment
model with Michaelis-Menten elimination kinetics was
selected as the base model.

A separate IIV for the baseline levels in healthy volun-
teers and all HAE patients was estimated with a 23-point
decrease in the OFV.

The estimation of a separate volume of distribution for
studies 1202-01 and 1203-01 resulted in a 22-point drop in
the OFV, and volume was 32% lower in these two studies
compared with all other studies.

The inclusion of bodyweight as a covariate on the
volume term resulted in an additional drop in the OFV
of 20 points and a reduction in the IIV from 27.0 to
21.8%, indicating a statistically significant effect. Volume
increased with weight, with a power coefficient of 0.612
[95% confidence interval (Cl): 0.351, 0.873; i.e. as
(bodyweight/70)°¢'?]. For subjects with the lowest and
highest bodyweights in the analysis (45 and 128 kg),
volume would be 24% lower and 45% higher compared
with a 70 kg subject.

The estimation of a separate maximal rate (Vi) for
asymptomatic HAE patients resulted in a 17-point drop in

OFV, and Vimax was 36% lower in this population compared
with the healthy volunteers and the symptomatic HAE
patient population.

Given that a substantial number of subjects received
rhC1INH on multiple occasions, the inclusion of interocca-
sion variability (IOV) was evaluated. Sixty-eight subjects
had PK data for two occasions or more, 33 subjects had
three occasions or more, and only nine subjects had PK
data for four or more occasions. The IOV was tested on
both the volume of distribution (V) and V.« parameters.
The IOV in V. was not significant once the IOV on V was
incorporated into the model. The IIV in V decreased from
21.8 to 16.2% following inclusion of IOV on V.

No other relationships were evident between the indi-
vidual random effects and covariates.

The population parameter values and inter- and
intraindividual variability estimated by the final model are
shown in Table 2. The PK parameters were generally well
estimated, with the relative standard error (%RSE) for esti-
mation ranging from 3 to 37%. The typical baseline func-
tional C1INH levels in healthy volunteers and HAE patients
were estimated to be 0.901 and 0.176 U ml™", respectively.
The associated IIV for the baseline levels was 12.7 and
54.4% for the healthy volunteers and HAE patients, respec-
tively. The individual predicted baseline levels ranged
from 0.09 to 0.64 U ml™ for symptomatic HAE patients,
consistent with the observed data.The central volume was
estimated to be 2.86 |, while the Michaelis—Menten param-
eters, Vmax and Ky, were estimated to be 1.63 U mlI™' h™" and
1.60 U ml™, respectively, for healthy volunteers and symp-
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tomatic HAE patients. The maximal elimination rate was
36% lower in asymptomatic HAE patients. All the param-
eters were estimated with good precision, with the highest
%RSE of 36.6% being associated with K. The lIV was esti-
mated to be 16.2% for the volume parameter and 29.2%
for Vmax. The proportional residual error was estimated to
be 23.6 and 53.6% for Studies C1 1205-01 and C1 1304-01,
respectively, and 10.5% for the remaining studies. The
additive residual error (standard deviation) was estimated
to be 0.0556 U ml™".

The basic goodness-of-fit plots are shown for both the
overall data and for the 50 and 100 U kg™ dosing regimens
in Figure 1. The diagnostic plots for the final population
PK model revealed no systematic bias, with good agree-
ment between the individual predicted and observed
values. The individual weighted residuals were generally
distributed around zero and were relatively symmetric.The
population and individual post hoc predictions were dis-
tributed around the line of identity.

The diagnostic plots for the final model indicated that
there was no systematic change in functional C1INH levels
upon repeat administration of rhC1INH. This was investi-
gated further by tabulating the observed peak functional
C1INH levels for HAE patients on each occasion when
rhC1INH was administered (Figure 2). There was no evi-
dence for changes in the functional C1INH levels upon
repeat administration.

Model evaluation

The predicted concentrations for 100 simulated data sets
by the final PK model for functional C1INH following
administration of rhC1INH are depicted in Figure 3 by
population for the 50 and 100 U kg™ dosing regimens.The
majority of the observed C1INH levels were within the
range of the lower (5%) and upper (95%) percentile of
the simulated concentrations.

Simulations

The predicted maximal functional C1INH concentrations
in symptomatic HAE patients for the proposed dosing
regimen of 50 U kg™" up to and including 84 kg and there-
after a fixed dose of 4200 U are presented in Figure 4.These
simulations indicate that the maximal concentrations of
functional CT1INH will increase based on the proposed
dosing regimen up to a bodyweight of 84 kg and that the
fixed dose of 4200 U would result in maximal concentra-
tions that would only decrease slightly with bodyweight.
However, for each weight between 40 and 180 kg, at least
94% of patients were predicted to have a maximal C1INH
level of at least 0.7 U ml™', based on the proposed dosing
scheme.The predicted median peak levels (Crn.x) increased
from 1.18 to 1.45 U ml™ for the 50U kg™ (40 to =84 kg)
dosing and decreased from 1.50 to 1.01 U ml™" across the
proposed fixed dose of 4200 U for the weight range from
>84 to 180kg. The highest predicted peak level was
3.23 U ml™ for an 80 kg patient.

902 / 76:6 / Br] Clin Pharmacol

Discussion

The present study provides a population PK analysis
of functional C1INH levels following administration of
rhC1INH in healthy volunteers and patients with HAE. The
data set included functional C1INH levels from 133 sub-
jects following 294 administrations of rhC1INH doses
ranging from 6.25 to 121 U kg™'. There were only six pro-
files associated with doses of 12.5 U kg™ or less, with the
majority of profiles being associated with doses of either
50 or 100 U kg™'. Within the data set, there were 33 occa-
sions when an attack in a symptomatic HAE patient was
treated with a second administration of rhC1INH within 4 h
of the initial administration.

The population PK of C1INH was well described by a
one-compartment model with Michaelis—-Menten elimina-
tion kinetics. The final PK model estimated the typical
baseline functional C1INH levels in HAE patients to be
0.176 Uml™", with an associated 95% Cl| of 0.154-
0.200 U ml™".Many of these predicted baseline values were
lower than the 0.28 U mI™' LLOQ of the assay used in these
studies. These low baseline levels of C1INH are typical and
diagnostic for HAE patients [9]. The final estimate of the
volume of distribution of rhC1INH was 2.86 |, consistent
with the reported volume of plasma [10], suggesting that
there is negligible distribution of rhC1INH. These results
are consistent with those presented in a previous PK analy-
sis in asymptomatic HAE patients only [8], and are also
comparable to the distribution volumes reported for
pdC1INH [9, 11]. Moreover, endogenous CTINH levels were
assumed to be constant and not influenced by the admin-
istration of rhC1INH, because the latter is mainly cleared
via receptors for mannose and galactose exposed on the
glycans, whereas endogenous C1INH does not interact
with these receptors [8]. Indeed, baseline levels of C1INH
in HAE patients are not influenced by administration of
rhC1INH at doses up to 100 U kg™ [8].

The half-life of rhC1INH, estimated to be approximately
3 h after administration of 100 U kg™ rhC1INH, is shorter
than that of pdC1INH, which has been reported to be
approximately 30 h [11, 12]. This difference in half-life
between rhC1INH and pdC1INH is most likely to be related
to the differential glycosylation [13].

It has been suggested that a shorter half-life of treat-
ments could lead to increased risk of relapses of HAE
attacks [14, 15]. Relapses, however, have not been
observed with rhC1INH. Both plasma-derived and recom-
binant human C1INH will bind irreversibly to various pro-
teases and restore both the complement and contact
systems to their normal state, irrespective of their differ-
ences in half-life. Hence, the mechanism of action and
pharmacodynamic effect, rather than half-life, may explain
the sustained duration of action of rhC1INH and why
therapies directed only at kallikrein or bradykinin have
been associated with clinical relapse. Target proteases
of C1INH include other mediators of the complement
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Figure 1

Goodness-of fit-plots for the final model. Top panel, overall population; middle panel, 50 U kg™' dosing regimen; and bottom panel, 100 U kg™' dosing
regimen. o, asymptomatic patients; o, healthy volunteers; ©, symptomatic patients
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Figure 2

Observed peak functional C1INH levels upon repeated administration of
rhC1INH in hereditary angioedema patients (normalized to a dose of
3550 U rhC1INH, i.e. 50 U kg™ for a median weight of 72 kg). The box
represents the 25th and 75th percentile with the median value.The ends
of the whiskers represent 1.5 times the interquartile range from the 25th
and 75th percentiles, and any observations beyond 1.5 times the inter-
quartile range are presented as open circles

904 / 76:6 / Br] Clin Pharmacol

£ sf °

E i

2 4 2284,

= R

I 3| P o

4 e

O 2f e

-]

7]

> I f

- &

g :

2 0 | | | | |

o 0 | 2 3 4 5
Individual predicted CI1INh (U mI™)

P e PR LR

I} . .

3 2 g .

o

T o2l

= H o

3 L E i

< 0 P

20 H

[ .

3 5l

s .

3

2 .

2 e

E 0 200 400 600 800

Time (hr)

pathways, besides activated C1s. Also, several mediators of
the haemostatic and fibrinolytic pathways are target pro-
teases of C1INH, specifically Factor Xlla, kallikrein and Fac-
tor Xla and, to a lesser extent, tissue plasminogen activator,
thrombin and plasmin [16-20].

Bodyweight was identified as a predictor of C1INH PK.
The allometric scalor estimated from the available data
was 0.612 (95% Cl:0.351-0.873),indicating that the volume
of distribution for C1INH (in effect, plasma volume) does
not increase in a directly proportional manner with body-
weight, with the relationship becoming more divergent for
heavier subjects. The estimate of the allometric scalor for
C1INH is consistent with previous reports that prediction
of plasma volume measurements based solely on body-
weight is inappropriate, particularly in obese individuals
because adipose tissue is relatively avascular [10]. In addi-
tion, there is a greater divergence between plasma volume
and total bodyweight at higher bodyweights [21].
With increasing bodyweight, C1INH concentrations will
increase when C1INH is dosed at similar units per kilogram,
as the volume of distribution remains relatively constant.

The llV associated with the PK parameters ranged from
12.7% for the baseline C1INH levels in healthy volunteers
to 54.4% for the baseline C1INH levels in HAE patients; the
precision of the estimates of the interindividual variability
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Visual predictive check of the final pharmacokinetic model. A total of 100 data sets were simulated using the final pharmacokinetic parameter estimates.
Abbreviations are as follows: Asymp, asymptomatic patients; HV, healthy volunteers; Symp, symptomatic patients. Depicted are the observations (open
circles), median (dashed line), 25th and 75th percentiles (dotted lines) and 5th and 95th percentiles (continuous lines) of the predictions

ranged from 21.0 to 43.1%. The goodness-of-fit plots
indicate that the PK is well described by the final model,
both on an overall basis and also for each of the three
populations (healthy volunteers and asymptomatic and
symptomatic HAE patients). The data at rhC1INH doses at
12.5 U kg™ or lower are not as well described by the final
model; however, these data represent a very small propor-
tion of the overall functional C1INH data available for the
present analysis. The model provides a very good descrip-

tion of data resulting from doses of 50 U kg™, which is the
proposed dosing regimen for rhC1INH for bodyweights up
to 84 kg.

Previously, Spath and coworkers postulated a circulat-
ing level of 38% of normal (0.38 U ml™") as the minimal
C1INH activity level that provides protection against the
occurrence of angioedema attacks [22]. However, a target
level for C1INH treatment in acute HAE attacks has never
been determined. Data obtained from the clinical trials
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Simulation of maximal functional C1INH concentration (Cmax) for levels
the proposed dosing regimen of 50 U kg~ up to 84 kg and a fixed dose of
4200 U for a bodyweight >84 kg. The boxes represent the 25th and 75th
percentile with the median value.The ends of the whiskers represent 1.5
times the interquartile range from the 25th and 75th quartiles, and any
observations beyond 1.5 times the interquartile range are represented as
open circles. The dashed line represents the lower limit of normal C1INH
activity (0.7 U ml™)

performed with the various C1INH preparations suggest
that maximal efficacy of rhC1INH is achieved when plasma
levels of C1INH activity are raised above the lower level of
the normal range, which is 0.7 U ml™" [4].In a phase | study
[8], a dose of 50 U kg™ was shown to restore C1INH levels
into the normal range (mean Cnax ~0.7 U ml™"). In addition,
C1INH levels below 0.7 U ml~" were shown to be associated
with increasing complement activation [8], indicating that
0.7Uml™ is also the target level to restore homeostatic
control of plasma cascade systems by C1INH. Hence, simu-
lations with doses of 50 U kg™ for bodyweights up to 84 kg
and a fixed dose of 4200 U (corresponding to two vials
of Ruconest®) for bodyweights 84 kg or greater were
undertaken using the final PK model to address what pro-
portion of patients would achieve restoration of normal
C1INH levels with an rhC1INH dose of 50 U kg™. These
simulations indicate that the maximal concentrations of
functional C1 inhibitor will remain within an acceptable
range for adult patients up to 84 kg, increasing somewhat
with increasing bodyweights. For patients with body-
weights 84 kg or greater, maximal concentrations are pre-
dicted to decrease across the weight range. Nevertheless,
the proposed 50 U kg™ dose for bodyweights up to 84 kg
and the fixed dosing of 4200 U for bodyweights above
84 kg ensures that the vast majority (=94%) of patients will
achieve a peak concentration above 0.7 U ml™, regardless
of bodyweight.

Nonclinical studies of rhC1INH have revealed no safety
concerns regarding the treatment of acute angioedema
attacks with the proposed dosing regimen.This conclusion
is based on the absence of toxicological effects in rat and
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dog toxicity studies and a no-observed-adverse-effect
level of 2000 U kg™" day" in a 14 day repeated dose toxicity
study in cynomolgus monkeys. Plasma peak levels of
rhC1INH at this high dose surpassed 22 U ml™', more than
six times the predicted plasma peak levels of rhC1INH in
human subjects [23].

In the clinical studies of rhC1INH,dosesup to 121 U kg™
were evaluated. In the exploratory efficacy open label
studies, HAE patients were administered doses of
100 U kg™'. Median peak plasma levels obtained at this
dose were 43Uml”, with a highest peak level of
4.6 Uml™, which are beyond the highest individual peak
levels of 3.5 U ml™ predicted by the simulations of the pro-
posed dosing regimen. There was no evidence of an
increase in the rate of adverse events, or in seriousness or
severity of adverse events at this higher rhC1INH dose,
with treatment of higher numbers of attacks, or with treat-
ment of an attack with an additional dose.Taken together,
the nonclinical and clinical data do not suggest a safety
risk at the peak plasma levels predicted by the simulations.

The observed plasma levels of C1INH following repeat
administration showed no systematic deviation from the
corresponding levels following single dose administration,
and were consistent across repeat treatments with
rhC1INH. These findings suggest a lack of time-dependent
changes in the PK.These data further support observations
in the clinical studies that neutralizing antibodies against
C1INH have not been found upon repeated treatment with
rhC1INH, and corroborate the immunosafety of rhC1INH
[24].

In conclusion, the PK of C1INH following administration
of rhC1INH is well described by a one-compartment
model, in which the relationship between the volume of
distribution and bodyweight supports a proposed dosing
scheme of 50 U kg™ up to a bodyweight of 84 kg, with a
fixed dose of 4200 U for those patients 84 kg or greater.
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