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QBP359 is an IgG1 human monoclonal antibody that binds with high affinity to human CCL21, a chemokine
hypothesized to play a role in inflammatory disease conditions through activation of resident CCR7-expressing
fibroblasts/myofibroblasts. The pharmacokinetics (PK) and pharmacodynamics (PD) of QBP359 in non-human primates
were characterized through an integrated approach, combining PK, PD, immunogenicity, immunohistochemistry (IHC)
and tissue profiling data from single- and multiple-dose experiments in cynomolgus monkeys. When compared with
regular immunoglobulin typical kinetics, faster drug clearance was observed in serum following intravenous
administration of 10 mg/kg and 50 mg/kg of QBP359. We have shown by means of PK/PD modeling that clearance of
mAb-ligand complex is the most likely explanation for the rapid clearance of QBP359 in cynomolgus monkey. IHC and
liquid chromatography mass spectrometry data suggested a high turnover and synthesis rate of CCL21 in tissues.
Although lymphoid tissue was expected to accumulate drug due to the high levels of CCL21 present, bioavailability
following subcutaneous administration in monkeys was 52%. In human disease states, where CCL21 expression is
believed to be expressed at 10-fold higher concentrations compared with cynomolgus monkeys, the PK/PD model of
QBP359 and its binding to CCL21 suggested that very large doses requiring frequent administration of mAb would be
required to maintain suppression of CCL21 in the clinical setting. This highlights the difficulty in targeting soluble
proteins with high synthesis rates.

Introduction

Chemokines and their receptors are key for the recruit-
ment of leukocytes to sites of inflammation and to the tumor
microenvironment. In chronic inflammatory diseases, CCL2/
CCR2, as well as other chemokines, have been reported to be
important in various chronic inflammatory conditions that
are associated with macrophage infiltration, such as

atherosclerosis, multiple sclerosis, rheumatoid arthritis, pul-
monary fibrosis, and chronic obstructive pulmonary disease.1-
5 Chemokines have also been demonstrated to be implicated
in the regulation of tumor cell migration resulting in the
development and metastasis of several adenocarcinomas,
including breast and prostate.6,7 Furthermore, studies in mul-
tiple myeloma have revealed a pivotal role for CCL2 in the
“bone homing” phenotype of myeloma cells to the bone
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marrow compartment.8 Thus, targeting chemokines is rele-
vant for inflammatory diseases and cancer.

Of the same family as CCL2, the CC chemokine receptor 7
(CCR7) and its ligands, CCL19 and CCL21, have been less in
the spotlight as chemokines for drug development. They play an
important role in immunity, through regulating the homing of
subpopulations of T cells and antigen-presenting dendritic cells
(DCs) to secondary lymphoid organs. CCL19 and CCL21 are
primarily produced in secondary lymphoid organs by endothelial
venule cells and by fibroblastic reticular cells where their role is to
direct the migration of CCR7-expressing cells.9,10 CCR7/
CCL21 is pivotal for lymphocyte homing to lymph nodes and is
therefore a target for disease therapy of inflammation-related
conditions. CCL21 can drive the recruitment of circulating fibro-
cytes to sites of micro-injury in the lung and contribute to the
generation of the excessive fibroblast/myofibroblast population
in disease.11-13 Furthermore, CCL21 may also play a role in the
local environment by activating resident CCR7-expressing fibro-
blasts/ myofibroblasts. Although CCL21 was of interest due to
its role in inflammation-related indications, strategies used to
suppress chemokine production and the maintenance of protein
levels are of general interest from a drug development
perspective.

During preclinical drug development, data is used to predict
the pharmacokinetics and the pharmacological effect of the thera-
peutic in the clinical setting. This is often described as the phar-
macokinetic – pharmacodynamics (PK/PD) relationship.14 A
holistic view of the target expression, drug distribution, the drug
kinetics, and the pharmacological effects are integrated to better
understand whether the therapeutic is going to provide the
expected outcome in the clinical setting.15,16 Using this knowl-
edge, it is then possible to decide early on before entering into
the clinical phase if the therapeutic will be successful. In this arti-
cle, we demonstrate the use of such assessment to make a decision
on whether the chemokine target, CCL21, can be suppressed in
the clinical setting. Our experience has implications for drug
development directed toward other chemokine targets as well
due to the similarity in approaches for suppressing soluble targets
with high turnover rates.

Results

General safety
QBP359 was considered well-tolerated as there were no

adverse clinical signs or changes in food consumption, body
weight or routine clinical pathology parameters attributable to
treatment with QBP359. Wound sites remained unchanged fol-
lowing treatment with QBP359. In the absence of any adverse
microscopic findings, minor changes in spleen and thyroid
weights were considered of no toxicological significance.

QBP359 biodistribution analysis using IHC
Biodistribution analysis was performed to show the distribu-

tion of QBP359 in the main tissues with particular emphasis on
lymphatic tissues. Staining with the detection antibody (goat

anti-human IgG Fc fragment) that recognizes the Fc component
of all human IgGs, including QBP359, was clearly evident and
found in all lymph nodes (mesenteric, mandibular, accessory
lymph node of the pancreas and lymph node of the injection
site) and spleen (Fig. 1) in treated animals compared to control
tissue.

In the lymph node, staining was present in the lymphatic
spaces of the medullary and subcapsular sinuses and on the mem-
brane/cytoplasm of cells, consistent with inflammatory cells, in
the parafollicular and medullary zones and the occasional germi-
nal center. In the spleen, prominent staining was observed in the
extracellular spaces and on the membrane/cytoplasm of cells,
consistent with inflammatory cells, within the red pulp, the mar-
ginal zone and germinal centers of lymphoid follicles in the white
pulp. Of all of the tissues examined in this study, the lymph
nodes and spleen represent the primary organs of biodistribution
for QBP359, which probably reflects the known high CCL21
expression levels in these tissues.17

The presence of QBP359 was also confirmed through LCMS/
MS analysis in the spleen and lymph nodes, as well as the absence
in liver and kidney (see Figure S1 for details).

CCL21 tissue expression analysis and QBP359 blood
protein binding

Tissue expression analysis in non-treated animals showed that
CCL21 was expressed highly in the lymph nodes and the spleen
(Fig. S2). Additional recovery analysis of QBP359 binding in
whole blood indicated blood proteins did not illustrate any non-
specific binding, and thus would not be responsible for the rapid
clearance of QBP359 (data not shown).

Pharmacokinetics
In the dose-range-finding (DRF) study, exposure to

QBP359 (as measured by AUC(0–7d) and Cmax) increased
between the doses of 10 and 50 mg kg¡1 as expected
(Table 1). The increase in Cmax was approximately dose
proportional after the first dose whereas the increase in AUC
was greater than dose proportional, indicating an accumula-
tion of QBP359. This was reflected in the comparisons
between first and last dose for Cmax/Dose and AUC0-last/
Dose. Mean beta half-lives were also shorter at the 10 mg/kg
dose compared to the 50 mg/kg dose after both
the first and the last dose. Administration of 3 mg of CCL21
to the wound site did not have any effect on the exposure.
The rapid clearance of total QBP359 was the first indication
that either the target (CCL21) may be affecting the clearance
of the antibody or the presence of an off-target binding
phenomenon.

Single dose PK study
The DRF in monkeys did not provide sufficient data for a full

evaluation of QBP359 and total CCL21 because the animals
were sacrificed early for toxicological evaluations. A subsequent
single dose PK study was performed to evaluate longer sampling
times. Results of this study confirmed the rapid non-linear clear-
ance of QBP359 and investigated the bioavailability of the drug.
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Cynomolgus monkeys were
administered 10 mg kg¡1 intrave-
nous (i.v.) or subcutaneous (s.c.) or
50 mg kg¡1 i.v. doses of QBP359.
Sampling was followed up to
56 days, and data was reported for
all values above the LLOQ of the
total monoclonal antibody (mAb)
assay. PK profiles for both s.c. and
i.v. administration of 10 mg kg¡1

were similar except for the absorp-
tion phase, and, as expected, an
increase in drug levels was observed
for 50 mg kg¡1 (Fig. S3).

Animals from all treatment
groups showed an increase in total
CCL21 starting from 0.5 h follow-
ing drug administration (Fig. S3).
Concentration levels of CCL21
were maintained at a plateau up to
21 d following a single administra-
tion of 50 mg kg¡1 QBP359
whereas the 10 mg kg¡1 dose
decreased 4 d following drug
administration. The maximum
level of CCL21 reached was
210 nM and 343 nM after i.v.
administration of QBP359 of
10 mg kg¡1 and 50 mg kg¡1,
respectively. There was a small
increase in AUC/D, but not in
Cmax of QBP359 between doses 10
and 50 mg kg¡1 (Table 2).

The beta t1/2 values after the
QBP359 i.v. doses were 4.6 and
5.1 d for the 10 mg kg¡1 dose and
50 mg kg¡1 doses, respectively,
and averaged 6.5 d after the 10 mg
kg¡1 s.c. dose. Other PK parame-
ters were evaluated, as shown in
Table 2. Bioavailability was calcu-
lated by using the 10 mg kg¡1 dose as follows: FscD AUC(0-last)s.

c./AUC(0-last)i.v. * 100% to give 52%. This demonstrates that the
tissue absorption of the drug is within the range of a normal IgG
biotherapeutic.

Pharmacodynamics and immunogenicity
PK/PD analysis of the DRF study was explored to better

understand CCL21 suppression upon repeat QBP359 adminis-
tration. Total concentration levels of CCL21 showed

Table 1. PK parameters for multiple dose cynomolgus monkey study

First dose Last dose

Dose (mg/kg/week)
Cmax /Dose(mg/mL

per mg/kg)
AUC(0–7d) /Dose

(Day*mg/mL per mg/kg) t1/2 (Days)
Cmax/Dose

(mg/mL)

*AUC(21–28d) /Dose
(Day*mg/mL per mg/kg) t1/2 (Days)

10 32 68 1.6 26 57 2.0
50 33 90 4.1 46 187 4.4
50 (with CCL21) 32 86 4.2 36 145 5.7

*A 28 day value equal to the 21d predose was taken for extrapolation purposes for AUC(21–28d) only.

Figure 1. (a) (above) Staining on paraffin-embedded SP20cells (positive control material) with (A) negative
detection antibody and (B) goat anti-human IgG Fc fragment specific. Figure 1b (below) Biodistribution
with anti-human IgG Fc fragment specific detection antibody in Lymph Nodes of (A) control animal and (B)
animal treated with QBP359 or Spleen of (C) control animal and (D) animal treated with QBT359.
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complementary profiles to the PK profiles (Fig. 2a–b). Concen-
tration levels of total CCL21 increased after drug administration
of 10 and 50 mg kg¡1 up to 96 hours after the first dose admin-
istration. A gradual decrease in total CCL21 levels was observed
for the low dose group before the second injection on Day 8, and
trough levels steadily increased after subsequent dose administra-
tions. For the high doses, total CCL21 appeared to reach a maxi-
mum level after a single dose, and this level remained constant
after each weekly injection with a small accumulation over time.

Overall, an accumulation between first and fourth dose was
observed to go from 158 to 282 nM and from 199 to 494 nM
after administration of 10 mg kg¡1 and 50 mg kg¡1 (both high
dose groups excluding one animal with immunogenicity),
respectively.

Plots of total QBP359 and total CCL21 (Fig. 2a) suggested
that the antibody was not able to saturate CCL21 in the 10 mg
kg¡1 cohort. This data demonstrates that CCL21 was present at
very high steady state concentrations in monkeys, since the total
CCL21concentrations were nearly equal to QBP359 at the PK
trough values for the 10 mg kg¡1 cohort. However, in the
50 mg kg¡1 cohort, the plots suggest that QBP359 had likely sat-
urated the target and was present at concentrations in excess of
the target (Fig. 2a).

One animal of Group IV (50 mg kg¡1) displayed a marked
decrease in total CCL21 after the fourth weekly injection, which
mirrored the decline in pharmacokinetics in this animal and a
decline in CCL21. This was most likely due to the production of
anti-QBP359 antibodies as the animal tested positive for immu-
nogenicity (Fig. 2b). This animal was not included in the mean
group calculations following the fourth dose.

One other animal (10 mg kg¡1) tested weakly positive for
anti-QBP359 antibodies after the fourth dose. However, anti-
QBP359 antibody activity appeared to be marginal and PK/PD
parameters were not affected.

PK/PD modeling
In order to further understand the kinetics of QBP359 and

CCL21 capture, a PK-binding model was used to characterize
the non-linear PK and total CCL21 PD data from the 4-week
DRF toxicity study (Fig. 3). Synthesis of CCL21 was specified in
the peripheral tissue compartment; this was further confirmed by
gene expression and direct measurement of CCL21 protein levels
in lymph nodes and spleen. As IHC of tissue cross-sections dem-
onstrated that the antibody accumulated in the peripheral lymph

Table 2. Mean PK parameters from single dose study in cynomolgus
monkeys

Group (n D 3)
Dose

(mg/kg)
Cmax/Dose

(mg/mL)
AUC(0-last)/Dose
(Days*mg/mL) t1/2 (Days)

1 10 (i.v.) 19 44 4.6
2 10 (s.c.) 4.7 23 6.5
3 50 (i.v.) 16 69 5.1

Figure 2. (a) PK/PD profiles following weekly i.v. administration (shown
with arrows) of QBP359 in Cynomolgus monkeys dosed at 10 mg kg¡1

and 50 mg kg¡1 expressed in nM (n D 4). Standard deviations are shown
with the error bars. (b) PK/PD profiles following weekly i.v. administration
of QBP359 in Cynomolgus monkeys dosed at 50 mg kg¡1 expressed in
nM for one animal with high levels of immunogenicity after the third
dose administration.

Figure 3. QBP359 – CCL21 PK- binding model structure. A two compart-
mental binding model structure was utilized. Compartment (volume, V1)
represents the serum compartment and compartment (volume, V2) rep-
resents the peripheral tissue compartment. CCL21 was assumed to be
synthesized in the peripheral tissue compartment at the rate of RLIt.
QBP359 – CCL21 binding was assumed to occur in the both the serum
and tissue compartment. Clearance of QBP359 (CLab), CCL21 (CLt) and
complex (CLc) were assumed to be different. Inter-compartmental trans-
fer rates for QBP359 and complex were assumed to be equal (Qab), but
were assumed to be different from CCL21 (Qt).
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nodes, antibody-target binding was allowed to occur in both
serum and tissue compartments.

Both fitting the data to the model (Fig. 4) and the diagnostics
(Supplemental Material) demonstrates that the model fits the PK

and total CCL21 data adequately. Estimated model parameters
(Table 3, Supplemental Material) indicated that CCL21 had a
high-turnover with a high synthesis rate and rapid clearance. The
estimated model parameters also highlighted that the complex of
QBP359 and CCL21 was cleared more rapidly than the free
antibody.

In order to perform a clinical feasibility analysis for QBP359
targeting CCL21, the PK-binding model was scaled up from
monkeys to pulmonary fibrosis patients, accounting for »10-
fold higher CCL21 levels in patients than in the monkey. 18 The
scaled model for patients was then used to simulate CCL21 neu-
tralization for weekly i.v. infusions of QBP359. Model simula-
tions suggested that nearly 6 mg kg¡1 of QBP359 would be
required to maintain >90% neutralization of CCL21 in the
serum (Fig. 5). In contrast, simulations showed that even very
high weekly doses of 50 mg kg¡1 could not completely neutralize
CCL21 in the peripheral tissue compartment (maximum of 60%
neutralization) throughout the duration of the therapy. Together,
these model predictions suggested that QBP359 would be
unlikely to neutralize CCL21 effectively in the bone marrow,
lung and other tissues of patients.

Discussion

In human disease states, where CCL21 expression is believed
to be expressed at much higher concentrations compared to base-
line levels, high frequent doses of mAb would be required to
maintain suppression of CCL21 in the clinical setting, thus
emphasizing the difficulty in targeting soluble proteins with high
synthesis rates. The excessive production and release of chemo-
kines appears to be a common characteristic, and new strategies
are needed to suppress chemokine levels more effectively.

The high total target levels consist of free antibody and anti-
body-chemokine complexes that are thought to be maintained

Figure 4. PK- binding model fits to total QBP359 (top) and total CCL21
(bottom) from 4 week dose-range finding data. Lines represent model
predictions, and x represents data.

Table 3. Parameters for cynomolgous monkey QBP359 – CCL21 model

Parameter Name Notation Value Comments

Free Ab Clearance CLab 0.0164 L/day Fixed based on CLab for “typical” IgG1 mAb in 70 kg humanD
0.174 L/d, and allometrically scaled to Cyno Monkeys (3 kg), as in
Methods

Central Serum CompartmentVolume V1 0.1414 L Fixed based on V1 for “typical” IgG1 mAb in 70 kg humanD 3.3 L,
and allometrically scaled to Cyno Monkeys (3 kg), as in Methods

Peripheral Compartment Volume V2 0.1161 L Fixed based on V2 for “typical” IgG1 mAb in 70 kg humanD 2.71 L,
and allometrically scaled to Cyno Monkeys (3 kg), as in Methods

Free Ab / Complex Inter-compartmental
Exchange

Qab 0.0524 L/day Fixed based on Qab for “typical” IgG1 mAb in 70 kg humanD
0.174 L/d, and allometrically scaled to Cyno Monkeys (3 kg), as in
Methods

Complex Clearance CLc 0.1102 L/day (10.3% CV) Estimated by fitting to data. Parameter value indicated for a 3 kg
monkey. For a 70 kg human estimated to be 1.17 L/day, based on
allometric scaling.

Target Synthesis Rate RLIt 58.7 nmole/d (7.9 % CV) Estimated by fitting to data for a 3 kg monkey
Target Inter-compartmental Exchange Qt 0.008 L/d (30.7% CV) Estimated by fitting to data for a 3 kg monkey. For a 70 kg human

estimated to be 0.0658 L/d, based on allometric scaling.
Target Clearance CLt 0.4003 L/d (13.8% CV) Estimated by fitting to data for a 3 kg monkey. For a 70 kg human

estimated to be 4.25 L/d, based on allometric scaling.
Ab – Target Dissociation constant KD 0.026 nM Fixed based on in-vitromeasurements (could not be estimated)
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through the high synthesis rate and the release of extracellular
stores bound to GAG or potentially scavenger receptors.19-22

Chemokines are present at high concentrations locally and are
known to be produced rapidly as part of the innate immune
response. It is not only the production of chemokine, but the
maintenance of circulating complexes that leads to high levels of
total chemokine. The complexes may be multimer complexes
with more than one antibody–chemokine pair per complex. This
can be observed if the chemokine is present as a homodimer
where each arm of an antibody binds one end of the dimer and
forms multi-antibody-chemokine complexes. Such theories are
currently being explored as a strategy for enhancing chemokine
removal.23 Bioengineers can modify the binding affinity of bio-
therapeutic mAbs to bind with a higher affinity to the FcgRIIb
receptors to enhance complex-mediated clearance and reduce the
amount of circulating chemokine complexes. This approach has
yet to show its ability to reduce the doses required in a clinical
setting.

Another related approach for reducing soluble target levels is
to enhance the dissociation of the target from the mAb to allow
FcRn recycling for further target binding. Dissociation of the tar-
get chemokine from the antibody during normal FcRn-protected
endosomal recycling has been described for sIL6-R and
PCSK9.24,25 In this approach, the antibody is engineered with a
lower binding affinity to the target ligand at pH6.0, which results
in dissociation of the antibody-ligand complex during normal
endosomal recycling. The antibody is protected from degradation
via tight binding to FcRn at pH6.0, whereas the target ligand is
released and destroyed. Enhanced affinity in the FcRn region of

the antibody can also affect anti-
body recycling. This “antigen
sweeping” of antibody-ligand
complex releases the antibody to
bind more ligand, and can reduce
the dose and dosing frequency
required for effective ligand
suppression.

High CCL21 turnover rates
appear to be the most likely reason
why drug-target complex levels
increased upon dose administra-
tion and upon repeat dosing. The
50 mg kg¡1 dose level was capable
of saturating free CCL21 since
the levels of total drug versus total
CCL21 did not match until drug
levels dropped to equivalent molar
ratios, indicating significant levels
of unbound QBP359. Starting
from 3 weeks, both total drug and
total target levels were cleared at
similar rates. It is interesting that
the curve shape of total CCL21
levels contrasts with the 10 mg/kg
dose levels and those observed for

MCP-1,26 where bell-shaped curves with a well-defined Cmax
are evident. Here, we observed that the levels of CCL21 are
maintained at a constant maximal level of 353 nM for 2 weeks
after administration of 50 mg kg¡1, and thus Cmax levels remain
constant rather than peaking at a single time. It would appear
that this level represents the maximum amount of CCL21 that is
synthesized and released from intracellular stores or from hypo-
thetical extracellular deposits. This supports the notion that the
drug saturates CCL21 at 50 mg kg¡1 and the maximum turn-
over levels are reached. Curiously, multiple dosing showed that
CCL21 levels increased from 158 to 282 nM and from 199 to
494 nM after 4 doses of 10 mg kg¡1 and 50 mg kg¡1, respec-
tively. This would indicate that CCL21 complexes can accumu-
late after multiple dosing on a weekly basis, where the
production rate is faster than its elimination in a one-week
period.

In addition to elimination through the FcRn pathway, drug-
target complexes can be eliminated through alternative pathways.
Unbound drug demonstrated normal mAb kinetics, as shown by
the high dose administration (50 mg kg¡1) of QBP359 during
the first 21 d until reaching equivalent molar ratios of drug and
target. Once bound to target, increased clearance was observed,
which was demonstrated through modeling. Clearance of the
drug –target was estimated to be 0.11102 L day¡1, which is con-
siderably faster than a typical IgG, ranging from 0.015 to
0.036 L day¡1.27 Xiao et al. reported a study of hepcidin kinetics
where total hepcidin levels increased with increasing doses of
Ab12B9m.28 The authors developed a model where both the
FcRn and the complex-mediated elimination pathways play a

Figure 5. Predictions of PK- binding model based on a typical pulmonary fibrosis patient. Once-a-week intra-
venous infusions of QBP359 (3 mg kg¡1, 6 mg kg¡1, 10 mg kg¡1, 20 mg kg¡1 and 50 mg kg¡1) were applied
to the model. Simulations of total QBP359 in serum (top left), total CCL21 (top right),% free CCL21 in serum
(bottom left) and % free CCL21 in peripheral tissue (bottom right) are shown.
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role in the PK of Ab12B9m. It was demonstrated that the rate of
elimination through complex-mediated pathways was faster than
the FcRn pathway, and thus contributed most strongly to com-
plex elimination. Also, hepcidin was found to be saturable at
300 mg kg¡1 in contrast to CCL21, which was saturable at
50 mg kg¡1. Additional PK/PD models exist for other drugs
such as carlumab, that also focus on complex-mediated
clearance.29

Many similarities of the PD behavior of CCL21 can be seen
with CCL2 (MCP-1). Studies with ABN912 for treatment of
rheumatoid arthritis patients showed that CCL2 levels increased
with dose.26 This result is similar to what was observed with
QBP359 after i.v. administration, although only 2 dose levels
were explored. A similar effect, which was described to be due to
high target turnover of CCL2, was observed with carlumab
(CNTO 888) for the treatment of solid tumors.30 Although car-
lumab was able to suppress CCL2 levels below baseline initially,
it rapidly increased above baseline levels and demonstrated an
accumulation of inactive complexes. In both cases, anti-CCL2
treatment was terminated because the drugs did not suppress
CCL2 sufficiently.

Due to the complexity of our target, an integrated approach
was necessary to describe the PK and PD behavior of QBP359.
We found that the rapid clearance of mAb-ligand complex was
the most likely explanation for the rapid clearance of QBP359 in
cynomolgus monkey, and that the target levels would not be sat-
urable at a reasonable antibody dose following i.v. administra-
tion, due to high CCL21 turnover. From modeling, we were able
to discern the expected higher turnover rates of CCL21 in man
and in the target disease population, suggesting that high and fre-
quent doses would be required to maintain effective target sup-
pression, with a weekly dose of 50 mg kg¡1 to achieve about
60% target suppression in peripheral tissues. Our study demon-
strates the difficulty that may be associated with chemokine sup-
pression and the necessity for newer strategies to overcome this.
These complexities in targeting a soluble target should be taken
into account when taking the decision to target a soluble protein
vs. its receptor.

Methods

Biotherapeutic
QBP359 is a human mAb (IgG1, VH3/Vgamma3) that binds

specifically to human CCL21 (approximately 14.6 kDa) with
high affinity (30 pM as measured on BIAcore) and neutralizes its
biological activity in human cell-based assays. It is cross-reactive
to cynomolgus monkey. The molecular weight of QBP359 is
approximately 143 kDa, and the antibody is soluble up to
50 mg mL¡1 in 50 mM citrate buffer, 140 mM NaCl, pH 5.0.

In vivo study design

Animals
Female cynomolgus (Macaca fascicularis) monkeys were from

Harlan UK Ltd, Bicester (originating from Bioculture Ltd, and

Biodia Co. Ltd, Mauritius) and the studies were performed at
Covance Harrogate, UK. Cages conformed to the ‘Code of prac-
tice for the housing and care of animals used in scientific
procedures’ (Home Office, London, 1989).

Cynomolgus monkey dose-range finding study
A 4-week DRF study was performed using i.v. bolus adminis-

tration of QBP359 weekly in monkeys with excisional/ incisional
wounds to promote recruitment of fibrocytes from the bone mar-
row to the wound sites. The wounds in this study were surgical
incisions performed and sutured under general anaesthetic by a
veterinary surgeon. Four females were allocated to each group
and each group was designed as follows: Group I Control group,
Group II Low dose group (10 mg kg¡1), Group III High dose
group (50 mg kg¡1), and Group IV High dose group (50 mg
kg-1) with injection of 3 mg CCL21 into the wound sites to pro-
mote fibrocyte recruitment. Animals were dosed on Day 1, Day
8, Day 15 and Day 22. A full PK profile was taken after the first
dose (Day 1) with sampling times at 0, 0.5, 2, 6, 24, 48, and
96 hours post-dose and after the last dose (Day 22) with sam-
pling times at 0, 0.5, 2, 6, 24, 48, and 72 hours post dose.
Trough values were obtained at Day 8 and Day 15. Initial PK
analysis was performed using compartmental analysis of data
with Phoenix software version 6.2 (Pharsight Inc., St. Louis,
MI, USA)

Single dose cynomolgus monkey PK study
A single dose PK study was performed to acquire additional

recovery data and to evaluate the bioavailability of QBP359.
Three animals were allocated per dose group and the groups con-
sisted of: Group I 10 mg kg¡1 of QBP359 administered i.v.,
Group II 10 mg kg¡1 of QBP359 administered s.c. and Group
III 50 mg kg¡1 of QBP359 administered i.v.. Samples were
taken at 0, 0.5, and 6 hours and at 1, 2, 4, 7, 14, 21, and 28 d
post-dose.

Immunoassay measurements

Total mAb assay
Total QBP359 in serum was measured using a sandwich

immunoassay with an in-house mouse anti-human IgG mAb
capture antibody and an HRP-conjugated goat anti-human IgG
detection antibody (Jackson ImmunoResearch, 1 mg mL¡1).
The lower limit of quantification (LLOQ) of the assay was
300 ng mL¡1 and the upper limit of quantification of the assay
was 7500 ng mL¡1.

Total ligand assay
Total CCL21 in serum consisting of unbound CCL21 and

QBP359-bound CCL21 was measured using a sandwich immu-
noassay. A biotin-conjugated rabbit anti-human CCL21 anti-
body (Lifespan LS-C42953, 1 mg mL¡1) was used to capture
CCL21 on a streptavidin plate and detection was performed by
adding a saturating level of QBP359 (to ensure the capture of
CCL21) followed by the addition of an in-house mouse anti-
human antibody, and then, the addition of a goat anti-mouse
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IgG conjugated to sulfotag (Meso Scale Discovery, MSD-
R32AC, 3 nM). The plate was read on a Sector Imager 2400
from Meso Scale Discovery. The LLOQ of the assay was 2.5 ng
mL¡1 and the ULOQ was 500 ng mL¡1.

Immunogenicity measurements
A BIAcore T100 instrument (BIAcore AB, Uppsala, Sweden)

was used to test for the presence of anti-QBP359 antibodies.
Briefly, QBP359 was covalently immobilized on one flow cell on
one chip sensor surface using amine coupling to ensure that
QBP359 is randomly distributed on the surface and each region
of the molecule is accessible. Samples were injected and binding
of anti-drug antibodies to QBP359 was measured in real time.
Relative signal levels were calculated by subtracting the blank
flow cell from the sample flow cell and compared with an anti-
idiotypic anti-QBP359 antibody as positive control.

Immunohistochemistry of QBP359 in tissues
A panel of tissues was collected at necropsy at the end of the

DRF study. Tissues were dissected, formalin fixed and embedded
in paraffin wax (FFPE). A selection of tissues (adrenal, brain, cae-
cum, ileum, kidney, liver, gall bladder, lung, lymph nodes
(mesenteric, mandibular and injection site), pancreas, salivary
gland, spleen, and thymus) was sectioned and investigated by
IHC for distribution of QBP359.

SP2/0 cells producing recombinant human monoclonal IgG1
antibody was selected as positive control for demonstration of
positive immunohistochemical staining with the selected detec-
tion antibody, goat anti-human IgG Fc fragment (Jackson
ImmunoResearch Laboratories, Suffolk, UK).

PK/PD model structure, data fitting and parameter value
estimation

A two-compartment PK-binding model was used to describe
the observed QBP359 (PK) and total CCL21 (PD) data (Fig. 3,
Supplemental Material). In this model the antibody binds
CCL21 in both compartments and the model structure is essen-
tially the same as previously used for canakinumab and interleu-
kin-1beta. <tbr>31,32

Intravenous bolus doses of QBP359 were applied to the cen-
tral compartment. Because CCL21 is primarily found in the sec-
ondary lymphoid organs in high endothelial venules,33 CCL21 is
assumed to be synthesized in the peripheral compartment. The
model also specified that QBP359, CCL21 and the QBP359-
CCL21 complex have different clearance rates. QBP359 is
assumed to clear from the central compartment, free CCL21 is

assumed to be clear from both central and peripheral compart-
ments, and QBP359-CCL21 complex is assumed to be cleared
only from the peripheral compartment. QBP359 is assumed to
clear from the central compartment, free CCL21 is assumed to
be clear from both central and peripheral compartments, and
QBP359-CCL21 complex is assumed to be clear only from the
peripheral compartment. Inter-compartmental serum-peripheral
tissue transfer rates for QBP359 and the QBP359-CCL21 com-
plex are assumed to be equal. Other assumptions and detailed
derivation of model equations can be found in the Supplemen-
tary Methods.

Model fitting to data and estimation of PK-binding model
parameters was performed using NONMEM (Version VI, 2.0
Intermediate) with the first-order conditional estimation method
(METHOD D FOCE). Berkeley Madonna 8.0.1 was used for
simulating the model for pulmonary fibrosis patients; Tibco
Spotfire S-Plus (version 8.1) was used for graphical output.
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