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AIMS
To evaluate the pharmacokinetics and pharmacodynamics after a single dose of
liposomal mifamurtide (liposomal muramyl tripeptide phospatidyl ethanolamine;
MEPACT®) in adult subjects with mild (Child-Pugh Class A) or moderate (Child-Pugh
Class B) hepatic impairment in comparison with age-, weight- and sex-matched
healthy subjects with normal hepatic function.

METHODS
Subjects received a 4 mg dose of liposomal mifamurtide via 1 h intravenous infusion.
Blood samples were collected over 72 h for pharmacokinetic and pharmacodynamic
assessments (changes in serum interleukin-6, tumour necrosis factor-α and C-reactive
protein).

RESULTS
Thirty-seven subjects were enrolled: nine with mild hepatic impairment, eight with
moderate hepatic impairment and 20 matched healthy subjects. Geometric
least-square mean ratios of total mifamurtide AUCinf for the mild hepatic impairment
and moderate hepatic impairment groups vs. matched healthy subjects were 105%
(90% confidence interval, 83.6–132%) and 119% (90% confidence interval,
94.1–151%), respectively, which are below the protocol-specified threshold (150%) to
require development of dose-modification recommendations. Pharmacodynamic
parameters for changes in serum interleukin-6 and tumour necrosis factor-α
concentrations were generally similar across hepatic function groups.
Mifamurtide-induced increases in serum C-reactive protein were attenuated in the
moderate hepatic impairment group, consistent with the liver being the major organ
of C-reactive protein synthesis. No grade ≥3 adverse events were seen in subjects
administered mifamurtide (4 mg).

CONCLUSIONS
These results support the conclusion that mild or moderate hepatic impairment does
not produce clinically meaningful effects on the clinical pharmacokinetics or
pharmacodynamics of mifamurtide; no dose modifications are needed in these
special patient populations based on clinical pharmacological considerations.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Liposomal mifamurtide is an immunotherapeutic agent

that is indicated for treating high-grade, resectable,
nonmetastatic osteosarcoma in combination with
postoperative, multi-agent chemotherapy in children,
adolescents and young adults.

• The pathways of disposition of mifamurtide and the
role of the liver as a clearance organ for liposomal
mifamurtide in humans had not been characterized.

• This phase 1 study was therefore performed to
characterize the pharmacokinetics and
pharmacodynamics of liposomal mifamurtide in adult
volunteers with mild or moderate hepatic impairment,
to enable development of scientifically guided dosing
recommendations for these special patient populations.

WHAT THIS STUDY ADDS
• No dose modifications of liposomal mifamurtide are

needed in patients with mild or moderate (Child-Pugh
Class A or B) hepatic impairment based on the lack of
clinically meaningful effects on its clinical
pharmacokinetics or pharmacodynamics, as
demonstrated in this study.

• The findings from this study have resulted in an update
to the EU Summary of Product Characteristics for
MEPACT® (liposomal mifamurtide).
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Introduction

Mifamurtide (muramyl tripeptide phospatidyl ethano-
lamine; MTP-PE) is a synthetic molecule derived from
muramyl dipeptide, a peptidoglycan component of bacte-
rial cell walls that is a stimulator of innate immunity [1–4].
Mifamurtide is a specific ligand of nucleotide-binding
oligomerization domain 2, a receptor found primarily
on monocytes, dendritic cells and macrophages [5, 6].
Mifamurtide-activated monocytes recognize and kill
tumour cells but do not affect normal cells [2, 3].
The liposome-encapsulated formulation of mifamurtide
(MEPACT®; L-MTP-PE) is approved in the European Union
[7], Switzerland and various other countries for the treat-
ment of high-grade, resectable, nonmetastatic osteosar-
coma in combination with postoperative multi-agent
chemotherapy in children, adolescents and young adults
who have undergone macroscopically complete surgical
resection.

Liposomal mifamurtide appears to be well tolerated
and has demonstrated biological activity in clinical trials in
patients and healthy adult subjects. Phase 1 studies in
cancer patients [3, 8, 9] and studies in healthy volunteers
[10] have indicated that liposomal mifamurtide has
a favourable pharmacokinetic, pharmacodynamic and
safety profile. The maximal tolerated dose in cancer
patients was determined to be 4–6 mg m−2, and the bio-
logically active dose was in the range of 0.5–2 mg m−2 [3,
11]. This margin between the active dose and the maximal
tolerated dose indicates a wide therapeutic range for
mifamurtide compared with many conventional chemo-
therapeutic agents that are dosed at, or close to, the
maximal tolerated dose. The recommended clinical dose
of mifamurtide is 2 mg m−2 [7].

Based on results from phase 2 studies, a large,
randomized, phase 3 study (INT-0133) was conducted in
patients with newly diagnosed, nonmetastatic, high-
grade osteosarcoma [12, 13]. Following surgery, patients
were randomized to receive three- or four-drug chemo-
therapy regimens and were also randomized to chemo-
therapy with or without mifamurtide. Results from that
study showed a statistically significant and clinically
meaningful decrease in the risk of death without com-
promising safety [12]. An updated analysis in 2007,
which led to approval in the European Union, showed a
relative reduction in the risk of death of 28% [P = 0.0313,
hazard ratio = 0.72; 95% confidence interval (CI),
0.53, 0.97] with the addition of mifamurtide in compari-
son to chemotherapy alone [7]. Liposomal mifamurtide
appeared generally well tolerated and was associated
with low-grade (grade 1 or 2) adverse events (AEs) includ-
ing fever, chills, fatigue, headache, myalgia, nausea, vom-
iting and tachycardia, which are related to mifamurtide’s
mode of action. Recently, a patient access study (MTP-OS-
403) was conducted to evaluate mifamurtide at 2 mg m−2

in patients with high-risk, metastatic and recurrent oste-

osarcoma [14]. The median overall survival (OS) was 570
days (95% CI, 480, 663), and the 1 year OS rate was 70%
for the total population; for patients who enrolled
>9 months since diagnosis and received mifamurtide
with concurrent chemotherapy, the 1 year OS rate was
75% [14]. Mifamurtide was well tolerated, and the safety
profile was consistent with previous studies, with
common infusion-related AEs including chills, headache,
fatigue, nausea and pyrexia [14].

The pharmacokinetics and pharmacodynamics of
liposomal mifamurtide have been characterized in healthy
adults [10] and in patients with high-risk, metastatic and
recurrent osteosarcoma [14]. A recent study has character-
ized the pharmacokinetic and pharmacodynamic profile of
total mifamurtide following a single 4 mg dose in healthy
adult volunteers, to examine the clinical pharmacology of
mifamurtide independently of the effects of underlying
conditions or concomitant chemotherapy [10]. The results
of that study indicated that single 4 mg doses of
mifamurtide can be safely administered to healthy adult
volunteers for the purposes of pharmacokinetic and
pharmacodynamic characterization, and that variability in
mifamurtide pharmacokinetics is low [the coefficient of
variation (%CV) in both the area under the curve (AUC) and
the maximal concentration (Cmax) was less than 30%]. Fur-
thermore, there was no readily apparent association
between age and body surface area (BSA)-normalized
clearance (CL) of mifamurtide over the age range of
6–22 years [15].

The mechanisms of clearance of mifamurtide in
humans have not been elucidated, and the effects
of hepatic impairment on the pharmacokinetics of
liposomal mifamurtide are currently unknown. Osteo-
sarcoma primarily affects children, adolescents and
young adults, and these patients are expected to be
otherwise healthy and without hepatic impairment.
However, liposomal mifamurtide is typically admini-
stered in combination with multi-agent chemotherapy,
including agents such as doxorubicin and high-dose
methotrexate, which have potential for hepatic toxicity
[12, 13]. Hepatic toxicities were seen in patients who
received chemotherapy in combination with mifamur-
tide, typically low-grade elevation of aminotransferases
[12, 13]. Given the likelihood that osteosarcoma chemo-
therapy may cause liver toxicity, it was considered impor-
tant to investigate the pharmacokinetics of liposomal
mifamurtide in the setting of mild or moderate hepatic
impairment.

This phase 1, open-label, single-dose study was con-
ducted to evaluate the pharmacokinetics, pharmacody-
namics and safety of liposomal mifamurtide in subjects
with mild or moderate chronic hepatic impairment (Child-
Pugh Class A or B, respectively) compared with healthy
subjects, in order to enable development of scientifically
guided dosing recommendations for use of liposomal
mifamurtide in these patient populations.
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Methods

Subjects
Subjects aged 18–75 years and with a body mass index of
18–35 kg m−2 (≥50% of subjects were required to have a
body mass index of 18–30 kg m−2) were eligible. Subjects
with mild or moderate hepatic impairment (defined as
Child-Pugh Class A, score of 5–6, or Child-Pugh Class B,
score of 7–9, respectively; Table 1 [16, 17]) were required to
have chronic hepatic impairment for at least 3 months
before screening, no significant changes in hepatic func-
tion in the 30 days before screening or since the last visit if
within 6 months before screening, treatment with stable
doses of medication (if receiving treatment for hepatic
impairment) for at least 4 weeks before dosing, and
creatinine clearance at screening >60 ml min−1 estimated
using the Cockcroft–Gault formula [18]).

Healthy subjects were determined as healthy by
medical history, physical examination and clinical labora-
tory evaluations and were required to have a urine
cotinine level of ≤300 ng ml−1. Healthy subjects were
matched to subjects in the mild or moderate hepatic
impairment groups by age (±10 years), weight (±10 kg)
and sex (±2 per sex).

Subjects with hepatic impairment were excluded if
they met one or more of the following criteria: a history of
organ transplantation or immunosuppressant therapy;
a current or previous history of hepatic carcinoma,
hepatorenal syndrome, portacaval shunt surgery, signifi-
cant hepatic encephalopathy, severe ascites or pleural
effusion; or malignancy within the last 5 years, including
leukaemia and lymphoma but excluding adequately
treated nonmelanoma or basal cell carcinoma. Subjects
currently undergoing dialysis, those with active auto-
immune or inflammatory disease, acute infections or

cardiovascular events within the preceding 6 months, and
subjects with significant laboratory abnormalities (in
general more than 1.5 times the upper limit of the refer-
ence range or ≤60% of the lower limit of the reference
range, unless related to hepatic disease) were also
excluded. The use of any over-the-counter medication
(including vitamins) within 7 days before dosing or during
the study was not permitted, unless approved by the
investigator, and treatment within 30 days before dosing
or during the study with any known drugs that alter
hepatic transaminases was also not allowed. For healthy
subjects, daily low-dose aspirin (81 mg daily) was allowed,
but the use of any prescription medication within 14 days
before dosing was not permitted unless approved by the
investigator.

All subjects provided voluntary written informed
consent. The study protocol and informed consent docu-
mentation was approved by the Institutional Review
Boards at each of the investigative sites. The study was
conducted in compliance with the ethical principles origi-
nating in or derived from the Declaration of Helsinki.

Study design
This phase 1, open-label, single-dose, parallel-group study
was conducted at two investigative sites in the USA
(Orlando Clinical Research Centre, Orlando, FL, USA; and
DaVita Clinical Research, Minneapolis, MN, USA). The
primary objective was to evaluate the pharmacokinetics
and safety of total mifamurtide following a single dose of
liposomal mifamurtide in subjects with mild or moderate
chronic hepatic impairment, compared with matched
healthy subjects. Additional objectives were as follows: to
evaluate the pharmacokinetics of free (nonliposome-
associated) mifamurtide; to evaluate the urinary excretion
of mifamurtide; and to evaluate the pharmacodynamic
effects of a single dose of liposomal mifamurtide,
as assessed by measurements of changes in serum
interluekin-6 (IL-6), tumour necrosis factor-α (TNF-α) and
C-reactive protein (CRP).

The study was conducted over a period of 4 days, with
follow-up at 7 days postmifamurtide infusion. Subjects
were administered a single 4 mg dose of liposomal
mifamurtide via intravenous infusion over 1 h. The 4 mg
dose was selected to equate approximately to the
2 mg m−2 BSA approved clinical dose of mifamurtide and
has been previously evaluated safely in a single-dose clini-
cal pharmacology study in healthy adult volunteers [10].

Assessments
Blood samples (10 ml) for plasma pharmacokinetics were
collected at the following time points: predose; at 15, 30
and 45 min following the start of infusion; at the end of
infusion (i.e. 1 h after start of infusion, immediately before
switching off the infusion pump); at 5, 15 and 30 min and 1,
2, 3, 4, 6, 8 and 11 h following the end of infusion; and at
24, 36, 48 and 72 h following the start of infusion. Plasma

Table 1
The Child-Pugh Score grading system; Child-Pugh Class A = total score of
5–6, B = 7–9 and C > 9

Parameter Score 1 Score 2 Score 3

Serum bilirubin (mg dl−1) <2 2–3 >3
Serum albumin (g dl−1) >3.5 2.8–3.5 <2.8

INR <1.7 1.7–2.3 >2.3
Hepatic encephalopathy grade* None 1–2 3–4

Ascites (grade) Absent Slight Moderate

Abbreviation is as follows: INR, international normalized ratio. *Grade 0, normal
consciousness, personality, neurological examination and electroencephalogram;
Grade 1, restless, sleep-disturbed, irritable/agitated, tremor, impaired handwriting
and 5 cycles per second waves; Grade 2, lethargic, time-disoriented, inappropri-
ate, asterixis, ataxia and slow triphasic waves; Grade 3, somnolent, stuporous,
place-disoriented, hyperactive reflexes, rigidity and slower waves; and Grade 4,
unarousable coma, no personality/behaviour, decerebrate and slow 2–3 cycles per
second delta activity. Grade 1–2 includes subjects not exhibiting clinical signs of
encephalopathy because they had been treated with and were receiving stable
doses of lactulose for the treatment of hepatic encephalopathy.
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concentrations of total and free mifamurtide were meas-
ured using a validated liquid chromatography–tandem
mass spectrometry method.

Plasma samples (prepared with K2EDTA and stored at
−70°C) were either used directly for analyte extraction and
bioanalysis of total MTP-PE concentrations or were pro-
cessed first by ultrafiltration within 45 min of collection,
followed by analyte extraction and bioanalysis for meas-
urement of free (nonliposome-associated) concentra-
tions of MTP-PE in the ultrafiltrate. Ultrafiltration of 1 ml
plasma aliquots was performed in Millipore 0.22 μm
polyvinylidene difluoride 2.0 ml filtration units by centrifu-
gation at 2000g for 10 min at room temperature.

Internal standard (15 ng MTP-PE-13C3-d4) was added to
plasma (150 μl) or ultrafiltrate (100 μl) samples, and
analytes were extracted by protein precipitation with 0.5%
acetic acid in methanol, followed by centrifugation, evapo-
ration of the supernatant under nitrogen at ∼45°C and
reconstitution in a 50:50 v/v mixture of 20 mM ammonium
formate with 0.1% formic acid and isopropanol.
Bioanalysis was performed by high-performance liquid
chromatography with column switching and tandem mass
(MS/MS) detection using negative ion electrospray. Chro-
matography consisted of a Load and Elution Column:
Phenomenex Gemini C18, 5 μ. 2.0 × 30 mm Load & 50 mm
Elution (Phenomenex, Torrance, CA, USA) using mobile
phase A, 20 mM ammonium formate with 0.1% formic acid
in water, and mobile phase B, 20 mM ammonium formate
in 98% acetonitrile/methanol (50/50) with 0.1% formic
acid. The load programme was as follows: 40% B for
0.5 min, at a flow rate of 500 μl min−1; 40% B to 100% B over
4 min; 100% B flow rate increased to 1000 μl min−1 over
2.4 min; and 100% B reduced to 40% B over 1.1 min with a
reduction in flow rate to 500 μl min−1. The elution pro-
gramme was as follows: 100% B for 3 min at a flow rate of
300 μl min−1; 100% B flow rate increased to 800 μl min−1 for
3 min; and 100% B reduced to 50% B for 2 min. The reten-
tion time for MTP-PE and the internal standard was
5.1 min. Mass spectrometric detection was performed
using a Sciex API 5000, Triple Quadrupole LC/MS/MS mass
spectrometer operated in an electrospray negative ion
MRM mode (AB Sciex, Framingham, MA, USA). The mass
transitions monitored for total MTP-PE and MTP-PE-13C3-d4

were 1235.7→1032.7 and 1242.8→1039.5, respectively.
The dynamic range of the assay was 0.1–20 nM MTP-PE,
and the standard curve was analysed by linear regression
with 1/concentration weighting. Precision and accuracy
were evaluated by analysing quality control pools pre-
pared at 0.100, 0.210, 0.500, 1.50, 4.00, 15.0 and 40.0 nM.
The observed range of interassay precision (%CV, 3.56–
9.92), intra-assay precision (%CV, 2.0–10.9), interassay
accuracy (absolute percentage difference from theoretical
≤14.3%) and intra-assay accuracy (absolute percentage
difference from theoretical ≤14%) were within the
prespecified performance criteria for method validation.
At the lower limit of quantification (0.1 nM), the corre-

sponding performance characteristics were as follows:
interassay precision (%CV, 8.8–9.9), intra-assay precision
(%CV, 4.4–7.9), interassay accuracy (absolute percentage
difference from theoretical, 3.1–14.3) and intra-assay accu-
racy (percentage difference from theoretical, 0.9–14.0).
The recovery of MTP-PE was 90.1%.

The performance characteristics of the ultrafiltration
step for free MTP-PE bioanalysis were evaluated by prepar-
ing quality control samples of L-MTP-PE in human plasma
(0.1–15 nM) and subjecting them to the ultrafiltration pro-
cedure to evaluate specificity for free MTP-PE. The MTP-PE
concentrations following ultrafiltration of plasma spiked
with 0.1–0.2 nM L-MTP-PE were below the limit of quanti-
fication (0.1 nM). When L-MTP-PE was spiked into plasma at
concentrations of 0.5–15 nM, the measured concentration
of MTP-PE in the ultrafiltrate ranged from 18 to 20% of the
spiked concentration (mean ± SD, 19 ± 1.1%). Stability of
L-MTP-PE in vitro was qualified by a <20% difference in
measured concentration at up to 45 min postspiking into
whole blood relative to immediate sample processing.
These data were used to support sample processing
guidelines that required the plasma preparation and
ultrafiltration procedures to be conducted within 45 min
of blood sample collection.

Pharmacokinetic parameters for total and free
mifamurtide were calculated from plasma concentration–
time data in individual subjects by noncompartmental
analysis using WinNonlin® (Pharsight, St Louis, MO, USA)
version 6.1. The parameters assessed were as follows:
maximal plasma concentration (Cmax), area under the con-
centration vs. time curve from time 0 to the final sample
with a concentration greater than the limit of quantifica-
tion (AUClast) or extrapolated to infinity (AUCinf), terminal
half-life (t1/2) and, for total mifamurtide only, CL and
volume of distribution at steady state (Vss). As this study
involved administration of liposomal mifamurtide, CL and
Vss are not reported for free mifamurtide.

Blood samples (5 ml) were collected for measurements
of IL-6, TNF-α and CRP serum concentrations at the follow-
ing time points: before infusion (IL-6, TNF-α and CRP); at
the end of infusion (sample drawn immediately before
switching off the infusion pump for IL-6 and TNF-α); and at
1, 2, 3, 6 and 8 h following the end of infusion (IL-6
and TNF-α); and at 24 h (IL-6, TNF-α and CRP) and 72 h
(CRP) following the start of infusion. Assays of cytokine
concentrations were conducted using a sandwich anti-
body approach by Viracor IBT Laboratories, Inc. (Lee’s
Summit, MO, USA), using the Meso Scale Discovery (MSD)
Sector Imager 2400 instrument. The calibration curves
in these assays were anchored to the National Institute
for Biological Standards and Control reference material.
Pharmacodynamic parameters for IL-6, TNF-α and
CRP were calculated by noncompartmental analysis
(WinNonlin® version 6.1). The parameters assessed were as
follows: observed maximal effect (Eobs,max); time of first
occurrence of observed maximal effect (TEobs,max); and
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area under the effect–time curve from time 0 to time
of last point of quantifiable effect (AUEClast; IL-6 and TNF-α
only).

Safety was assessed in all subjects who received any
amount of mifamurtide. Subjects underwent physical
examination, clinical laboratory tests (haematology and
clinical chemistry) and 12-lead electrocardiogram at
screening and at the end of the study (day 4). Sitting
vital signs (blood pressure, heart rate and temperature)
were evaluated (±30 min) at the following time points:
before the infusion; at the end of infusion; and at 4,
8, 12, 24, 48 and 72 h after start of infusion. AEs
were graded by the National Cancer Institute-Common
Terminology Criteria for Adverse Events (NCI-CTCAE)
version 4.0.

Statistical analysis
All subjects who received the protocol-specified 4 mg
dose of liposomal mifamurtide and had adequate
pharmacokinetic and pharmacodynamic samples col-
lected for noncompartmental analysis were included in
the respective analyses. All subjects who received any
dose of mifamurtide were included in the safety popula-
tion. A sample size of 32 subjects (eight per group)
was planned, based on typically used sample sizes in
pharmacokinetic studies in patients with hepatic impair-
ment, as follows: eight subjects with mild hepatic impair-
ment, eight subjects with moderate hepatic impairment,
and eight age-, weight- and sex-matched, healthy subjects
for each hepatic impairment group. This sample size was
supported by the relatively low variability in mifamurtide
pharmacokinetics (%CV <30% for AUC and Cmax) [10] and
was therefore considered adequate to estimate clinically
relevant effects (e.g. 2-fold or higher) of hepatic impair-
ment on pharmacokinetic parameters with sufficient pre-
cision. Specifically, based on previous estimates of %CV
in the AUC of MTP-PE of <30% [10], it was expected that
with a sample size of eight subjects per group, the effect
of mild or moderate hepatic impairment on MTP-PE

pharmacokinetics will be estimated with adequate preci-
sion such that 90% CIs for the ratio of geometric mean
AUCs (impaired vs. normal hepatic function) would be
expected to be contained within 80–125% of the esti-
mated geometric mean ratio. Based on the 2- to 3-fold
therapeutic range between the clinical dose and maximal
tolerated dose of liposomal mifamurtide, the protocol pro-
spectively specified a minimal threshold of a 50% increase
in total systemic exposure to require development of
dose-modification recommendations for patients with
mild or moderate hepatic impairment.

Pharmacokinetic parameters of total and free (non-
liposomal) mifamurtide were summarized descriptively by
hepatic function group. An analysis of variance (ANOVA)
was performed on log-transformed AUCinf and AUClast

and log-transformed Cmax to compare the pharmaco-
kinetic parameters of total mifamurtide between subjects
in the mild or moderate hepatic impairment groups and
matched healthy subject groups. Analyses were per-
formed using SAS® version 9.1 (SAS Institute, Inc., Cary, NC,
USA). Ratios of geometric mean Cmax and AUCinf and AUClast

of total mifamurtide (hepatic impaired vs. matched
healthy subject groups) were determined, with associated
90% CIs. The pharmacodynamic parameters AUEClast,
Eobs,max and TEobs,max for IL-6 and TNF-α, and Eobs,max and
TEobs,max for CRP, were summarized descriptively by hepatic
function group.

Results

Subjects
Between 7 September 2010 and 1 July 2011, 37 subjects
were enrolled, including nine with mild hepatic impair-
ment, eight with moderate hepatic impairment and 20
healthy subjects, with 10 subjects in each of the mild-
matched and moderate-matched healthy subject groups.
Subject demographics are summarized by hepatic
function group in Table 2, and baseline hepatic function

Table 2
Subject demographics in the safety population, by hepatic function group

Characteristic Mild HI (n = 9)
Healthy match,
mild HI (n = 10) Moderate HI (n = 8)

Healthy match,
moderate HI (n = 10)

Median age [years (range)] 52 (36–57) 50 (26–63) 54.5 (52–62) 51.5 (45–61)
Sex, male [n (%)] 6 (67) 7 (70) 5 (63) 7 (70)

Race [n (%)]

White 7 (78) 7 (70) 7 (88) 7 (70)

Black or African American 2 (22) 2 (20) 0 3 (30)

American Indian or Alaska Native 0 0 1 (13) 0

Other 0 1 (10) 0 0
Median weight [kg (range)] 83.3 (58.0–99.4) 84.2 (63.0–104.6) 89.7 (64.3–106.2) 90.2 (65.2–102.7)

Median BSA [m2 (range)] 2.02 (1.64–2.19) 1.98 (1.73–2.33) 2.02 (1.71–2.24) 2.09 (1.72–2.21)

Abbreviations are as follows: BSA, body surface area; and HI, hepatic impairment.

K. Venkatakrishnan et al.
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characteristics are summarized in Table 3. The median
Child-Pugh scores for the mild and moderate hepatic
impairment groups were 5 (range 5–6) and 7 (range 7–8),
respectively. One subject (11%) in the mild hepatic impair-
ment group and four subjects (50%) in the moderate
hepatic impairment group had hepatic encephalopathy of
grade 1 or 2. No subjects had grade 3 or higher hepatic
encephalopathy. Likewise, ascites was more common in
the moderate hepatic impairment group, and median
serum albumin concentration was lower.

The pharmacokinetic and pharmacodynamic popula-
tions included 36 subjects. One subject, a 53-year-old, non-
Hispanic, European, white male who was a healthy subject
in the mild-matched group, was not included due to
having received a mifamurtide dose of 6.96 mg.

Pharmacokinetics
Mean plasma concentration–time profiles of total
mifamurtide in the mild or moderate hepatic impairment
groups and in healthy subjects are shown in Figure 1A.
Plasma concentrations of total mifamurtide increased
during the 1 h infusion, and then declined in a biphasic
manner in all groups. A rapid initial distribution phase was
characterized by a steep decline in plasma concentrations
(>90% decrease from peak concentrations within 30 min
of infusion cessation). This was followed by a slower
decline in plasma concentrations in the terminal phase;
plasma concentrations fell below quantifiable limits
(0.1 nM) by 24 h postdose in most subjects. The mean
plasma concentration–time profiles indicated that plasma
concentrations of total mifamurtide were generally similar

Table 3
Baseline hepatic function characteristics in the pharmacokinetics population, by hepatic function group

Characteristic Mild HI (n = 9)
Healthy match,
mild HI (n = 9) Moderate HI (n = 8)

Healthy match,
moderate HI (n = 10)

Median Child-Pugh Score (range) 5.0 (5–6) NA 7.0 (7–8) NA
Hepatic encephalopathy grade: none / 1–2 [n (%)] 8 (89) / 1 (11) 9 (100) / 0 4 (50) / 4 (50) 10 (100) / 0

Ascites: absent / mild / moderate [n (%)] 8 (89) / 1(11) / 0 9 (100) / 0 / 0 2 (25) / 4 (50) / 2 (25) 10 (100) / 0 / 0
Median bilirubin [mg dl−1 (range)] 0.80 (0.5–1.8) 0.70 (0.4–1.8) 1.55 (1.3–2.8) 0.75 (0.5–1.0)

Median albumin [g dl−1 (range)] 4.20 (3.6–4.7) 4.30 (4.1–4.8) 3.60 (2.2–4.2) 4.40 (4.1–4.9)
Median prothrombin time [s (range)] 11.70 (10.3–14.3) 12.60 (10.3–13.8) 14.70 (11.6–16.6) 10.90 (10.0–13.0)

Median INR (range) 1.00 (0.9–1.2) 1.00 (1.0–1.1) 1.30 (1.1–1.4) 1.00 (0.9–1.0)

Abbreviations are as follows: HI, hepatic impairment; INR, international normalized ratio; and NA, not applicable.
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Mean plasma concentration–time profiles (A; , mild; , moderate; and , healthy all) and individual ( ), mean ( ) and geometric mean values ( )
of the area under the plasma concentration–time curve from time 0 to infinity (AUCinf; B) of total mifamurtide in subjects with mild or moderate hepatic
impairment and in matched healthy subjects (‘healthy all’ represents the mean across all subjects in the two matched healthy subject groups)
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across the hepatic impairment groups and matched
healthy subjects, with the exception of a slower rate of
decline of mean plasma mifamurtide concentrations in
the terminal phase in subjects with moderate hepatic
impairment.

Descriptive statistics of pharmacokinetic parameters of
total mifamurtide by hepatic function group are shown in
Table 4. Geometric mean values of AUCinf, Cmax and CL of
total mifamurtide were similar between subjects with mild
or moderate hepatic impairment and their respective
matched healthy subject groups with normal hepatic func-
tion. The mean t1/2 of total mifamurtide was short, ranging
from 2.02 to 2.15 h, for the mild hepatic impairment and
healthy subject groups, and was slightly longer (3.21 h) in
subjects with moderate hepatic impairment, consistent
with the observed mean plasma concentration–time
profiles. The distribution of individual values of AUCinf

(Figure 1B) and Cmax (data not shown) was generally similar,
with substantial overlap across all hepatic function groups.
The variability in pharmacokinetic parameters was low,
with the %CV in AUCinf and Cmax being <30%, for healthy
subjects and for subjects with mild hepatic impairment.

Subjects with moderate hepatic impairment showed more
variability (%CV in AUCinf of 50% and in Cmax of 48%).

Consistent with the observed distributions of indi-
vidual values of AUCinf and Cmax by hepatic function group,
the statistical model-estimated ratios (expressed as a
percentage) of geometric mean AUCinf and Cmax of total
mifamurtide for the mild hepatic impairment group in ref-
erence to the matched healthy subject group were close to
100% (Table 5); therefore, mild hepatic impairment did not
alter the pharmacokinetics of total mifamurtide following
administration of liposomal mifamurtide. The geometric
least-square mean ratio (expressed as a percentage) of
AUCinf for the moderate hepatic impairment group in
reference to the matched healthy subject group was 119%
(Table 5). Thus, moderate hepatic impairment was associ-
ated with a small (∼19%) increase in geometric mean sys-
temic exposure (AUCinf) of total mifamurtide. However, this
ratio (119%) was below the protocol-specified threshold
of 150% to require development of dose-modification
recommendations.

Mean plasma concentration–time profiles of free
mifamurtide in the hepatic function groups are shown in

Table 4
Geometric mean (%CV) plasma pharmacokinetic parameters for total and free mifamurtide by hepatic function group

Parameter, geometric mean (%CV) Mild HI (n = 9) Healthy match, mild HI (n = 9) Moderate HI (n = 8)
Healthy match,
moderate HI (n = 10)

Total mifamurtide

AUCinf (nM h) 104 (29) 98.8 (15) 103 (50) 86.8 (17)*

Cmax (nM) 94.2 (23) 96.4 (18) 92.4 (48) 81.3 (24)

t1/2 [h; mean (SD)] 2.02 (0.291) 2.15 (0.308) 3.21 (1.27) 2.14 (0.322)*

CL (ml min−1) 520 (29) 546 (16) 522 (38) 621 (18)*

Vss (l) 24.8 (27) 22.3 (19) 38.9 (55) 28.4 (24)*
Free mifamurtide

AUCinf (nM h) 23.8 (38) 16.2 (19) 24.9 (71) 17.0 (44)
Cmax (nM) 8.65 (28) 5.85 (26) 6.21 (60) 5.67 (32)
t1/2 [h; mean (SD)] 1.99 (0.329) 2.25 (0.504) 3.15 (0.939) 2.27 (0.460)
Tmax [h; median (range)] 1.00 (1.0–1.3) 1.00 (0.8–1.0) 1.00 (1.0–1.1) 1.00 (0.8–1.0)

Abbreviations are as follows: AUCinf, area under the plasma concentration–time curve from time 0 to infinity; CL, clearance; Cmax, maximal concentration; CV, coefficient of variation;
HI, hepatic impairment; Tmax, time to first occurrence of maximal concentration; t1/2, terminal half-life; and Vss, volume of distribution at steady state. *n = 9.

Table 5
Statistical analysis of total mifamurtide pharmacokinetic parameters by hepatic function group

Parameter Comparison Geometric least-square mean ratio (%) 90% CI (%)

AUCinf (nM h) Mild vs. healthy (mild-matched) 105 (83.6, 132)

Moderate vs. healthy (moderate-matched) 119 (94.1, 151)
Cmax (nM) Mild vs. healthy (mild-matched) 97.8 (78.5, 122)

Moderate vs. healthy (moderate-matched) 114 (91.1, 142)

Abbreviations are as follows: AUCinf, area under the plasma concentration–time curve from time 0 to infinity; CI, confidence interval; and Cmax, maximal concentration.
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Figure 2A. There was a small increase in mean plasma con-
centrations of free mifamurtide in the hepatic impairment
groups relative to the healthy subjects, with a slower
rate of decline of mean plasma concentrations of free
mifamurtide in the terminal phase in subjects with
moderate hepatic impairment. Descriptive statistics of
pharmacokinetic parameters of free mifamurtide by
hepatic function group are summarized in Table 4, with
individual and geometric mean values for AUCinf of free
mifamurtide shown in Figure 2B. The systemic exposure
(AUCinf) of free mifamurtide ranged from 16.2 to 24.9 nM h
across the hepatic function groups; corresponding esti-
mates of AUCinf of total mifamurtide ranged from 86.8 to
104 nM h, indicating that free mifamurtide systemic expo-
sure is approximately one-sixth to one-quarter of the
corresponding total mifamurtide exposure. Across the
hepatic function groups, geometric mean values of Cmax of
free mifamurtide were similar when viewed in the context
of variability (%CV in Cmax, 28–60%). Consistent with the
observed concentration–time profiles, geometric mean
values of AUCinf in the mild and moderate hepatic impair-
ment groups were 46–47% higher than those observed in
the respective matched healthy subject groups. However,
the magnitude of increase in exposures was small (<50%),
and there was substantial overlap in free mifamurtide
exposures across the hepatic function groups (Figure 2B).
The mean t1/2 of free mifamurtide was short and similar to
that observed for total mifamurtide, ranging from 1.99 to
2.27 h across the mild hepatic impairment and healthy
subject groups, and was slightly longer, at 3.15 h, for the

moderate hepatic impairment group, consistent with the
observed concentration–time profiles.

Pharmacodynamics
Descriptive statistics of pharmacodynamic parameters are
shown in Table 6. Increases in the serum concentrations of
IL-6 and TNF-α were observed after liposomal mifamurtide
infusion. The time courses of the median change from
baseline in serum concentrations of IL-6 and TNF-α by
hepatic function group are shown in Figures 3A and 4A,
respectively, with individual and median values of
AUEClast graphically depicted by hepatic function group in
Figures 3B and 4B, respectively.

Maximal increases in serum concentrations of IL-6 and
TNF-α generally occurred 3–4 h or by 3 h, respectively,
after the infusion was initiated, returning towards baseline
at 7 h following initiation of infusion. Although all subjects
showed increases in serum IL-6 and TNF-α following
liposomal mifamurtide infusion, the variability in baseline-
adjusted pharmacodynamic parameters was high, with a
10- to 41-fold range in individual values of AUEClast and a
9- to 23-fold range in individual values of Eobs,max for IL-6
across the hepatic function groups and, respectively,
a 5- to 12-fold range for AUEClast and an 8- to 20-fold
range for Eobs,max for TNF-α. The baseline-adjusted IL-6 and
TNF-α pharmacodynamic parameters were generally
similar across hepatic function groups when viewed in the
context of the observed pharmacodynamic variability.

According to the protocol-specified sampling scheme,
CRP was measured only before dose administration and at
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24 and 72 h postdose, which did not permit calculation of
AUEClast. Median changes from baseline in serum concen-
trations of CRP over time are shown in Figure 5A, with
individual and median values of Eobs,max graphically
depicted by hepatic function group in Figure 5B. Although
all subjects across the hepatic function groups displayed
treatment-related increases in serum CRP concentrations,
the median values of change from baseline CRP over time
and the baseline-adjusted Eobs,max for increases in serum
CRP were generally lower in the mild and moderate
hepatic impairment groups when compared with the
respective matched healthy subject groups. This differ-
ence was particularly pronounced in moderate hepatic
impairment, where there was a clearly discernible reduc-

tion in the effect of liposomal mifamurtide on serum CRP
concentrations, with Eobs,max values in six of seven subjects
in the moderate hepatic impairment group being below
the lower limit of the range of Eobs,max values in the corre-
sponding matched healthy subject group. These observa-
tions are consistent with the liver being the major organ of
CRP synthesis [19].

Safety
Thirty-six of the 37 subjects (96%) had at least one drug-
related AE. Drug-related AEs by hepatic function group are
summarized in Table 7. No grade 4 AEs, serious AEs or
deaths occurred during the study. Across the hepatic func-
tion groups, all AEs were of grade 1 or 2 in all subjects who

Table 6
Baseline-adjusted pharmacodynamic parameters for interleukin-6, tumour necrosis factor-α and C-reactive protein (pharmacodynamics population) by
hepatic function group

Parameter Mild HI (n = 9)
Healthy match, mild
HI (n = 9) Moderate HI (n = 8)

Healthy match, moderate
HI (n = 10)

Median AUEClast [pg h ml−1 (range)]

Interleukin-6 4880 (1220–12 500) 3650 (1510–18 500) 4980 (851–34 700) 3150 (961–11 600)

Tumour necrosis factor-α 6900 (1670–14 600) 3870 (1570–13 300) 4250 (2470–30 200) 5200 (2510–12 500)
Median TEobs,max [h (range)]

Interleukin-6 3.03 (3.0–4.0) 4.00 (3.0–4.0) 3.50 (3.0–4.1) 3.00 (3.0–4.2)
Tumour necrosis factor-α 3.0 (2.0–3.3) 3.00 (3.0–4.0) 3.00 (2.0–3.0) 3.00 (2.0–3.0)

Median Eobs,max (range)

Interleukin-6 (pg ml−1) 1620 (457–4100) 1330 (482–6560) 1780 (444–10 000) 1150 (348–4230)

Tumour necrosis factor-α (pg ml−1) 2580 (416–8220) 1050 (493–5730) 1120 (446–6450) 2080 (685–5340)

C-Reactive protein (mg dl−1) 2.02 (1.0–8.9) 5.14 (3.2–7.5) 1.54 (0.7–5.5)* 4.97 (2.9–7.6)†

Abbreviations are as follows: AUEClast, area under the effect–time curve from time 0 to time of the last point of quantifiable effect; Eobs,max, observed maximal effect; HI, hepatic
impairment; and TEobs,max, time of first occurrence of Eobs,max. *n = 7. †n = 9.
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were administered the protocol-specified 4 mg dose of
liposomal mifamurtide. A single grade 3 drug-related AE,
of orthostatic hypotension, occurred in the subject in the
mild-matched healthy subject group who accidentally
received 6.96 mg of mifamurtide. The most common drug-
related AEs (≥25% subjects) were headache (73%),
chills (70%), nausea (41%), orthostatic hypotension (38%),
pyrexia (35%), tachycardia (32%) and vomiting (27%).
None of the subjects in the moderate hepatic impairment
group reported pyrexia or vomiting relative to three to six

subjects (pyrexia) or two to four subjects (vomiting) in
each of the other groups. No other notable differences
were seen between treatment groups for these common
AEs.

Discussion

This study was designed to evaluate the pharmacokinetics,
pharmacodynamics and safety of liposomal mifamurtide
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in subjects with mild (Child-Pugh Class A) or moderate
(Child-Pugh Class B) hepatic impairment in comparison to
age-, weight- and sex-matched healthy subjects with
normal hepatic function. As this study was performed in
an adult population, a fixed dose of 4 mg of liposomal
mifamurtide was administered to all subjects via intrave-
nous infusion over 1 h, selected to approximate the rec-
ommended clinical dose of 2 mg m−2 that is administered
to paediatric, adolescent and adult patients with osteosa-
rcoma [7, 14]. The use of otherwise healthy subjects with
mild or moderate hepatic impairment and matched
healthy subject groups in this study was supported by
prior clinical experience with liposomal mifamurtide in
healthy adult volunteers that supported the safety of a
single 4 mg dose of liposomal mifamurtide in healthy adult
volunteers [10]. Importantly, data from the MTP-OS-403
study in paediatric, adolescent and adult patients with
osteosarcoma [14, 15] and the MTP-OS-402 study in
healthy adult volunteers [10] indicate similar pharma-
cokinetic properties, specifically BSA-normalized clearance
of mifamurtide, in osteosarcoma patients and in healthy
adults. These data supported the evaluation of the effect
of hepatic impairment on the pharmacokinetics of
liposomal mifamurtide in an adult volunteer population in
this study to inform dosing of osteosarcoma patients with
mild or moderate hepatic impairment. Evaluation of
single-dose pharmacokinetics was supported by a short
half-life of mifamurtide of approximately 2 h [10] and the
previously demonstrated lack of accumulation following
twice-weekly repeat-dose administration [20].

This study characterized the plasma pharmacokinetics
of both total (sum of liposome-associated and non-
liposome-associated) mifamurtide and free (nonliposome-
associated) mifamurtide. Total mifamurtide displayed
biphasic disposition kinetics. Free mifamurtide concentra-

tions were substantially lower than total mifamurtide
concentrations during the infusion and immediate
postinfusion period, although the differences in concen-
trations of total vs. free mifamurtide were less pronounced
in the terminal disposition phase, where both total and
free mifamurtide concentrations declined with similar ter-
minal half-lives of 2 h. The mean overall exposure (AUCinf)
of free mifamurtide was approximately one-sixth to one-
quarter of that of total mifamurtide.

Mild or moderate hepatic impairment did not
produce any clinically meaningful effects on the phar-
macokinetics of total mifamurtide. There was no effect of
mild hepatic impairment on total mifamurtide AUCinf or
Cmax. The statistical model-estimated ratios (expressed as
a percentage) of geometric mean AUCinf and Cmax of total
mifamurtide for mild hepatic impairment in reference to
the matched normal hepatic function group were close
to 100%, with 90% CIs that included 100%. Moderate
hepatic impairment was associated with a small (∼19%)
increase in geometric mean systemic exposure (AUCinf)
and a longer mean t1/2 of 3.21 h, vs. 2.14 h in the matched
healthy subjects for total mifamurtide. The geometric
least-square mean ratio (expressed as a percentage) of
AUCinf for moderate hepatic impairment in reference to
the matched normal hepatic function group was 119%
(90% CI, 94.1–151%). This ratio was below the protocol-
specified threshold of 150% (i.e. a 50% increase in total
systemic exposure) to require development of dose-
modification recommendations for patients with mild or
moderate hepatic impairment. Additionally, the upper
limit of the associated 90% CI for this ratio was close to
150% and did not exceed 200%, supporting adequate
precision in its estimation to support the conclusion that
there is no clinically significant effect of moderate hepatic
impairment on the exposure of total mifamurtide

Table 7
Most common all-grade, treatment-emergent, drug-related adverse events (≥10% subjects in total)

Adverse event [n (%)]
Mild HI
(n = 9)

Healthy match,
mild HI (n = 10)

Moderate
HI (n = 8)

Healthy match,
moderate HI (n = 10) Total (n = 37)

Headache 7 (78) 9 (90) 5 (63) 6 (70) 27 (73)
Chills 8 (89) 8 (80) 4 (50) 6 (60) 26 (70)

Nausea 5 (56) 4 (40) 2 (25) 4 (40) 15 (41)
Orthostatic hypotension 3 (33) 5 (50) 4 (50) 2 (20) 14 (38)

Pyrexia 6 (67) 4 (40) 0 3 (30) 13 (35)
Tachycardia 2 (22) 3 (30) 2 (25) 5 (50) 12 (32)

Vomiting 2 (22) 4 (40) 0 4 (40) 10 (27)
Influenza-like illness 1 (11) 2 (20) 3 (38) 3 (30) 9 (24)

Dizziness 2 (22) 1 (10) 1 (13) 3 (30) 7 (19)
Hypotension 3 (33) 1 (10) 0 2 (20) 6 (16)

Myalgia 2 (22) 3 (30) 0 0 5 (14)
Fatigue 1 (11) 3 (30) 0 0 4 (11)

Sinus tachycardia 1 (11) 2 (20) 0 1 (10) 4 (11)
Back pain 2 (22) 1 (10) 0 1 (10) 4 (11)

Abbreviation is as follows: HI, hepatic impairment.
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following liposomal mifamurtide administration. Lipo-
somal mifamurtide has a wide therapeutic range. The
clinical dose of 2 mg m−2 represents the optimal biologi-
cal dose for activation of monocyte tumouricidal activity
and is two to three times below the maximal tolerated
dose of 4–6 mg m−2 [3, 11]. Therefore, this observed 19%
increase in geometric mean total mifamurtide exposure is
not expected to be of any clinical relevance.

As with total mifamurtide, there were no clinically
meaningful effects of mild or moderate hepatic impair-
ment on the pharmacokinetics of free mifamurtide. Mild
and moderate hepatic impairment were associated with
a small increase in mean systemic exposures of free
mifamurtide, although the magnitudes of these increases
were less than 50%. Viewed in the context of the wide
therapeutic range of liposomal mifamurtide, it can be con-
cluded that these relatively small observed changes in free
mifamurtide exposures are not expected to be of clinical
relevance.

The expected pharmacodynamic effects of liposomal
mifamurtide were observed in this study, characterized by
postinfusion increases in serum concentrations of the pro-
inflammatory cytokines IL-6 and TNF-α, as well as CRP,
consistent with the pharmacological mechanism of action
of liposomal mifamurtide and with findings in the previous
studies of liposomal mifamurtide [14, 15]. Consistent with
previously noted observations in healthy adult volunteers
[10], the variability in these pharmacodynamic effects and
associated parameters (AUEClast and Eobs,max) was greater
than the variability in pharmacokinetics. When viewed in
the context of observed pharmacodynamic variability,
there were no consistent or meaningful effects of mild or
moderate hepatic impairment on the pharmacodynamics
effect parameters characterizing increases in serum IL-6
and TNF-α following liposomal mifamurtide infusion. In
contrast to the effects of liposomal mifamurtide on IL-6
and TNF-α, which were similar across the hepatic function
groups, the magnitude of increase in serum CRP was sub-
stantially decreased in the moderate hepatic impairment
group when compared with the corresponding magni-
tude of this effect in the matched healthy subject group.
This observation is consistent with the liver being the main
organ of synthesis of CRP [19], such that moderate hepatic
impairment would compromise the capacity of the liver to
synthesize this acute-phase protein in response to pro-
inflammatory cytokines, including IL-6, released following
liposomal mifamurtide administration. For example, a
study of postsurgical increases in serum CRP following
varying levels of hepatic resection showed an inverse
association between serum CRP response and the extent
of hepatic tissue resection [21]. Therefore, the dampened
CRP response following treatment with liposomal
mifamurtide in subjects with moderate hepatic impair-
ment is probably explained by physiological reasons
related to the underlying hepatic impairment in sub-
jects with Child-Pugh Class B chronic liver impairment.

Nevertheless, the similarity in treatment-related IL-6 and
TNF-α responses across the hepatic function groups indi-
cates the lack of an effect of mild or moderate hepatic
impairment on these proximal immunostimulatory end-
points of primary pharmacodynamic effects of liposomal
mifamurtide.

The AE profile observed in this study was generally
consistent with the pharmacological mechanism of action
of mifamurtide and previous clinical experience with
liposomal mifamurtide in an adult volunteer population
[10]. The most common drug-related AEs (≥25%) in this
study were headache, chills, nausea, orthostatic hypoten-
sion, pyrexia, tachycardia and vomiting. These physiologi-
cal responses are consistent with the immunostimulatory
pharmacodynamic effects of mifamurtide and the
observed increases in serum concentrations of pro-
inflammatory cytokines IL-6 and TNF-α. None of the sub-
jects in the moderate hepatic impairment group reported
pyrexia or vomiting relative to three to six subjects
(pyrexia) or two to four subjects (vomiting) in each of the
other groups. No other differences were noted between
treatment groups for the other common events.

The results of this study collectively support the
conclusion that mild or moderate hepatic impairment
does not produce clinically meaningful effects on the
clinical pharmacokinetics or pharmacodynamics of
mifamurtide. Based on these findings, no dose modifica-
tions based on hepatic function appear necessary for
patients with mild or moderate hepatic impairment
based on clinical pharmacological considerations. The
findings from this study have resulted in an update to
the EU Summary of Product Characteristics for MEPACT
(liposomal mifamurtide) [7].
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