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Enhanceddelivery of IL-1 receptor antagonist to the
central nervous system as a novel anti–transferrin
receptor-IL-1RA fusion reverses neuropathic
mechanical hypersensitivity
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Abstract
Neuropathic pain is a major unmet medical need, with only 30% to 35% of patients responding to the current standard of care.
The discovery and development of novel therapeutics to address this unmet need have been hampered by poor target engagement, the
selectivity of novel molecules, and limited access to the relevant compartments. Biological therapeutics, either monoclonal antibodies
(mAbs) or peptides, offer a solution to the challenge of specificity as the intrinsic selectivity of these kinds of molecules is significantly
higher than traditional medicinal chemistry–derived approaches. The interleukin-1 receptor system within the spinal cord has been
implicated in the amplification of pain signals, and its central antagonism provides relief of neuropathic pain. Targeting the IL-1 system in
the spinal cord with biological drugs, however, raises the even greater challenge of delivery to the central compartment. Targeting the
transferrin receptor with monoclonal antibodies has proved successful in traversing the endothelial cell–derived blood–brain barrier and
delivering proteins to the central nervous system. In this study, we describe a novel construct exemplifying an engineered solution to
overcome these challenges.We have generated a novel anti–transferrin receptor-interleukin-1 receptor antagonist fusion that transports
to the central nervous system and delivers efficacy in a model of nerve ligation–induced hypersensitivity. Approaches such as these
provide promise for novel and selective analgesics that target the central compartment.
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1. Introduction

Drugs based on biological molecules, such as monoclonal
antibodies, peptides, and other proteins have been dramatically
successful in the treatment ofmanydiseases. This success is often
because of an increased intrinsic selectivity andpotency inherent in
this class of drugs. Conversely, attrition of novel small molecule
entities during the development phase is often because of poor
physicochemical properties, selectivity (safety), and pharmacoki-
netics.37,33 These findings are equally applicable to new drugs for
the treatment of chronic neuropathic pain, but with one additional
challenge:Many novel drug targets for the treatment of this disease
are located within the central nervous system (CNS), and thus
inside the blood–brain barrier (BBB), an endothelial cell layer which

is notoriously impermanent to biological drugs. Successful in-
tervention in neuropathic pain using biological drugs therefore
requires the development of new technologies which are able to
transport biological payloads across the BBB.

Neuropathic pain, arising from damage or lesion of the
somatosensory nervous system, has a complex pathophysiol-
ogy and is difficult to treat. The unmet medical need is huge,
with responder rates as low as 30% to 35% of patients.5 The
discovery and development of novel analgesics have been
unsuccessful, with no genuinely novel mechanisms launched
for many decades. For targets located outside the CNS,
biological interventions are showing promise,7 but targeting
central pathways, which include second-order dorsal horn
neurons, central neuroimmune interactions, or indeed manip-
ulation of ascending and descending control, remains chal-
lenging. Bringing the selectivity of biological interventions to
these targets may bring significant advantages, but the
challenge of accessing the central compartment must first be
addressed.

Interleukin (IL)-1 is a proinflammatory cytokine involved in both
normal homeostasis and in pathological conditions.13 There is
growing evidence for the role of IL-1–induced signalling in the
development, maintenance, and propagation of pain. IL-1
expression is increased in conditions associated with pain and
hyperalgesia in the periphery31 and the central compart-
ment.1,2,11 When applied systemically, IL-1 is a potent hyper-
algesic14 and if administered intrathecally (i.t.), IL-1 drives
allodynia and hyperalgesia.30 In the CNS, IL-1 induces COX-2
expression, contributing to central hyperexcitability,32 and
increases synaptic activity in superficial spinal cord.17
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We have exploited the naturally occurring proinflammatory
cytokine inhibitor, interleukin-1 receptor antagonist (IL-1RA),6

coupled to an engineered BBB transport solution to demonstrate
analgesia in a mouse model of neuropathic pain. We have found
that the neuropathic pain induced in this model is sensitive to
central, but not peripheral, antagonism of the IL-1 receptor
system. Central penetration IL-1RA was achieved using the
anti–mouse transferrin receptor (TfR) antibody 8D318 engineered
to further enhance central penetration. After subcutaneous (s.c.)
administration, we have observed analgesia that is dependent on
the dose of the IL-1RA fusion, and the affinity of the anti-TfR
antibody for the TfR.

2. Materials and methods

2.1. Antibody and protein manipulation

2.1.1. Cloning, expression, and purification of 8D3 variants

DNA encoding the amino acid sequence of the VH and VL of the
rat anti–mouse TfR antibody 8D34was assembled by polymerase
extension of overlapping oligonucleotides and cloned into
expression vectors containing the appropriate light or heavy
chain constant regions.27 Single alanine substitutions were
introduced into the VH and VL complementarity-determining
region 3 (CDR3) of 8D3 by site-directed mutagenesis. 8D3
variants were expressed as chimeric human IgG1molecules with
the S239D/A330L/I332E triple mutation (IgG1 TM).25 Antibodies
were expressed in transiently transfected Chinese hamster ovary
cells in serum-free media as described previously.10 Cultures
were maintained in a humidified incubator at 37˚C, 5%CO2 for 14
days after which the medium was harvested. Antibodies were
purified from cell culture media using protein A affinity chroma-
tography followed by size-exclusion chromatography. The
concentration of IgG was determined by A280 using an extinction
coefficient based on the amino acid sequence of the IgG.26

Plasmids enabling the expression of IL-1RA fused to the C-
terminus of the IgG1 TM heavy chain through a (G4S)2 flexible
linker were assembled by PCR amplification of the IL-1RA gene
from complementary DNA obtained from Source Bioscience and
subsequent PCR amplification with oligos that overlapped the
IL-1RA gene and the IgG1 TM CH3 domain and incorporated the
linker. Expression and purification of IgG1 TM-IL-1RA fusions
were performed as described above.

2.1.2. Screening of 8D3 variants for reduced binding to
mouse transferrin receptor

8D3 variants were screened for reduced affinity to mouse TfR
(mTfR) using a bio-layer interferometry assay performed on an
Octet RED384 System (ForteBio). Assays were performed in
kinetics buffer (PBS containing 1mg/mL BSA and 0.01% Tween-
20). Purified IgGs were immobilised onto antihuman Fc capture
biosensors at 20 mg/mL after which association and dissociation
of mTfR (Sino Biological) were monitored at concentrations of
0.031 to 2 mM. Data were fitted using a 1:1 binding model to
determine kinetic constants. Because of the slow off-rate of the
complex between wild-type 8D3 andmTfR, it was not possible to
accurately determine kinetic parameters for this interaction using
the above assay. In this case, affinity was determined by surface
plasmon resonance using a Biacore T100 system. Wild-type 8D3
IgG1 TMwas diluted to 20mg/mL in 10mM sodium acetate of pH
5.0 and immobilised onto a CM3 Sensor Chip using the Amine
Coupling Kit according to the manufacturer’s instructions.
Binding analysis was performed in HBS-P buffer at 1.6 to 25

nM mTfR with 120 seconds contact time and 600 seconds
dissociation time. The surface was regenerated using 10 mM
glycine of pH 2.5. A 1:1 binding model was used to fit the data.

2.1.3. In vitro potency testing of anti–transferrin receptor-IL-
1RA constructs in cell-based cytokine release assay

The in vitro activity of the antibody–IL-1RA fusions was tested in
a cellular cytokine secretion assay. Mouse NIH-3T3 cells were
seeded on PDL-coated Greiner tissue culture–treated plates in
50 uLDulbeccomodified Eaglemediumcontaining 10%FCSand
1% pen-strep and incubated for 18 hours at 37˚C with 5% CO2.
Anti–TfR-IL-1RA constructs were diluted in Dulbecco modified
Eagle medium, applied to cells and incubated further for 30
minutes. NIH-3T3 cells were stimulated with recombinant mouse
IL-1b (0.015 ng/mL, R&D Systems). After 18 hours, cell super-
natants were collected and levels of secreted IL6 quantified using
the MesoScale Discovery (MSD) kit according to the manufac-
turer’s instructions. Levels of secreted IL6 were quantified by
reference to standard curves generated using calibrator samples.

2.1.4. Peripheral kinetics and brain exposure

Noncompartmental (NCA) pharmacokinetic (PK) analysis was
performed using Phoenix WinNonlin Professional [version 6.3;
Pharsight (Certara), Sunnyvale, CA]. Nominal collection times
were used for the PK data analyses, with below level of
quantification values set to missing for calculation of the
concentration means at nominal time points. The below level of
quantification values were set as zero at predose, and missing
after peak concentrations for the NCA.

The area under the concentration-time curve to the last measur-
able time point (AUC0-t) was calculated for plasma and brain using
the linear trapezoidal method as implemented in WinNonlin
Phoenix. In addition, systemic clearance (CL), terminal volume of
distribution (Vz), and terminal half-life (t1/2) were determined for
plasma. The Cmax and Tmax quoted are the observed values
based on the mean concentration data at each time point.

All studies to measure antibody exposure in the periphery and
brain were performed at Quotient Biosciences (Rushden, United
Kingdom). Male C57B/6 mice, age 10 to 12 weeks were
intravenously injected with anti-TfR variants or control IgG at 20
mg/kg or molar equivalent. Intravenous doses were administered
into a tail vein at a constant dose volume of 10 mL/kg. Antibodies
were supplied in D-PBS (Sigma). After dosing, 2 blood plasma
samples were collected into individual Li-heparin containers from
each of the 6 animals per time point per dose group. The first
sample from each animal was collected from the lateral tail vein
(ca 200 mL) into a Li-Hep microvette (BD Diagnostic Systems),
whereas the second sample (ca 600mL) was collected by cardiac
puncture under isoflurane anaesthesia into a Li-Hep microtainer
(BD Diagnostic Systems). After collection, blood samples were
allowed to clot for 30 minutes and centrifuged at310,000 g for 2
minutes at 4˚C and the resultant plasma drawn off. Plasma
samples were flash frozen on dry ice for subsequent analysis.
After final blood collection, the mice were perfused with D-PBS at
a rate of 2 mL/min for 10 minutes until the extremities appeared
white. Brains were excised and one hemisphere immediately
processed, the other snap frozen in liquid nitrogen. To remove the
spinal cord, the spinal column was exposed and severed at both
the neck and at the base of the spine. To collect the spinal cord,
D-PBS was rapidly forced through the section of spine through
a needle and syringe. The excised spinal cord was dried with
absorbent paper and samples weighed before homogenisation.
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Spinal cord or brain hemisphere was homogenized in 5
volumes of ice-cold PBS containing 1% NP-40 and Complete
protease inhibitor cocktail tablets (Roche Diagnostics). Homog-
enisation was performed in a 10 mL Potter-Elvehjem mortar type
glass homogeniser with PTFE pestle, using 2 3 10 clockwise
strokes with 5 seconds rest time. Homogenates were transferred
to LoBind tubes (Eppendorf) and rotated at 4˚C for 1 hour before
centrifuging in a chilled benchtop centrifuge at 13,000 g for 20
minutes. The supernatant was isolated for brain antibody
measurement.

2.1.5. Measurement of antibody concentrations in mouse
brain, spinal cord, and plasma

Antibody concentrations in mouse plasma, brain, and spinal cord
samples were measured through the MSD assay platform. The
MSDmethod uses a plate-based sandwich immunoassay format
where antihuman IgG capture antibody binds calibrator or
samples, and a specific detection antibody labelled with
SULFO-TAG emits light on electrochemical stimulation. Levels
of anti-TfR variant and control antibody 6 IL-1RA fusions in
plasma, brain, and spinal cord samples were quantified by
reference to standard curves generated using calibrator samples
with a four-parameter nonlinear regression model.

2.1.6. Partial nerve ligation

All studies were performed using adult female C57Bl/6J mice
weighing 18 to 22 g (Charles River, United Kingdom). Female
mice were chosen as we have found them to bemore suitable for
behavioural studies. In addition, they are easier to keep group
housed for longer-term studies thus removing the need to isolate
them due to fighting. Eight to ten mice were used for each study
group. Separate animals were used in each study. Animals were
housed in groups of 5 to 6 per cage, in individually ventilated
cages with free access to food and water under a 12-hour light/
dark cycle (lights on 07:00-19:00). A total of 110 mice were used
in these studies. Housing and procedure roomsweremaintained
at 21˚C 6 2˚C with a relative humidity of 65% 6 10%. All
procedures were performed in accordance with the Animals
(Scientific Procedures) Act 1986 and were approved by a local
ethics committee. All mice underwent insertion of transponders
under anaesthesia (3% isoflurane in oxygen) for identification
purposes at least 5 days before the start of each study.
Mechanical hyperalgesia was determined using an analgesiom-
eter29 (Ugo Basile, Italy). An increasing force was applied to the
dorsal surface of each hind paw in turn until a withdrawal
response was observed. The application of force was halted at
this point and the weight in grams recorded. Data were
expressed as withdrawal threshold in grams for ipsilateral and
contralateral paws. After the establishment of baseline readings,
mice were divided into 2 groups with approximately equal
ipsilateral/contralateral ratios which underwent surgery to
partially ligate the sciatic nerve or served as sham-operated
controls based on the previously described method of Seltzer
et al.33 Operated mice were anaesthetised with isoflurane. After
this, approximately 1 cm of the left sciatic nerve was exposed by
blunt dissection through an incision at the level of the mid-thigh.
A suture (9/0 Virgin Silk: Ethicon) was then passed through the
dorsal third of the nerve and tied tightly. The incision was closed
using Vetbond, and the mice were allowed to recover for at least
7 days before commencement of testing. Sham-operated mice
underwent the same protocol but after exposure of the nerve, the
mice were glued and allowed to recover. Mice were tested for

baseline responses on day 7 and 10 postsurgery. Operatedmice
showing ipsilateral/contralateral ratios of greater than 80% were
classed as nonresponders and were removed from the study.
The remaining mice were then randomly allocated into treatment
groups of 8 to 10 mice per group with approximately equal
ipsilateral/contralateral ratios after which mice were treated with
the compound under test. For the IL-1R antagonist Kineret (the
commercial form of IL-1RA) study, all mice were anaesthetised
using 3% isoflurane in oxygen and were then dosed intrathecally
with one of the following treatments: PBS vehicle (5 mL per
mouse) or Kineret (10, 13, or 100 mg per mouse). Sham-
operated animals received PBS vehicle (5 mL per mouse). To
investigate the effects of the transferrin fusions, animals received
PBS vehicle (10 mL/kg bodyweight s.c.) or the relevant antibody
IL-1RA fusion protein (100 mg/kg s.c.). Sham-operated mice
received PBS vehicle (10 mL/kg bodyweight s.c.). Mice were
retested for changes in mechanical hyperalgesia 4 hours
postdose as described above. Mice were also retested at 1, 2,
3, and 4 days postdose.

2.1.7. Data analysis

Statistical analysis was performed in GraphPad Prism. Only
animals which completed the study were included in the analysis.
Results were analysed using 2-way analysis of variance. Pairwise
comparisons, where appropriate, were made using Tukey test.

3. Results

3.1. Sciatic nerve ligation results in mechanical hyperalgesia
that can be reversed by central exposure to IL-1RA

We investigated the partial nerve ligation model of Seltzer et al33

for the development of mechanical hyperalgesia. In rats, this
procedure results in the development of a neuropathic pain
phenotype that can be measured through increased sensitivity to
mechanical pressure at the ipsilateral paw. It has been previously
shown that mice respond in a similar manner8 and it was
preferential for these studies to be performed in mice as the
antibody 8D3 does not bind to rat TfR. In all studies, C57BL/6
mice subjected to partial ligation of the sciatic nerve exhibited
mechanical hyperalgesia that manifested as a significant re-
duction in the ipsilateral but not contralateral sensitivity to
mechanical force on day 7 and 10 postsurgery when compared
with sham-operated controls. Having demonstrated a robust
reproducible response in mice, we investigated the sensitivity of
the model to the administration of drug molecules. When vehicle,
PBS, was administered i.t., neither operated mice nor sham-
operated mice showed any change in the level of mechanical
hyperalgesia from predose levels. This indicated that animal
handling and drug administration procedures did not alter
response.

To test whether the mechanical hyperalgesia induced by
partial ligation of the sciatic nerve was dependant on IL-1R
signalling, we investigated the effect of peripheral and i.t.
delivery of the IL-1R antagonist Kineret (the commercial form of
IL-1RA). The administration of Kineret peripherally at a dose of
100 mg/kg demonstrated no reversal of the mechanical
hyperalgesia. However, i.t. delivery of Kineret showed a dose-
related reversal that peaked at 2 to 4 hours postinjection and
then diminished over time, returning to baseline levels 2 days
postdose. A dose of 100 mg of Kineret i.t. returned the
ipsilateral/contralateral ratio from around 55 to approximately
80 at 2 hours postdose. This was maintained at 4 hours but had
reduced to around 70 at 24 hours. A dose of 30 mg i.t. achieved
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a ratio of around 78 at 2 and 4 hours before declining to around
58 at 24 hours. A dose of 10 mg did not result in any significant
analgesia at any time point (Fig. 1). This demonstrates that in
this model, only central blockade of IL-1R signalling can result
in dose-dependent analgesia and that a peripheral dose
approximately 80-fold higher than the central dose exhibits
no change in the response.

3.2. Identification and characterisation of a blood–brain
barrier transmigrating anti–transferrin receptor antibody

To investigate whether IL-1RA could be delivered across the BBB
in mice, the anti-TfR antibody 8D3 was chosen for its ability to
enter the CNS.19–21,34,41,42 Despite previous evidence, we were
unable to detect significant amounts of 8D3 within the brains of
treated animals. It has been reported that the affinity of
antitransferrin antibodies for TfR is important for their ability to
cross the BBB.39 We therefore generated 8D3 variants with
reduced affinity for TfR. Variants with reduced affinity were
identified through alanine scanningmutagenesis of either the light
or heavy chain CDR3s. Only modest reductions in affinity were
achieved by this method, but pairing of the heavy and light chain
alanine variants resulted in substantial further reductions in affinity
relative to that of the parent antibodies, with KD values of up to
610 nM being observed. Three mutants which had KD values of
56, 130, and 610 nM, respectively, were selected for testing for
brain exposure and ability to elicit a centrally mediated effect
when coupled to IL-1RA. These mutants are referred to herein as
8D356, 8D3130, and 8D3610 on the basis of their respective
affinities (Table 1).

3.3. Pharmacokinetic properties of anti–transferrin
receptor antibodies

3.3.1. Peripheral pharmokinetics

To confirm that variants of the anti-TfR antibody 8D3 had altered
brain exposure dependent on their affinity for TfR, we conducted
a series of PK and brain exposure studies in C57BL/6J mice.
Studies were performed over a 2-week period with blood and
brain homogenate samples taken at regular time points. The
sampling procedure in these studies resulted in composite
profiles for plasma exposure after a single intravenous dosing at
20 mg/kg, and all parameters were derived using the mean of
each data point. A control group received the same dosage of an
antibody to an irrelevant antigen of the same isotype as the anti-
TfR antibodies (NIP228). Figure 2A shows themean plasma data
6 SE for the 5 antibodies profiled.

The pharmacokinetic parameters for the lower affinity variants
of the anti-TfR antibody 8D3 (8D356, 8D3130, and 8D3610) were
broadly similar, and within 2-fold of the isotype control antibody
(Table 2). Their half-lives ranged from 4.3 to 6.5 days, differences
that are driven by differences in Vb and the rate of CL. However, in
comparison, 8D3 had considerably altered systemic pharmaco-
kinetic parameters that were driven by an approximately 4-6-fold
higher CL than the lower affinity 8D3 variants or isotype control
antibody.

3.3.2. Brain and spinal cord exposure of anti–transferrin
receptor antibodies

Measurement of each of the antibodies in homogenate of brain
and spinal cord was performed to determine the central
exposure. Brain and spinal cord samples were taken at 4, 24,
48, 96, 168, and 336 hours after intravenous administration
and processed to homogenate for analysis through the MSD
assay (Fig. 2B, C). For all 8D3 anti-TfR antibodies, Tmax

occurred at 24 hours after administration (Table 3). The isotype
control antibody reached Tmax much later at 4 days after
administration. Brain Cmax and AUC(0-t) values observed for the
anti-TfR antibodies indicated that there was a relationship
between affinity and brain exposure similar to data that were
previously reported by Yu et al39 and Couch et al.9 Lower affinity
variants of 8D3 (8D356, 8D3130, and 8D3610) demonstrated
significantly more brain and spinal cord exposure than 8D3
(Fig. 2B, C and Table 3). Pharmokinetic parameter analysis
indicated that 8D3 possessed the poorest brain exposure, as
described by the mean Cmax. This parameter was 18.7 times less
than the best brain exposure of lower affinity variant—8D3130.
In addition, AUC(0-t) for 8D3was 44 times less than that achieved
for 8D3130 (Table 3). Notably, 8D3 could only be detected in
brain and spinal cord samples for the first 96 hours of the study
(Fig. 2B, C). Assay readings for later time points were below the
lower limit of quantification for the assay. All PK parameters were
derived using mean data (Table 3).

3.4. Pharmacokinetics for anti–transferrin receptor hIgG1-
IL-1RA fusion proteins

3.4.1. Peripheral pharmokinetics

Peripheral PK analysis was performed on the antibody IL-1RA
fusions over a 2-week period. The IL-1RA antibody fusions
demonstrated significantly reduced plasma exposure, with
a 1.8 and 2.7 times higher CL than the lower affinity anti-TfR
antibodies (8D356, 8D3130, and 8D3610) (Fig. 3A and Table 4).
There was also a 3.6 to 11.4 fold reduction in plasma exposure,
measured by AUC(0-t), for all IL-1RA antibody fusions tested,
when compared with anti-TfR antibodies without IL-1RA (Tables
2 and 4). This suggests that IL-1RA also played a significant role

Figure 1. Effect of i.t. administered Kineret on the reversal of partial nerve
ligation–induced mechanical hyperalgesia. Data are mean % ipsilateral/
contralateral ratio 6 SEM. N 5 9 to 10 per group. 1P , 0.05 Kineret (30 mg
per mouse) vs PBS vehicle control; ***P, 0.001 Kineret (10 mg per mouse) vs
PBS vehicle control. i.t., intrathecal; ns, not significant.

Table 1

Kinetic parameters for binding of wild-type 8D3 and variants

to mTfR.

kon, M
21 s21 koff, s

21 KD, nM
aWild-type 8D3 8.8 3 104 1.1 3 1024 1.2

b8D356 7.9 3 103 5.3 3 1024 56

b8D3130 4.7 3 103 6.3 3 1024 130

b8D3610 1.4 3 103 7.9 3 1024 610

mTfR, mouse transferrin receptor.
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in plasma CL for these proteins. Cmax for all fusion proteins
occurred at the first measured time point, 10 minutes after
administration.

3.4.2. Brain and spinal cord exposure

Brain and spinal cord exposure was measured for the antibodies
fused to IL-1RA. Tmax for each of the antibody–IL-1RA fusions
tested was at the first measured time point (4 hours), which is
somewhat earlier than that observed for the antibodies alone at
24 hours (Fig. 3B, C and Table 5). 8D3was only detectable in the
brain and spinal cord for the first 24 hours of the study, after which
it was below the lower limit of quantification for the assay (Fig. 3B,
C). Brain exposure as measured by AUC(0-t) was between 22.6-
and 69-fold higher for the lower affinity 8D3 variants compared
with 8D3 (Table 5).

The lower central exposure of 8D3-IL-1RA was likely due to
faster peripheral CL, but this fusion protein also had 12- to 25-fold
lower brain:plasma AUC(0-t) ratio than the lower affinity 8D3
variant antibody IL-1RA fusions (Table 5).

3.5. In vitro activity of antibody–IL-1RA fusions

To test whether the fusion of IL-1RA to the antibodies resulted
in any change in its ability to inhibit the action of IL-1, we
measured potency of these fusion proteins in an IL-1b-driven
in vitro–cell-based assay. Pretreatment of NIH-3T3 cells for 30
minutes with IL-1RA-anti–TfR fusions potently inhibited IL-1b-
induced IL6 secretion (Fig. 4). 8D3-IL-1RA displayed a 3-fold
increase in potency when compared with IL-1RA alone
(Fig. 4). 8D3610-IL-1RA, 8D3130-IL-1RA, 8D356-IL-1RA, and
the isotype control NIP228-IL-1RA displayed an ;10-fold
reduction in potency compared with IL-RA alone (Fig. 4).
NIP228 isotype control with no IL-1RA fusion protein had no
effect on IL-1b activity.

3.6. Reversal of mechanical hyperalgesia by blood–brain
barrier transmigrating anti–-TfR-IL-1RA fusions

We next tested whether fusions of IL-1RA to the anti-TfR
antibodies were able to reverse the mechanical hyperalgesia.
Antibodies were administered s.c. at doses of 100 mg/kg, and

Figure 2. Plasma and brain exposure of anti-transferrin variants in a mouse PK assay. (A) Plasma PK of anti-TfR variants and isotype control (NIP228) over a 2-
week period. N5 6 per group (B) Brain exposure as ameasure of% injected dose per gram of brain. (C) Spinal cord exposure as ameasure of% injected dose per
gram of spinal cord. PK, pharmokinetic; TfR, transferrin receptor.

Table 2

Plasma PK parameters of anti-TfR variants and isotype

control in hIgG1TM format.

Variant Cmax, mg/mL AUC(0-t),
d·mg/mL

CL,
mL/h/kg

Vss,
mL/kg

Vz,
mL/kg

Terminal
half-life, h

8D3 313 11,606 1.7 20 110 44

8D3610 2301 64,968 0.3 45 53 141

8D3130 1966 48,310 0.4 47 56 103

8D356 838 45,129 0.3 73 78 156

NIP228 1239 35,022 0.5 82 92 134

AUC0-t, area under the curve to last measurable time point; CL, clearance; Cmax, maximum observed

concentration; PK, pharmokinetic; TfR, transferrin receptor; Vss, steady state volume of distribution; Vz,

terminal phase volume of distribution.

Table 3

Brain PK parameters for anti-TfR variants and isotype control

in hIgG1TM format.

Variant Tmax, h Cmax, ng/mg AUC(0-t),
h·mg/g tissue

Brain:plasma
ratio (AUC ratios)

8D3 24 1.2 95 0.0008

8D3610 24 11.4 2827 0.044

8D3130 24 22.4 4182 0.087

8D356 24 14.4 3250 0.072

NIP228 96 6.3 1582 0.045

AUC0-t, area under the curve to last measurable time point; PK, pharmokinetic; Cmax, maximum observed

concentration; Tmax, time at which maximum concentration is observed; TfR, transferrin receptor.
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the mice monitored for 7 days postdose. Treatment with vehicle,
PBS, or NIP228-IL-1RA had no effect on mechanical hypersen-
sitivity in mice indicating that NIP228-IL-1RA was not able to
access IL-1R in the central compartment. Administration of the
8D3-IL-1RA fusion also showed no reversal of the mechanical
hyperalgesia throughout the study. However, reversal of the
mechanical hyperalgesia was seen with the reduced affinity
variants of 8D3 fused to IL-1RA. 8D3610-IL-1RA showed
a significant reversal at all time points from 4 hours to 7 days
postdose. The response was constant through the first 4 days
and only started to decline on day 7. 8D3130-IL-1RA produced
a significant reversal from 4 hours to 4 days postdose but no
significance was seen at 7 days postdose. The magnitude of
response was greater than that seen for 8D3610-IL-1RA during
the first 4 days but the loss of effect at day 7 resulted in a greater
response from 8D3610-IL-1RA at this time point. (Fig. 5).

To investigate the relationship between dose and the reversal
of mechanical hyperalgesia, we administered 8D3130-IL-1RA at

doses of 20, 50, and 100 mg/kg. The different dose levels
showed differences in both the magnitude and duration of the
response. The 20 mg/kg dose showed significant reversal
of mechanical hyperalgesia for only 24 hours postdose, the
50 mg/kg for up to 4 days postdose, and the 100 mg/kg for up to
7 days postdose (Fig. 6).

4. Discussion

The expression of IL-1b by glia in the spinal cord and its direct
action on spinal neurons potentiates nociceptive signalling
through IL-1-receptor–dependent signalling and N-methyl-D-
aspartate receptor phosphorylation. Furthermore, central admin-
istration of IL-1RA reduces inflammatory hyperalgesia by blocking
this central mechanism of nociceptive processing.40 In rodent
models of neuropathic pain including chronic constriction injury
and spared nerve injury, central IL-1b levels correlate with
nociceptive responses12 and blockade of IL-1 signalling with

Figure 3. Plasma, brain, and spinal cord exposure of anti-transferrin variant-IL-1RA fusion in mouse PK assay. (A) Plasma PK of anti-TfR-IL-1RA variants and
isotype control (NIP228) over a 2 week period. N5 6 per group (B) Brain exposure as a measure of % injected dose per gram of brain. (C) Spinal cord exposure as
a measure of % injected dose per gram of spinal cord. PK, pharmokinetic; TfR, transferrin receptor.

Table 4

Plasma PK parameters for anti-TfR variants and isotype

control hIgG1-IL-1RA fusion proteins.

Variant Cmax,
mg/mL

AUC(0-t),
h·mg/mL

CL,
mL/h/kg

Vss,
mL/kg

Vz,
mL/kg

Terminal
half-life, h

8D3-IL-1RA 531 3212 7.5 31 526 49

8D3610-IL-1RA 736 5700 4.1 141 522 87

8D3130-IL-1RA 811 8371 2.8 139 629 158

8D356-IL-1RA 515 6778 3.5 98 218 43

NIP228-IL-1RA 351 5204 3.9 593 1003 180

AUC0-t, area under the curve to last measurable time point; CL, clearance; Cmax, maximum observed

concentration; PK, pharmokinetic; TfR, transferrin receptor; Vss, steady state volume of distribution; Vz,

terminal phase volume of distribution.

Table 5

Brain PK parameters for anti-TfR variants and isotype control

hIgG1-IL-1RA fusion proteins.

Variant Tmax, h Cmax, ng/mg AUC(0-t),
h·mg/g tissue

Brain:plasma
ratio (AUC ratios)

8D3-IL-1RA 4.0 0.4 9.0 0.003

8D3610-IL-1RA 4.0 2.3 204 0.036

8D3130-IL-1RA 4.0 5.2 626 0.075

8D356-IL-1RA 4.0 5.7 364 0.054

NIP228-IL-1RA 4.0 1.7 163 0.031

AUC0-t, area under the curve to last measurable time point; PK, pharmokinetic; Cmax, maximum observed

concentration; Tmax, time at which maximum concentration is observed; TfR, transferrin receptor.
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IL-1RA provides analgesia in part due to a reduction in ectopic
neuronal discharge.16

Our results have confirmed that the symptoms of neuro-
pathic pain can be relieved through central, but not peripheral,
blockade of IL-1R signalling. Central IL-1R blockade was
achieved by direct i.t. IL-1RA delivery or through peripheral
delivery of an IL-1RA-anti–TfR fusion protein. However, such
responses do not necessarily indicate the site of action as
behind the BBB in the brain or spinal cord. Centrally delivered
antibodies and other vectors may access the dorsal root
ganglion (DRG) through the cerebrospinal fluid, which is known
to reach the DRG.28,36 Furthermore, some of the changes that
may contribute to neuropathic pain occur in the DRG including
an increase in the expression of the IL-1b and IL-1R.22,35 We
cannot rule out the possibility that peripherally administered IL-
1RA-anti–TfR antibodies penetrate the DRG secondary to
crossing the BBB into the spinal cord. However, our data
indicate that CNS delivery of the IL-1R1 antagonist is
a fundamental requirement in driving efficacy in this neuro-
pathic pain model.

Antibodies have become an important class of drug molecules
over recent years, demonstrating strong clinical efficacy in
a variety of indications.3 However, there are few antibodies
entering clinical development with a centrally driven mechanism
of action. Development of effective antibody-based treatments
for CNS disorders will require the codevelopment of technologies
that enhance their BBB penetration. In vitro models of the BBB
have proven useful for the measurement of small molecule
transport and can help drive in vivo exposure prediction.38

However, such in vitro studies are far less common for antibodies

with the majority of evidence supporting antibody-BBB delivery
coming from in vivo studies.

IL-1RA is amenable to geneticmanipulation andwe have found
it can be successfully fused at the C-terminus of the Fc domain of
an IgG and maintaining sufficient activity for further study (Fig. 4).
Such fusions do not influence the activity of the Fab domain of the
antibody allowing molecules with differing antigen specificities or
affinities to be generated all having near identical specific activity
at IL-1R, with the exception of the fusion to 8D3. The high affinity
antibody 8D3 when fused to IL-1RA had a higher in vitro IL-1
neutralising activity. We attribute this to be due to the high affinity
anti-TfR antibody creating a higher local concentration of the
fusion protein at the cell surface, thereby generating an
apparently higher neutralising capability. As this fusion protein
had undetectable activity in vivo, in contrast to its in vitro
behaviour, we do not believe this anomalous behaviour had any
bearing on the conclusion that a lower affinity for TfR enhances
brain penetration. Thus the magnitude of any pharmacological
response resulting from IL-1R blockade in vivo is dependent only
on changes resulting from alteration in the antibody affinity for TfR
(and not on any modulation of the IL-1RA).

Blood–brain barrier transport of antibodies through the TfR has
been previously described.19,23,24,39 Transport of anti-TfR anti-
bodies into the CNS is dependent on their affinity for TfR, with
lower affinity antibodies demonstrating greater BBB transport.39

The variants of the antimouse transferrin receptor antibody 8D3
described in this article also have lowered affinities for TfR and
demonstrate markedly differing abilities to cross the BBB (Fig. 2).
The magnitude of brain exposure is similar to the findings of Yu
et al.39 However, the temporal pattern is markedly different. Yu
et al observed peak brain exposure at 4 to 5 hours after
administration, whereas we see peak exposure 24 hours after
administration. There are a number of possible reasons for these
differences: Yu et al do not report the absolute affinities of their
anti-TfR antibodies but only the differences relative to each other.
We are not therefore able to say whether or not we are working in
the same affinity range. The anti-TfR described by Yu et al39 may
also have a distinct epitope to the 8D3 antibody we describe
which could drive differing transport properties.

On fusion of IL-1RA to the antibodies, a slightly reduced
peripheral half-life was noted, whereas the CNS exposure profile
was markedly different (Fig. 3B, C). Peak brain exposure was
observed at the first sample postinjection and decayed rapidly
before plateauing at around 4 days. This suggests that IL-1RA
affects the distribution of these antibodies and this effect ismostly
likely due to binding of the IL-1RA component of the fusion to

Figure 4. Effect of IL-1RA-anti–TfR fusions on IL-1b–induced IL6 secretion
from NIH-3T3 cells in culture. Data are expressed as % IL-1b–induced IL6
mean 6 SEM. Cells were pretreated with IL-1RA-anti–TfR fusions for 30
minutes before IL-1b stimulation. TfR, transferrin receptor.

Figure 5. Effect of anti-transferrin-IL-1RA fusions on the reversal of partial
nerve ligation induced mechanical hyperalgesia. N 5 8 to 9 per group. **P ,
0.01; ***P, 0.001Op1NIP228 vs Op1 8D3610-IL-1RA;111P, 0.001Op
1 NIP228 vs Op 1 8D3130-IL-1RA; ns, not significant (P . 0.5). s.c,
subcutaneous.

Figure 6. Dose response of 8D3130-IL-1RA fusions on the reversal of partial
nerve ligation–induced mechanical hyperalgesia. N5 8 to 9 per group. **P,
0.01; ***P, 0.001Op1NIP228 vs Op1 8D3130-IL-1RA (100mg/kg);111P
, 0.001 Op 1 NIP228 vs Op 1 8D3130-IL-1RA (50 mg/kg); ###P , 0.001
Op1 NIP228 vs Op1 8D3130-IL-1RA (20 mg/kg); ns not significant (P. 0.5).
s.c, subcutaneous.
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IL-1R in the peripheral and central compartments. The more
marked change in the exposure profile in the brain may be due to
the presence of IL-1R on endothelial cells of the BBB. The
presence of both IL-1R and TfR on these cells may result in an
avid interaction of the IL-1RA-anti–TfR fusions with the receptors
on these cells and alter their ability to cross the BBB. An increase
in avidity would increase the apparent affinity of these fusions for
the endothelial cells and, as it has been demonstrated that affinity
plays an important role in BBB transport, the result would likely be
reduced transport across these cells. Themore rapid CL from the
blood would also reduce the further uptake of antibody across
the BBB.

In agreement with previous studies,15,40 our data suggest
a critical role for central IL-1b in nociceptive signalling during
chronic pain states. Greater IL-1RA penetration of the CNS
results in greater analgesia and prolonged exposure in the central
compartment results in a longer duration of the analgesia induced
by the IL-1RA fusion. Using a disease-relevant model of chronic
pain, we have successfully shown for the first time that a biological
peptide antagonist can be re-engineered, facilitating its CNS
delivery and enhancing its analgesic properties.
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