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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Interleukin (IL)-6 is a cytokine known for

pleiotropic and pro-inflammatory functions. IL-6
is involved in various disease processes including
lupus erythematosus, rheumatoid arthritis, insulin
resistance and malignancy.

• Anti-IL-6 receptor therapy has recently been
demonstrated to be effective in the treatment of
patients with rheumatoid arthritis.

WHAT THIS STUDY ADDS
• Sirukumab, a human monoclonal antibody

against soluble IL-6, has been found to bind to
human IL-6 with high affinity and specificity and
thus suppress the biological activity of IL-6.
Preclinical studies have demonstrated the safety
of sirukumab in cynomolgus monkeys, a
toxicologically relevant animal species, following
repeated intravenous and subcutaneous
administrations.

• This study shows that sirukumab has desirable
pharmacokinetic characteristics (linear
pharmacokinetics with long half-life), a low
incidence of immunogenicity and a
well-tolerated safety profile in healthy subjects,
supporting further development of sirukumab as
a potentially valuable therapeutic agent.

AIMS
To assess the safety, tolerability, pharmacokinetics (PK) and immunogenicity of
sirukumab (CNTO 136) following intravenous (i.v.) infusion in healthy subjects.

METHODS
Forty-five healthy adult subjects (38 men and seven women) were randomly assigned
to receive a single i.v. dose of placebo or sirukumab (0.3, 1, 3, 6 or 10 mg kg-1 in a
dose-escalating manner). All treated subjects were observed for 96 h post infusion
and underwent 20-week follow-up evaluations. Serum samples were collected to
measure sirukumab concentrations, pharmacodynamic biomarkers and antibodies to
sirukumab. Non-compartmental analysis and population PK modelling were
conducted to characterize the PK of sirukumab.

RESULTS
Adverse events were generally brief in duration, mild or moderate in intensity and
non-dose-dependent. No serious adverse events were observed in the
sirukumab-treated subjects. Both Cmax and AUC(0,•) increased in an approximately
dose-proportional manner. Median terminal half-life ranged from 18.5 to 29.6 days. A
two-compartment model adequately described the PK of sirukumab following i.v.
administration. Population estimates for the clearance (CL), the central volume of
distribution (V1), the inter-compartmental clearance (Q) and the peripheral volume of
distribution (V2) were 0.364 l day-1, 3.28 l, 0.588 l day-1 and 4.97 l, respectively.
Compared with placebo subjects, a sustained decrease from baseline in C-reactive
protein was observed in all sirukumab-treated dose groups, although no clear
dose–response relationship was observed. No subjects were positive for antibodies to
sirukumab.

CONCLUSIONS
Sirukumab had a well-tolerated safety profile, desirable PK characteristics and a low
incidence of immunogenicity following an i.v. infusion of 0.3 to 10 mg kg-1 in healthy
subjects.
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Introduction

Interleukin (IL)-6 is a cytokine known for pleiotropic and
pro-inflammatory functions [1, 2]. The physiological and
pathological role of IL-6 has been illustrated in many in
vitro and in vivo studies collectively suggesting that IL-6
induces the differentiation of B cells into antibody-
producing cells, promotes the development of cytotoxic T
cells, affects macrophage differentiation [3], increases
hepatic acute-phase reactants and promotes mesangial
cell proliferation, keratinocyte growth, megakaryocytic dif-
ferentiation and thrombosis [4]. IL-6 concentrations are
increased in obesity and increased concentrations of IL-6
also correlate with insulin resistance [5]. Mice deficient
in IL-6 have a normal phenotype, are viable and fertile,
but have a slightly decreased number of T cells and a
decreased acute-phase protein response to tissue injury
[6]. In contrast, transgenic mice that overexpress IL-6 in the
brain develop neurologic diseases such as neurodegenera-
tion, astrocytosis and proliferative angiopathy [7]. Treat-
ment with an anti-murine IL-6 monoclonal antibody has
been shown to reduce the incidence and severity of arthri-
tis in an animal model of collagen-induced arthritis [8]. In
humans, IL-6 is a known component in the pathogenesis of
a wide variety of disease processes including lupus erythe-
matosus [9], rheumatoid arthritis [10], anaemia of chronic
inflammation [11], insulin resistance [12] and cancer [13].
The development of therapies for these areas of unmet
medical needs is highly desirable. Tocilizumab, a mono-
clonal antibody that targets the IL-6 receptor, has been
approved for the treatment of rheumatoid arthritis [14].

Sirukumab (formerly known as CNTO 136) is a human
anti-IL-6 monoclonal antibody currently under develop-
ment by Centocor Research & Development, Inc. It binds to
IL-6 and inhibits IL-6-mediated signal transducers and acti-
vation of transcription-3 phosphorylation (STAT-3), a key
component in the IL-6 signalling pathway [15]. Sirukumab
has a high affinity and specificity for binding to IL-6 and, as
a result,attenuates the biological activity of the cytokine. In
addition, IL-6 has been identified as the primary inducer of
C-reactive protein (CRP) synthesis by hepatocytes [16, 17].
Therefore, CRP suppression may serve as a surrogate phar-
macodynamic (PD) biomarker for the inhibition of serum
IL-6 bioactivity [18].

The objectives of this first-in-human study were to
evaluate the safety, tolerability, pharmacokinetics (PK) and
immunogenicity of a single, dose-ascending intravenous
(i.v.) infusion of sirukumab in healthy subjects.

The proposed starting dose of sirukumab was
0.3 mg kg-1 and the proposed highest dose was 10 mg kg-1

for this study. Based on a 3-month toxicology study, no
adverse effects in clinical signs, food consumption, body-
weight, physical examinations, vital signs, electrocardio-
grams and laboratory tests were observed in cynomolgus
monkeys following weekly i.v. administration of sirukumab
at doses of 10 mg kg-1 and 50 mg kg-1 (unpublished data).

As a result, the no observed adverse effect level in
monkeys was considered to be greater than 50 mg kg-1.
The starting dose in humans (0.3 mg kg-1) was expected to
have minimal pharmacological activity and to result in a
drug exposure value predicted to be approximately 60
times lower than the mean steady-state exposure seen in
monkeys following the 50 mg kg-1 dose. The highest dose
of 10 mg kg-1 was predicted to have exposures of approxi-
mately 54% of the mean steady-state exposure observed
with the 50 mg kg-1 i.v. dose in the 3-month toxicology
study.

Methods

Study subjects
Healthy men, 18 to 45 years of age, and healthy women, 18
to 55 years of age, were considered eligible if they had no
clinically relevant abnormalities as determined by medical
history, physical examination, vital signs, serum chemistry,
haematology, coagulation tests, urine dipstick and 12-lead
electrocardiogram. Subjects were prohibited from the use
of medication for concomitant illness within 2 weeks prior
to randomization and from the use of over-the-counter
[except paracetamol (acetaminophen) or pre-existing mul-
tivitamin use], herbal or ‘natural’ medications from 14 days
prior to randomization until the completion of the study.
Female subjects had to be of non-childbearing potential
and had a negative pregnancy test on entry into the study.

The Ravenscourt Ethics Committee (Ravenscourt Park,
London, UK) approved the protocol and written informed
consent documents. The study was conducted in accor-
dance with the Declaration of Helsinki and the regulations
established in the USA for the Protection of Human Sub-
jects (United States Code of Federal Regulations Title 21,
Part 56) by Richmond Pharmacology Ltd at Mayday Hospi-
tal (Croydon, UK). All subjects provided informed consent
before participating in any study-related procedures.

Study design and treatment
This study was conducted as a double-blind, placebo-
controlled, ascending single-dose study in healthy sub-
jects. Forty-five healthy adult subjects (38 men and seven
women) were enrolled in six dose cohorts (cohort 1:
0.3 mg kg-1; cohort 2: 1 mg kg-1; cohort 3: 3 mg kg-1; cohort
4: 6 mg kg-1; cohort 5: 6 mg kg-1 in women only; cohort 6:
10 mg kg-1), and dose escalation occurred in a staggered
parallel fashion. Cohort 5 consisted of only women in order
to ensure the evaluation of safety, tolerability and PK of
sirukumab in women, who comprise the majority of
patients with lupus erythematosus [19] or rheumatoid
arthritis [20], two potential target disease populations for
sirukumab. In cohorts 1 to 4, a total of eight subjects each
were randomized in a 6:2 ratio to receive a single i.v. infu-
sion of either sirukumab or placebo. Cohort 5 comprised
seven female subjects (six assigned to sirukumab, one to
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placebo). Cohort 6 comprised six subjects (four assigned to
sirukumab, two to placebo). The study agent was adminis-
tered in a 10-min i.v. infusion to cohorts 1 to 5, and in a
15-min i.v. infusion to cohort 6 as this cohort received the
highest dose (10 mg kg-1) of sirukumab. The decision to
proceed to each higher-dose cohort was made based on
review of acute safety data collected for 4 days after study
agent administration from the previous dose cohort.

Safety assessments
Subjects were monitored for 20 weeks after administration
of the study agent. All treated subjects were observed in
a hospital setting for 96 h post infusion and underwent
follow-up evaluations at 1, 2, 3, 4, 6, 8, 10, 12, 14, 16 and 20
weeks after administration of study agent. Safety assess-
ments included monitoring for all adverse events (AEs) and
examination of vital signs, electrocardiograms and labora-
tory parameters.All untoward events, including serious AEs
(SAEs), occurring between the time of obtaining informed
consent and the 20-week study follow-up, were recorded
regardless of whether they were considered study-related.
The severity of an AE and its relationship to the study agent
were determined by the investigators, who were blinded
to the treatment assignments. A safety-evaluable subject
was defined as any subject who received a dose of siruku-
mab or placebo.

Pharmacokinetic sampling and bioanalysis
For the measurement of sirukumab in the serum, blood
samples were obtained prior to study agent infusion, at the
completion of the infusion and at 1, 2, 4, 8, 24, 48, 72 and
96 h after infusion. Additional blood samples for the mea-
surement of sirukumab were obtained at 1, 2, 3, 4, 6, 8, 10,
12, 14, 16 and 20 weeks after study agent administration.

Serum sirukumab concentrations were determined
using a validated electrochemiluminescent immunoassay.
Using this assay, the lowest quantifiable concentration
in a sample after a twofold minimum dilution was
0.08 mg ml-1. The intra- and inter-assay precision values,
expressed as per cent coefficient of variation (%CV), were
5.21% and 8.44%, respectively.

Non-compartmental pharmacokinetic analysis
Non-compartmental analysis (NCA) using WinNonlin®
(Version 4.1, Pharsight Corporation, Mountain View, CA,
USA) was used to determine the PK parameters of siruku-
mab following a single i.v. infusion. The maximum serum
concentration (Cmax) was obtained from inspection of the
individual serum concentration–time data. The terminal
elimination rate constant (lz) was determined by least-
squares regression analysis of the log-linear portion of the
terminal phase. The area under the serum concentration–
time curve from time zero to infinity [AUC(0,•)] was deter-
mined as AUC(0,tz) + Cz/lz, where Cz is the last measurable
serum concentration at time tz. The terminal half-life (t1/2)
was calculated as 0.693/lz. The total systemic clearance

(CL) was determined by dividing the dose by the AUC(0,•).
The volume of distribution based on the elimination phase
(Vz) was determined as dose/[lz ¥ AUC(0,•)].

Population pharmacokinetic analysis
The phase 1 PK data were analysed using a population
PK approach to develop a compartmental model for
simulations of new dosing regimens and to quantify the
inter-individual variability (IIV) for the PK parameters of
sirukumab.

The PK data were analysed using non-linear mixed-
effects modelling with the NONMEM software system
(Version 7.1, ICON Development Solutions, Ellicott City,
MD, USA). The first-order conditional estimation (FOCE)
with interaction method was applied to all models tested.
Models were accepted only if they yielded a successful
covariance step with PK parameters consistent with prior
knowledge.The selection of competing models was based
on minimization of the objective function value (OFV), the
Akaike information criterion (AIC), the precision and plau-
sibility of parameter estimates and a variety of goodness-
of-fit plots.

The final PK model was identified by comparing
different structural models (e.g. one- vs. two-compartment
models, two- vs. three-compartment models) with differ-
ent elimination functions (e.g. first-order elimination, par-
allel first-order elimination, Michaelis-Menten elimination).
Exponential models were used to fit IIV (h) in the PK param-
eters, as log-normal distribution is assumed for IIV in PK
parameters. Correlation between two or more IIVs was
also considered. The estimate of IIV was expressed as an
approximate %CV. Several residual error models with dif-
ferent combinations of additive and/or proportional
variance were examined during model development.
The estimate of proportional error was expressed as an
approximate %CV, and that of additive error was expressed
as a standard deviation (SD).

Demographic characteristics (bodyweight, body sur-
face area, age, gender and race) and baseline concentra-
tions for several inflammatory biomarkers (CRP, IL-6,
soluble (s) IL-6 receptor,CD40 ligand,vascular cell adhesion
molecule-1, adiponectin, tumour necrosis factor (TNF) a
and sTNFa receptor) were available in these healthy
subjects. Due to the narrow distributions in demographic
characteristics (e.g. small sample size, narrow ranges in age
and weight, predominance of Caucasian race) and baseline
biomarker concentrations for the healthy subjects enrolled
in this study, a meaningful covariate analysis could not be
performed. Nevertheless, body size has been identified as
the most significant covariate on the PK (clearance and
volume of distribution) of many monoclonal antibodies
[21].Therefore, the effects of bodyweight on the PK of siru-
kumab were still assessed using allometric equations, with
the exponents for CL and Q fixed to 0.75, and the expo-
nents for V1 and V2 fixed to 1.
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Non-parametric bootstrap analysis [22, 23] and visual
predictive checks [24] were performed on the final popu-
lation PK model of sirukumab to test for model robustness,
such as the precision of PK parameter estimates, model
stability and predictability. The diagnostic plots and visual
predictive checks were created using PSN 3.0.0 and Xpose
4.0.4 (Uppsala University, Uppsala, Sweden).

Pharmacodynamics
Serum samples were obtained for the high-sensitivity
measurement of CRP at baseline (i.e. prior to study agent
administration and at weeks 1, 2, 4, 8, 12, 16 and 20 after
study agent administration). A highly sensitive immuno-
turbidimetric assay (Roche Diagnostics, Indianapolis, IN,
USA) was used to detect CRP concentrations with a lower
limit of quantification (LLOQ) of 0.1 mg l-1. The CRP assay
was performed by The Doctors Laboratory (London, UK).

Because the high-sensitivity data on CRP revealed the
best pharmacodynamic response among the aforemen-
tioned inflammatory biomarkers, only data on CRP sup-
pression are described in this manuscript.

Immunogenicity assessment
The development of antibodies to sirukumab was deter-
mined from serum samples obtained prior to and follow-
ing study agent administration at weeks 6 and 20.
Antibodies to sirukumab were determined using a vali-
dated antigen bridging enzyme immunoassay. Briefly, the
sera were screened and the optical densities (ODs) of the
test samples were compared with an assay cut-off OD of
0.115 units. Potentially positive samples along with the
subject’s pre-treatment sample were then tested for titre.
The specificity of the response to sirukumab was assessed
by the addition of soluble sirukumab. Binding was consid-
ered to be specific for sirukumab if the test sample OD was
reduced by at least 50% after pre-incubation with soluble
sirukumab. Each assay performed also included positive
and negative control samples. Subjects were classified as
positive for antibodies to sirukumab if any post-treatment
sample test result was above the assay cut-off OD. Subjects
were classified as negative if antibodies to sirukumab were
not detected in any post-treatment samples (i.e. all test
results were below the assay cut-off OD).

Results

Study population
Forty-five healthy subjects were enrolled and comprised
the safety-evaluable population. Subjects randomly
assigned to cohorts 1 to 4 (0.3 mg kg-1,1 mg kg-1,3 mg kg-1,
6 mg kg-1) received the study agents per protocol, with
each cohort consisting of six sirukumab-treated subjects
and two placebo-treated subjects. Three subjects, one
subject randomized to cohort 5 (6 mg kg-1, women only)
and two subjects randomized to cohort 6 (10 mg kg-1)

were not dosed due to technical reasons. Consequently,
seven subjects were included in cohort 5, with six subjects
receiving sirukumab and one subject receiving placebo,
and cohort 6 (10 mg kg-1) included six subjects, with four
sirukumab-treated subjects and two placebo-treated sub-
jects. There were no safety findings that influenced the
decision not to dose these individuals, and these subjects
were not replaced with the enrolment of new subjects in
the study population. Although per protocol cohorts 1 to 4
and cohort 6 (10 mg kg-1) allowed participation of both
men and women, only men participated.

For the purpose of data analysis, placebo-treated sub-
jects from each dose cohort were combined as the placebo
treatment group (n = 11). The distribution of age, weight,
race and gender for each treatment group is shown in
Table 1.Overall, the study population included seven (16%)
women and 38 (84%) men.The median age of the subjects
was 30 years (range 18–54 years), and the median body-
weight was 71.3 kg (range 49–99 kg). The majority of
subjects were Caucasian (n = 32, 71%).There were no note-
worthy differences between cohorts in demographic char-
acteristics with the exception of cohort 5, which comprised
female subjects of non-childbearing potential with a
median age of 49.5 years.

Safety and tolerability
Adverse events A summary of AEs that occurred in two or
more sirukumab-treated subjects is presented in Table 2.

Of the sirukumab-treated subjects, 19 (55.9%) of 34 had
one or more AEs that appeared to be independent of the
dose administered. Eight (72.7%) of 11 placebo-treated
subjects had one or more AEs.Pharyngolaryngeal pain was
the most common AE (seven subjects) and occurred in five
sirukumab-treated subjects and two placebo-treated sub-
jects.All AEs of pharyngolaryngeal pain were considered by
the investigator to be of mild intensity and were resolved by
each subject’s completion of the study.One SAE occurred in
a subject in the placebo group. Twenty-nine days after the
administration of study agent, a 43-year-old Caucasian
woman had a fall that resulted in a severe left calcaneum
fracture for which she underwent surgery (subtalar fusion
with bone graft).The SAE was not considered related to the
study agent and resolved prior to the subject’s completion
of the study. No deaths occurred during the study period
and no subjects withdrew from the study due to an AE.

Infections Five (14.7%, 5/34) sirukumab-treated subjects
and four (36.7%, 4/11) placebo subjects experienced infec-
tions or infestations. The types of infections or infestations
reported by the sirukumab-treated subjects were
nasopharyngitis (three subjects), acarodermatitis (one
subject) and tooth abscess (one subject). None of the
reported infections was opportunistic or serious.

Allergic and infusion reactions Sirukumab administered as
a 10- to 15-min i.v. infusion at doses ranging from 0.3 to
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10 mg kg-1 was well tolerated. No anaphylaxis, severe
allergic reactions, infusion reactions or delayed hypersen-
sitivity reactions were observed. AEs such as pain, inflam-
mation and infiltration were also not observed at the
infusion sites.

Laboratory parameters, vital signs and electrocardiograms
There were no noteworthy differences in the haematology,
clinical chemistry, vital signs, urinalysis or electrocardio-
gram measurements between sirukumab- and placebo-
treated subjects or between baseline and post treatment
with sirukumab for any dose group. There were no note-
worthy differences between sirukumab and placebo or
between sirukumab doses in post and baseline median
values at any time point. Particularly, no trends were
observed in the elevation of liver transaminases or lipid
concentrations (total cholesterol, low-density lipoprotein

cholesterol, very low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol, high-density lipoprotein
subclasses, low-density lipoprotein subclasses and triglyc-
erides) in these healthy subjects. However, there was a
dose-dependent decrease from baseline counts in neutro-
phils and platelets that reached a nadir at week 4, although
median neutrophil and platelet counts remained within
normal ranges for sirukumab-treated subjects (data not
shown). Three sirukumab-treated subjects experienced
markedly abnormal low absolute neutrophil counts (ANC,
lower limit of the normal range: 2.0 ¥ 109 l-1). One subject in
the 1 mg kg-1 group had an abnormal ANC of 0.93 ¥ 109 l-1

at week 4 through all follow-up visits, one subject in the
3 mg kg-1 group had an abnormal ANC of 0.90 ¥ 109 l-1 at
week 1 through all follow-up visits and one subject in the
6 mg kg-1 group had an abnormally low ANC of 0.81 ¥
109 l-1 at week 12, which returned to within normal range

Table 1
Baseline demographic characteristics of the study population

Placebo*
(n = 11)

Cohort 1
0.3 mg kg-1

(n = 6)

Cohort 2
1 mg kg-1

(n = 6)

Cohort 3
3 mg kg-1

(n = 6)

Cohort 4
6 mg kg-1

(n = 6)

Cohort 5†
6 mg kg-1

(n = 6)

Cohort 6
10 mg kg-1

(n = 4)

Age (years)
Mean � SD 28.3 � 7.1 26.5 � 7.0 23.8 � 4.3 28.7 � 5.1 23.0 � 3.7 43.2 � 13.1 28.0 � 5.7
Median 29.0 27.0 24.5 29.5 22.5 49.5 26.0
Range (min, max) (18.0, 42.0) (18.0, 36.0) (19.0, 30.0) (21.0, 35.0) (20.0, 30.0) (22.0, 54.0) (24.0, 36.0)

Weight (kg)
Mean � SD 72.3 � 10.8 78.7 � 8.5 75.1 � 12.8 69.3 � 12.4 69.7 � 8.5 65.8 � 10.3 73.3 � 10.6
Median 69.9 82.0 69.1 68.8 69.4 68.0 71.7
Range (min, max) (58.8, 96.5) (66.8, 86.5) (66.5, 98.9) (55.2, 91.0) (56.0, 79.3) (48.7, 75.3) (62.3, 87.3)

Gender, n (%)
Female 1 (9.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 6 (100) 0 (0.0)
Male 10 (90.9) 6 (100) 6 (100) 6 (100) 6 (100) 0 (0.0) 4 (100)

Ethnicity, n (%)
Caucasian 7 (63.6) 5 (83.3) 4 (66.7) 4 (66.7) 5 (83.3) 4 (66.7) 3 (75.0)
Black 1 (9.1) 0 (0.0) 1 (16.7) 0 (0.0) 1 (16.7) 1 (16.7) 1 (25.0)
Asian 1 (9.1) 1 (16.7) 1 (16.7) 0 (0.0) 0 (0.0) 1 (16.7) 0 (0.0)
Other 2 (18.2) 2 (0.0) 0 (0.0) 2 (33.3) 0 (0.0) 0 (0.0) 0 (0.0)

*Placebo subjects from each dose cohort were combined for analysis. †All female cohort. SD, standard deviation.

Table 2
Summary of all adverse events that occurred in two or more sirukumab-treated subjects by preferred term*

Placebo†
(n = 11)

Total
sirukumab
(n = 34)

Cohort 1
0.3 mg kg-1

(n = 6)

Cohort 2
1 mg kg-1

(n = 6)

Cohort 3
3 mg kg-1

(n = 6)

Cohort 4
6 mg kg-1

(n = 6)

Cohort 5‡
6 mg kg-1

(n = 6)

Cohort 6
10 mg kg-1

(n = 4)

Subjects with at least one AE, n (%) 8 (72.7) 19 (55.9) 3 (50.0) 2 (33.3) 3 (50.0) 4 (66.7) 4 (66.7) 3 (75.0)
Pharyngolaryngeal pain 2 (18.2) 5 (14.7) 0 (0.0) 0 (0.0) 1 (16.7) 2 (33.3) 2 (33.3) 0 (0.0)
Headache 2 (18.2) 3 (8.8) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (33.3) 1 (25.0)
Nasopharyngitis 3 (27.3) 3 (8.8) 0 (0.0) 1 (16.7) 0 (0.0) 2 (33.3) 0 (0.0) 0 (0.0)
Faeces discoloured 0 (0.0) 2 (5.9) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (50.0)
Acne 0 (0.0) 2 (5.9) 0 (0.0) 0 (0.0) 0 (0.0) 1 (16.7) 1 (16.7) 0 (0.0)
Dyspepsia 0 (0.0) 2 (5.9) 0 (0.0) 1 (16.7) 0 (0.0) 1 (16.7) 0 (0.0) 0 (0.0)
Back pain 1 (9.1) 2 (5.9) 1 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (25.0)

*Every subject was counted once within each preferred term. †Placebo subjects from each cohort were combined for analysis. ‡All female cohort.
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by week 16 (2.28 ¥ 109 l-1). Of note, all three subjects had
below normal ANC values at baseline, 1 day before dosing
(1.63, 1.7 and 1.69 ¥ 109 l-1, respectively). None of these low
ANC values was considered AEs by the investigator, nor
were they associated with infections.

Pharmacokinetic parameters from
non-compartmental analysis
Mean sirukumab concentration vs. time curves for subjects
in each dose group are presented in Figure 1. Following an
i.v. infusion, sirukumab serum concentrations exhibited a
typical biphasic PK profile with a relatively rapid distribu-
tion phase and a relatively slow elimination phase. Median
t1/2 values ranged from 18.5 to 29.6 days and appeared to
be independent of the dose administered.

A summary of the pharmacokinetic parameters Cmax,
AUC(0,•), t1/2, CL and Vz values for each dose cohort
is shown in Table 3. Mean Cmax concentrations of 7.9,
19.2, 60.1, 116.3:118.6 (male : female) and 248.8 mg ml-1

increased in an approximately proportional manner to
doses of 0.3, 1, 3, 6 and 10 mg kg-1, respectively. Similarly,
AUC(0,•) values increased in an approximately dose-
proportional fashion (Figure 2). Clearance appeared to be
independent of dose,with mean values ranging from 3.8 to
6.1 ml day-1 kg-1 in all cohorts. The mean volume of distri-
bution for sirukumab ranged from 121.3 to 247.6 ml kg-1.

Values for the exposure parameters Cmax and AUC(0,•)
in the all-women 6 mg kg-1 dose cohort (cohort 5) were
consistent with those from the all-men 6 mg kg-1 dose
cohort (cohort 4). Other PK parameters (e.g. t1/2, CL, Vz) in
the women-only cohort were also consistent with those
from the other male cohorts (cohorts 1 to 4 and cohort 6).
These results suggest that there were no apparent gender
differences observed in the PK parameters in this study.

Population pharmacokinetic model
A total of 616 measurable serum concentration values of
sirukumab from 34 healthy subjects were analysed using
NONMEM. Using the FOCE with interaction method, a two-
compartment model with first-order elimination and
zero-order input (i.v. infusion) was found to be superior
to other models (e.g. one-compartment model, three-
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Figure 1
Mean (�SD) sirukumab serum concentration–time profiles following a
single intravenous infusion of sirukumab in healthy subjects.

Table 3
Summary of pharmacokinetic parameters from non-compartmental analysis following a single intravenous dose of sirukumab in healthy subjects

Cohort 1
0.3 mg kg-1

(n = 6)

Cohort 2
1 mg kg-1

(n = 6)

Cohort 3
3 mg kg-1

(n = 6)

Cohort 4
6 mg kg-1

(n = 6)

Cohort 5*
6 mg kg-1

(n = 6)

Cohort 6
10 mg kg-1

(n = 4)

Cmax (mg ml-1)
Mean � SD 7.9 � 1.4 19.2 � 1.8 60.1 � 14.0 116.3 � 11.6 118.6 � 19.2 248.8 � 61.7
Median (range) 7.8 (5.8, 9.4) 18.6 (17.4, 21.7) 58.9 (42.4, 76.1) 120.0 (98.9, 128.8) 116.0 (99.5, 150.3) 223.9 (206.9, 340.5)

AUC (mg ml-1 day)
Mean � SD 82.1 � 20.4 167.3 � 23.6 540.2 � 175.2 1225 � 378.2 1262.0 � 307.0 2164.7 � 658.5
Median (range) 79.1 (58.6, 116.1) 168.8 (131.1, 193.6) 559.7 (339.8, 831.0) 1207.0 (771.0, 1891.9) 1296.0 (755.5, 1695.4) 2046.0 (1494.6, 3072.1)

t1/2 (days)
Mean � SD 23.4 � 11.1 23.1 � 9.8 18.6 � 5.2 32.4 � 12.1 24.5 � 2.6 21.8 � 5.6
Median (range) 20.9 (12.1, 42.9) 19.9 (15.9, 42.2) 18.5 (10.5, 26.6) 29.6 (14.4, 48.0) 25.0 (19.9, 28.0) 21.0 (16.1, 29.2)

CL (ml kg-1 day-1)
Mean � SD 3.8 � 0.9 6.1 � 0.9 6.1 � 2.0 5.3 � 1.6 5.1 � 1.5 4.9 � 1.4
Median (range) 3.8 (2.6, 5.1) 5.9 (5.2, 7.6) 5.4 (3.6, 8.8) 5.0 (3.2, 7.8) 4.6 (3.5, 7.9) 4.9 (3.3, 6.7)

Vz (ml kg-1)
Mean � SD 121.3 � 42.7 196.6 � 65.9 163.8 � 87.8 247.6 � 146.7 173.6 � 29.2 149.0 � 29.9
Median (range) 106.8 (89.3, 202.6) 170.4 (150.2, 321.7) 132.9 (101.1, 339.2) 201.4 (126.4, 539.4) 168.3 (142.8, 227.5) 148.8 (114.5, 183.7)

*All female cohort. SD, standard deviation.
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compartment model and PK models with a non-linear
Michaelis-Menten elimination pathway) for modelling
sirukumab PK data in regard to the goodness of fit, model
stability and plausibility of PK parameter estimates. In addi-
tion, the dose-proportionality of Cmax and AUC(0,•) with
increasing sirukumab dose also supported the use of a
linear PK model. A residual error model including additive
and proportional terms best fitted the observed data. As
expected, incorporation of bodyweight as a covariate to
the PK parameters resulted in a modest decrease (six
points) in objective function value even though the
number of parameters for the PK model was not increased,
with the exponents for the allometric functions being fixed
to 0.75 for CL and Q and to 1 for V1 and V2. The diagnostic
plots, as shown in Figure 3, suggest that the population PK
model adequately described the observed concentration–
time data of sirukumab following i.v. administration.

The parameter estimates from the final population PK
model are shown in Table 4. The population estimates
(typical value � SEM) of sirukumab PK parameters for a
patient with a standard bodyweight of 70 kg were as
follows: CL = 0.364 � 0.017 l day-1 (i.e. 46.9 � 1.5 ml
day-1 kg-1), V1 = 3.28 � 0.11 l (i.e. 5.2 � 0.2 ml kg-1), Q = 0.59
� 0.08 l day-1 (i.e. 8.4 � 1.1 ml day-1 kg-1) and V2 = 4.97 �
0.34 l (i.e. 71.4 � 4.8 ml kg-1). The IIVs for CL, V1, Q and V2

were 24.3%, 19.3%, 53.4% and 28.3%, respectively. The
volume of distribution at steady state (Vss = V1 + V2) for a
subject weighing 70 kg was 8.3 l. Based on these typical PK
parameters, the typical half-life value was estimated to be
20.9 days.

The median values for the PK parameters estimated
from 1000 successfully converged bootstrapping runs
were nearly identical to the typical parameter estimates
from the final population PK model (Table 4). Additionally,

the 95% confidence intervals (2.5th percentile, 97.5th per-
centile) of the parameter estimates were narrowly distrib-
uted. These results indicate that the final model had
adequate stability and the population PK parameters were
estimated with reasonable precision. In addition, visual
predictive check using Monte Carlo simulations showed
that the vast majority of the observed concentrations fell
within the 5th to 95th percentiles of simulated values, with
few exceptions (data not shown).Therefore, the final model
adequately described the observed sirukumab PK data.

Pharmacodynamics
A substantial per cent decrease below baseline CRP con-
centrations was observed over time in all sirukumab
cohorts compared with placebo-treated subjects
(Figure 4). There was no clear dose-dependent CRP sup-
pression by sirukumab, as the largest decrease in CRP was
observed in the 3 mg kg-1 group. Nevertheless, the median
CRP concentrations returned to baseline concentrations
for the lower-dose cohorts (0.3 mg kg-1 and 1 mg kg-1) but
not the higher-dose cohorts (3 mg kg-1, 6 mg kg-1 and
10 mg kg-1). Given the lack of a clear dose–response rela-
tionship, the development of a meaningful PK/PD model
in healthy subjects using high-sensitivity CRP as the PD
marker was not considered feasible. Nevertheless, as
shown in Figure 4, these data show that high-sensitivity
CRP concentrations could be sustainably suppressed after
i.v. administration of sirukumab.

Immunogenicity
Antibodies to sirukumab were evaluated in all subjects
prior to study agent administration and at weeks 6 and 20.
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None of the 31 subjects with appropriate samples was
classified as positive for antibodies to sirukumab through
week 20.

Discussion

The goals of this first-in-human study were to determine
the single-dose safety, pharmacokinetics, pharmacody-
namics and immunogenicity of sirukumab in healthy
subjects.

The safety results from this study demonstrate that
10- to 15-min i.v. infusions of a single i.v. dose of sirukumab
at doses ranging from 0.3 mg kg-1 to 10 mg kg-1 in 34
healthy subjects were well tolerated. No subject experi-
enced anaphylaxis, severe allergic reaction or delayed
hypersensitivity reactions. Among subjects receiving siru-
kumab, pharyngolaryngeal pain was the most commonly
reported AE. The incidences of individual AEs were
sporadic and showed no clear differences between
sirukumab- and placebo-treated subjects. Observed AEs
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were generally transient and mild to moderate in intensity.
No SAEs were observed in the sirukumab-treated subjects.

It has been reported that IL-6 can induce megakaryo-
cyte maturation and thrombocytopoiesis [25]. In addition,
IL-6 is known to demarginate neutrophils and the inhibi-
tion of IL-6 could be expected to marginate neutrophils
[26]. Transient and moderate thrombocytopenia has been

observed with treatment with other anti-IL-6 agents such
as BE-8, siltuximab and tocilizumab in patients with HIV,
lymphoma, multiple myeloma, Castleman’s disease and
rheumatoid arthritis [27–29]. In addition, changes in neu-
trophils, lipids and certain liver function tests have been
reported with tocilizumab, a recently approved humanized
anti-IL-6 receptor monoclonal antibody, in patients with
active rheumatoid arthritis [14]. In this study, treatment
with sirukumab led to a dose-dependent reduction in neu-
trophils and platelets, and three subjects who already
started the study with low ANCs showed sustained reduc-
tions in ANCs up to week 20. Such dose-dependent
decreases in neutrophil and platelet counts in sirukumab-
treated subjects would be expected pharmacodynamic
effects of anti-IL-6 treatment.

However,no substantial safety signals were observed in
clinical chemistry, haematology, vital signs or electrocar-
diogram values in the healthy subjects who received
i.v. sirukumab at doses ranging from 0.3 mg kg-1 to
10 mg kg-1. Importantly, the median neutrophil and plate-
let counts in the sirukumab-treated subjects remained
within the normal range and were not associated with
clinical manifestations of infections or bleeding. No dose-
dependent elevations of liver transaminases or lipid
concentrations were observed in the sirukumab-treated
healthy subjects. Nevertheless, in future clinical studies
with sirukumab, subjects should be monitored closely for
AEs associated with anti-IL-6 treatment such as neutrope-
nia and thrombocytopenia, elevated hepatic transami-
nases and changes of the lipid profile.

Exposure to sirukumab [Cmax and AUC(0,•)] increased
proportionally with dose. The clearance and half-life
of sirukumab appeared to be independent of dose. There-
fore, sirukumab exhibited linear pharmacokinetics over
the dose range of 0.3 mg kg-1 to 10 mg kg-1. In contrast,

Table 4
Parameter estimates from population pharmacokinetic analysis for sirukumab following intravenous administration in healthy subjects

Symbol Estimate RSE (%) 2.5th percentile 50th percentile 97.5th percentile

Pharmacokinetic parameters
CL (l day-1) q1 0.364 4.6 0.331 0.365 0.397
V1 (l) q2 3.28 3.2 3.07 3.27 3.50
Q (l day-1) q3 0.588 13.6 0.452 0.599 0.827
V2 (l) q4 4.97 6.8 4.31 4.96 5.64

Inter-individual variability (IIV)
IIV (%) on CL wCL 24.3 – 17.3 23.9 29.9
IIV (%) on V1 wVc 19.3 – 13.1 18.9 24.6
IIV (%) on Q wQ 53.4 – 22.5 52.9 110
IIV (%) on V2 wVp 28.3 – 17.9 27.8 37.3

Residual variability
Proportional error variability (%) sProp 21.7 – 17.6 21.2 24.6
Additive error (mg l-1) sAdd 0.0228 – 0.00137 0.0272 0.0605

Parameter estimates: final parameter estimates for q, w, s; RSE% = 100 ¥ (standard error/estimate); IIV (%): inter-individual variability = 100 sqrt(estimate for w2); w2: random effect
parameter that represents inter-individual variance; s2: random effect parameter that represents residual variance; CL: clearance [CL = q1 ¥ (weight/70)0.75]; V1: volume of distribution
in the central compartment [V1 = q1 ¥ (weight/70)]; Q: inter-compartmental clearance [Q = q3 ¥ (weight/70)0.75]; V2: volume of distribution in the peripheral compartment [V2 = q4

¥ (weight/70)]; 2.5th, 50th, 97.5th percentiles: 2.5th, 50th, 97.5th percentiles from 1000 bootstrapping runs.

–100

–50

0

50

100

150

0 2 4 6 8 10 12 14 16 18 20M
ed

ia
n 

%
 c

ha
ng

e 
fr

o
m

 b
as

el
in

e
in

 C
-r

ea
ct

iv
e 

pr
o

te
in

 

Time (weeks)

Placebo (n=10)

Cohort 1: 0.3 mg kg–1 (n=6)

Cohort 2: 1 mg kg–1 (n=6)

Cohort 3: 3 mg kg–1 (n=6)

Cohort 4: 6 mg kg–1 (n=6)

Cohort 5: 6 mg kg–1 (n=6, female)

Cohort 6: 10 mg kg–1 (n=4)

Figure 4
Percent change from baseline in C-reactive protein (CRP) serum concen-
tration following a single intravenous administration of sirukumab in
healthy subjects.
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tocilizumab showed non-linear pharmacokinetics [30].
These observations are in concordance with the known PK
behaviours of two categories of monoclonal antibodies
[31]: antibodies such as sirukumab against soluble anti-
gens (e.g. cytokines) and antibodies such as tocilizumab
against membrane-associated antigens (e.g. IL-6 receptor,
human epidermal growth receptor 2, epidermal growth
factor receptor). In addition, this study indicates that there
are no apparent gender differences in the PK parameters
of sirukumab.

A two-compartment linear model with zero-order
input and first-order elimination was chosen to character-
ize the PK profile of sirukumab following i.v. administra-
tion. Similar two-compartment linear models have been
used to describe the PK of other monoclonal antibodies,
such as infliximab [32], golimumab [33], rituximab [34] and
pertuzumab [35]. The volume of distribution at steady
state for sirukumab in a subject weighing 70 kg was 8.3 l.
This volume of distribution corresponds to approximately
two times the plasma volume, suggesting that sirukumab
is primarily located in the circulatory system with limited
extravascular tissue distribution. The inter-individual vari-
ability for CL, V1, Q and V2 were quantified as 24.3%, 19.3%,
53.4% and 28.3%, respectively. These variability estimates
were consistent with those for other monoclonal antibod-
ies following i.v. administration [32–35].

In the literature, a strong correlation between CRP and
IL-6 has been described in healthy subjects [36]. A sus-
tained decrease from baseline in CRP concentrations was
observed in sirukumab-treated subjects compared with
placebo-treated subjects in this study. This finding is con-
sistent with the anticipated biological activity of siruku-
mab. However, a clear dose–response relationship was not
observed with CRP suppression by sirukumab, so a mean-
ingful PK/PD relationship could not be developed. A
possible explanation for the lack of a dose–response rela-
tionship for CRP suppression is that most healthy subjects
had a large intra-subject variability in CRP concentrations
and did not have sufficiently elevated CRP concentrations
at baseline.

Antibodies to sirukumab were evaluated in all subjects
prior to study agent administration and at weeks 6 and
after a long washout at week 20.Therefore, potential inter-
ference with the detection of anti-drug antibodies by the
study drug in the serum sample would have been mini-
mized. None of the sirukumab-treated subjects tested
positive for anti-sirukumab antibodies.

In summary, this clinical study provides initial informa-
tion on the safety, pharmacokinetics and pharmacody-
namics of sirukumab administered i.v. in healthy subjects.
Intravenous administration of sirukumab at doses of
0.3 mg kg-1 to 10 mg kg-1 was generally safe and well tol-
erated. AEs were short in duration, mild or moderate in
intensity and non-dose-dependent. No significant safety
concerns were observed over the 20-week follow-up. Siru-
kumab exhibited linear pharmacokinetics without appar-

ent gender differences. A two-compartment population
PK model has been developed to describe adequately
the PK behaviour of sirukumab. The safety and PK profiles
observed suggest that sirukumab may be a valuable
therapeutic agent for further development in patients
who would potentially benefit from anti-IL-6 treatment.
With the developed population PK model, serum
concentration–time profiles can be readily predicted for
different dosing regimens of sirukumab in future clinical
trials.
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