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ABSTRACT

The role of brain-derived neurotrophic factor (BDNF) signaling in chronic pain has been well documen-
ted. Given the important central role of BDNF in long term plasticity and memory, we sought to
engineer a high affinity, peripherally-restricted monoclonal antibody against BDNF to modulate pain.
BDNF shares 100% sequence homology across human and rodents; thus, we selected chickens as an
alternative immune host for initial antibody generation. Here, we describe the affinity optimization of
complementarity-determining region-grafted, chicken-derived R3bH01, an anti-BDNF antibody specifi-
cally blocking the TrkB receptor interaction. Antibody optimization led to the identification of B30, which
has a > 300-fold improvement in affinity based on BlAcore, an 800-fold improvement in potency in
a cell-based pERK assay and demonstrates exquisite selectivity over related neurotrophins. Affinity
improvements measured in vitro translated to in vivo pharmacological activity, with B30 demonstrating
a 30-fold improvement in potency over parental R3bHO1 in a peripheral nerve injury model. We further
demonstrate that peripheral BDNF plays a role in maintaining the plasticity of sensory neurons following
nerve damage, with B30 reversing neuron hyperexcitability associated with heat and mechanical stimuli
in a dose-dependent fashion. In summary, our data demonstrate that effective sequestration of BDNF via
a high affinity neutralizing antibody has potential utility in modulating the pathophysiological mechan-
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isms that drive chronic pain states.

Introduction

Neurotrophins represent a family of structurally-related pro-
teins that have diverse biological functions. During develop-
ment, neurotrophins critically regulate processes underlying
cell survival and neuronal differentiation. In the adult nervous
system, neurotrophin signaling is required for maintenance of
synaptic function and plasticity.'> Damage to peripheral
nerves triggers changes in the expression of ion channels,
neuropeptides, growth factors, cytokines and chemokines
that ultimately culminates in enhanced excitability of the
peripheral and central nervous system.* Brain-derived neuro-
trophic factor (BDNF) is a member of the neurotrophin
family that is upregulated following peripheral nerve
injury.”'® Following synthesis in small- to medium-sized
dorsal root ganglion (DRG) neurones,” BDNF is anterogra-
dely transported to the dorsal horn where it is released upon
noxious stimulation in an activity-dependent manner.'' The
physiological actions of BDNF are mediated via interaction
with two receptors, the high affinity tyrosine receptor kinase

B (TrkB) and p75NTR, also known as low-affinity nerve
growth factor receptor (LNGFR). BDNF engagement of
TrkB results in receptor dimerization, leading to autopho-
sphorylation of tyrosine residues in the cytoplasmic domain.
This results in the presentation of docking sites for adapter
proteins containing phosphotyrosine-binding (PTB) or src-
homology-2 (SH2) motifs that couple the receptor to multiple
intracellular signaling cascades, including Ras/ERK (extracel-
lular signal-regulated kinase), PI3 K (phosphatidylinositol-
3-kinase) and PLC-y (phospholipase C y)."* p75NTR, on
the other hand, is a member of the tumor necrosis receptor
superfamily that binds all members of the neurotrophin
family with similar affinities. Activation of p75NTR may
potentiate Trk signaling and furthermore promote the discri-
mination of Trk receptors for their preferred neurotrophin
ligands.'>"?

BDNF has been documented to be a key driver of central
sensitization in the spinal cord, and accumulating evidence sug-
gests that microglial-derived BDNF promotes long-term
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hypersensitivity and aberrant nociceptive processing through
mechanisms involving spinal disinhibition."* In support of this,
sequestration of spinal BDNF using the scavenging molecule
TrkB-Fc attenuated pain related behavior in models of peripheral
nerve damage."”"” TrkB-Fc is a fusion protein that comprises the
Fc domain of human IgG; and the ectodomain of TrkB, and it
has been used as a tool to specifically antagonize BDNF activity.
To date, many studies have focused on the central role of BDNF
using local administration of TrkB-Fc. However, few studies have
investigated how peripherally-derived BDNF affects sensory pro-
cessing under chronic pain conditions. In human, dysregulated
BDNEF levels have been documented in joint diseases, peripheral
nerve damage, intervertebral disc degeneration, bladder cancer
and chronic pancreatitis,'®>* with some reports demonstrating
correlations between peripheral BDNF levels and pain or disease
severity.”>*® Agents that specifically recognize BDNF, and inhibit
BDNF signaling through its receptor, may provide a novel
approach for the treatment of certain chronic pain conditions.
However, a key consideration in the design of a potential ther-
apeutic is the restriction of drug access to the brain to ensure
there is minimal interference of BDNF function in the CNS.
Given the key role of this mediator in long-term synaptic plas-
ticity, learning and memory, disruption of this pathway could
lead to undesirable cognitive effects.

Recent technological advances in antibody engineering
have led to a growing interest in the development of mono-
clonal antibodies for therapeutic clinical applications.
Monoclonal antibodies offer high specific binding to the tar-
get with little off-target activity, a long half-life (>20 days) and
limited CNS penetration based on molecular weight. The
therapeutic potential of an anti-NGF monoclonal antibody
has been demonstrated in patients with advanced osteoarthri-
tis and chronic low back pain, where it was shown to provide
long-term analgesic efficacy.”’>* Given the role of BDNF in
chronic pain, we sought to engineer an antibody that would
preferentially block BDNF signaling with high affinity and
specificity. The starting point for optimization was a BDNF
monoclonal antibody, R3bHO1, which was derived using
a combination of in vivo chicken immunization and in vitro
phage display.” Here, we describe the affinity optimization of
a complementarity determining region (CDR)-grafted variant
of R3bHO1. Optimization led to the identification of B30,
which has a > 300-fold improvement in affinity based on
BIAcore, an 800-fold improvement in potency in a cell
based pERK assay and demonstrates exquisite selectivity
over related neurotrophins. To explore whether the affinity
and potency improvements measured in vitro translated to
in vivo pharmacological activity, we compared the parental
R3bHO1 to optimized B30 in a rat model of peripheral nerve
injury. B30 demonstrated a return to baseline in the K,
current suppression model at 0.03 mg/kg compared to the
1 mg/kg required for the parental antibody. We further
demonstrate that peripheral BDNF plays a role in maintaining
the plasticity of sensory neurons following nerve damage, with
B30 reversing neuron hyperexcitability associated with heat
and mechanical stimuli in a dose-dependent fashion. In

summary, our data demonstrate that effective sequestration
of BDNF via a high affinity neutralizing antibody has poten-
tial utility in modulating the pathophysiological mechanisms
that drive chronic pain states.

Results

Discovery, humanization & optimization of an anti-BDNF
antibody

In vivo immunization of chickens was coupled with in vitro
phage display to derive a panel of neutralizing anti-BDNF anti-
bodies (workflow summarized in supplementary Figure la and
methods described by Finlay et al>*). Clone R3bHO1 was chosen
for humanization based on BDNF binding (supplementary
Figure 1b) and TrkB neutralization (supplementary Figure 1c).
A classical CDR-grafting approach was taken, grafting the
chicken-derived CDRs onto well-behaved acceptor human fra-
meworks VH3-23;VA3-19.>*® A single back-mutation, 146 T,
was required in the VL FW1 region to retain the functionality of
the parental chicken-human chimeric IgG;. This particular
back-mutation has been previously described during humaniza-
tion of a chicken anti-IL12 antibody.>® The resulting humanized
HO01 was shown to maintain affinity for BDNF using an epitope
competition assay (supplementary Figure 2a) and Biacore
kinetics (supplementary Figure 2b).

The approach taken to optimization is summarized in
Figure 1. CDR mutagenesis was achieved using a soft rando-
mization approach that aims to incorporate approximately 50%
wild-type and 50% any other amino acid at each position across
all CDRs except VL-CDR2. Mutational libraries were assessed
by sequence verification of approximately 96 clones per library.
In our experience, this primer-based method of mutagenesis
generally leads to wild-type representation ranging from 40% to
70% at each amino acid position. Sequencing quality control
for all 5 targeted CDRs is included in supplementary Figure 3.
Libraries were rescued using helper phage M13K07 and phage
pools were subjected to off-rate selection in order to drive
affinity. Selection outputs were expressed as single-chain vari-
able fragments (scFv) in periplasmic fractions and assessed for
performance against the parental R3bH01 and humanized HO1
in a competition homogeneous time resolved fluorescence
(HTRF) assay (Figure 2a). Top-performing clones from the
competition enzyme-linked immunosorbent assay (ELISA)
were reformatted into full-length IgG, in a combinatorial fash-
ion, mixing mutant VH and VL chains, in addition to combin-
ing mutations across multiple CDRs. IgGs were prioritized for
potency in the pERK TrkB signaling assay (Figure 2b).
Cumulative data identified B30 as the top performing high
affinity variant and this was brought forward for further char-
acterization. Given the extensive surface positive charge and
high pI of BDNF, lead clones were also assessed for nonspecific
binding to several related neurotrophins and unrelated chemo-
kines with high pI and positive charge patches. Representative
data is shown in supplementary Figure 4.
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Figure 1. Workflow for anti-BDNF antibody affinity maturation.

A: The CDR-grafted variant of chicken R3bHO1, HO1, was chosen as a template for affinity optimization using a soft mutagenesis library-based approach. Mutagenic
libraries of HO1 were designed as single-chain variable fragments (scFvs) were subjected to soft-randomization across VH CDR1, VH CDR2, VH CDR3, VLCDR1 and VL
CDR3 using a series of mutagenic primers as shown. A stepwise library selection approach was taken incorporating off-rate challenge with 100-fold competing BDNF
for increasing times over each round and outputs were interrogated by high throughput screening by competition ELISA. Clones demonstrating beneficial CDR-based
mutations compared to the parental were combined at the IgG; reformatting stage. The clone with the best characteristics, B30, was chosen as the lead with

a KinExa-measured affinity of approximately 1 pM.

Affinity determination of BDNF antibodies by surface
plasmon resonance and KinExA analysis

Surface plasmon resonance (SPR) was used to determine the
binding kinetics of B30 compared to the parental chimeric
R3bHO1 antibody. Low densities of human BDNF were directly
immobilized onto a Biacore sensor chip to reduce nonspecific
binding and to minimize avidity and rebinding -effects.
A dilution series of the R3bHO1 and affinity-optimized B30 were
flowed over the sensor chip surface, providing dose-dependent
responses (Figure 3a, b). The dissociation phase for the highest
concentration of antibody was extended to 4000 sec to achieve
a signal decay minimum of 5%.”” The kinetic rate constants were
determined and the apparent Ky, values are reported in Table 1.
However, the off-rate for B30 was reaching the limits of
sensitivity of the BIAcore T200, and a solution phase kinetic

exclusion assay was subsequently used to determine the
equilibrium dissociation constant for the antigen-binding
fragment (Fab) of B30 binding to human BDNE.”® Two
fixed concentrations of BDNF were used, which aimed to
provide Kp and active binding concentration (ABC)-
controlled curves to permit a global N-curve analysis of
the sensorgram data (Figure 3c). The ABCs used were 60
pM for a Kp controlled curve and 400 pM for a receptor-
controlled curve, incorporating 2 binding sites for each
BDNF homodimer. A wide range of Fab concentrations,
two replicates for each concentration, yielded several data
points between 0 and 100% free human BDNF, indicating
assay reproducibility and confirming equilibrium. A 95%
confidence interval of Ky values and % error are shown in
Figure 3d.
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Figure 2. High-throughput screening of soft mutagenesis phage libraries for affinity-improved anti-BDNF antibodies.

A: A high-throughput single-point periplasmic competition HTRF assay was used to identify clones with potential improvements in binding over the parental
chimeric R3bHO1 and humanized HO1 in an scFv format. Each point (Red: Round 1 clones, Blue: Round 2 clones, Yellow: Round 3 clones) represents a selection output
clone. The data is represented as % inhibition of R3bHO01-BDNF interaction compared to the negative control (turquoise, unrelated scFv). Humanized HO1 (green) and
chimeric R3bHO1 (black) as scFv are shown for comparison. B: Prioritized mutants were reformatted to IgG; and ranked for potency using a functional pERK signaling
assay. R3bHO1 (green) is highlighted and compared to B30 (blue). Data was plotted as relative response units versus log molar concentration of purified 19G;.
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Figure 3. Demonstration of affinity improvement of B30 over parental R3bHO1.

Human BDNF was directly immobilized on a CM5 Biacore sensor chip surface. A dilution series of parental antibody R3bH01 (A) and the affinity optimized antibody
B30 (B) were injected, allowed to associate, followed by dissociation in HBS-EP+ running buffer. All data were fit to a 1:1 Langmuir binding model using T200
evaluation software v1.0. Data shown are representative curve fits for at least 2 independent dilution series experiments. Biacore measurements shown were
performed at 37°C. C: Binding of Fab B30 to Human BDNF by Kinetic Exclusion Assay. The B30 Fab, ranging in concentration from 2 nM to 343 fM was mixed with
a fixed concentration of human BDNF, either at 60 pM for a Ky controlled curve or 400 pM for a receptor-controlled curve. All solutions of Fab and antigen were
incubated overnight at room temperature to attain equilibrium. Data points are a measurement of percentage free human BDNF at each concentration of B30 Fab. D:
N-curve analysis was used to globally fit the curve data to obtain an equilibrium dissociation constant, or Kp value.

The SPR apparent Kp, value for B30 was determined to be
120 pM, indicating a 286-fold improvement over R3bHO1,
with off-rate being the main contributor to this effect. The
KinExA-determined equilibrium dissociation rate constant for
Fab B30 was 1 pM. This difference may be explained by the
potential effect on binding functionality by directly immobi-
lizing BDNF or solid surface matrix effects.’” A number of

attempts were made to reverse the orientation of the SPR
assay, but, as a result of the high pI of BDNF, this resulted
in a significant charge-based ligand interaction with the CM5
dextran chip. In addition to this, although the SPR assay was
carried out at a very fast flow rate and elevated temperature
(37°C), it was still operating close to the limits of sensitivity of
the SPR method.
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Table 1. Comparison of parental chicken R3bHO1 to humanized & affinity optimized B30.

Kinexa
Apparent Kp Kp PERK 1Cso
Name VH CDR1 VH CDR2 VH CDR3 VL CDR1 VL CDR2 VL CDR3 (nM) (pM) (nM)
R3bHO1 GFDFSSYDMH GIDDGGSDTYYGSAVKG SSYDISWNGHVENIDA SGAGSGYGYG SNDKRPS GTYDSTDAGYAl 34.42 + 543 ND 65.60
(n=3) (29.90 — 144.30%
(@)]
(n=7)
B30 GFDFSSYDMH  GIGDYGIETYYGSAVKG SSYDISWNGHVEHIDS SGAGSGYGYG SNDKRPS GTYVSAYYGYAI 0.12 + 0.01 1.06 pM  0.08 (0.04-0.14%
(n=3) (3.28% Cl)
error) (n = 20)

CDR definitions used in this manuscript are an expanded definition in comparison with the classical Kabat, including VH positions 26-29 and 49. Mutations in affinity-
optimized B30 are highlighted in bold. BIAcore was used to characterize the binding kinetics for the parental antibody, R3bH01 and the affinity-optimized B30. Rate
constants were calculated using a 1:1 binding model (T200 Evaluation Software) and the equilibration dissociation constant (Kp) was calculated as kd/ka. KinExa
was used to further refine the Kp measurement for high affinity B30. The pERK assay was used to measure BDNF-TrkB neutralization in the presence of anti-BDNF
antibodies. The Cellul'ERK HTRF detection kit was used to quantify downstream phospho-ERK levels and the results are expressed as pERK 1Cs,.

Affinity optimized B30 is more effective than R3bHO1 at
reversing injury induced ion channel plasticity in rat
dorsal root ganglion neurons

A phenomenon associated with peripheral nerve damage is
a change in the expression pattern of ion channels,*
which contributes to aberrant sensory processing.
Voltage gated potassium (K,) channels comprise
a diverse family of ion channels that intrinsically govern
resting membrane potential, firing frequency and shape
action potential repolarization in excitable cells.*!
Dysregulation of K, channels and a consequent reduction
in the K, current have been hypothesized to underlie
neuronal  hyperexcitability — in  injury  states.***
A previous report has demonstrated that this may, in
part, be mediated through elevated BDNF levels as
a result of injury.*” To evaluate whether altered BDNF
signaling drives K, channel plasticity, we investigated the
effects of peripheral BDNF sequestration in animals sus-
taining peripheral nerve injury using systemic administra-
tion of anti-BDNF antibodies chimeric R3bH01 & B30.
Animals were given a single injection of R3bHO01, B30 or
hIgG; negative control 4 to 7 days prior to electrophysio-
logical studies. Consistent with previous reports, spinal
nerve ligation (SNL) led to a dramatic attenuation of the
native K, current density in injured L5/L6 DRG neurones
compared to those on the contralateral (uninjured) side in
the same animal (Figure 4a & 4b). Recordings made in
animals treated with R3bHO1, the parental anti-BDNF
molecule, revealed dose-dependent reversal of these defi-
cits (injury-induced K, current suppression), with signifi-
cant efficacy achieved at 1 and 10 mg/kg (Figure 4c).
These data support findings that the antibody, through
specific binding of BDNF, modulates sensory neurone
function and alters the injury phenotype of sensory neu-
rones. Based on the improved potency and binding affinity
of B30, we explored a lower dose range of this antibody
(0.01 to 0.1 mg/kg) in the same model. B30 produced full
reversal of K, current deficits at 0.03 and 0.1 mg/kg, while
the 0.01 mg/kg dose remained ineffective (Figure 4d).
Improvement in antibody potency achieved via affinity
maturation translated to enhanced pharmacological activ-
ity in vivo.

B30 reverses neuronal hyperexcitability in a rat model of
peripheral nerve injury

Having demonstrated the ability to reverse K, current plasti-
city in injured DRG neurons, we next examined the impact of
B30 on primary afferent excitability using an ex vivo skin
nerve preparation.*®*” A key feature of peripheral nerve
damage is peripheral sensitization, a phenomenon character-
ized by reduced activation thresholds, enhanced firing activity
to evoked inputs and increased background activity in pri-
mary afferent fibers.*®

The pharmacological activity of B30 was evaluated in nerve
injured rats (SNL) at 3 weeks post-surgery. Recordings were
made from the tibial nerve, which was dissected free along with
the associated glaborous skin. Modulation of thermal hyper-
sensitivity was investigated using two heat stimulation proto-
cols that evoked a different firing pattern between ipsilateral
and the contralateral nerve preparations in SNL rats. Delivery
of a noxious heat stimulus (36-52°C over 50 seconds, at 0.4°C/
second) onto the center of the receptive field evoked robust
afferent firing in both ipsilateral and contralateral preparations.
A second heat ramp (36 — 48°C over 50 seconds, at 0.2°C/s)
elicited lower levels of firing (<600 spikes in 50 seconds) in the
absence of injury in the contralateral preparation, whilst the
same stimulus elicited a greater firing response (>1000 spikes)
in preparations taken from the ipsilateral side. This is inter-
preted to be a manifestation of peripheral sensitization, and this
pattern of activity was observed in animals treated with hIgG,;
negative control (Figure 5a). The thermal hypersensitivity
resulting from nerve injury was dose dependently reversed by
B30, with both doses (0.03 mg/kg and 0.1 mg/kg) significantly
reducing excitability in the skin-nerve preparation (Figure 5b-
d). Similarly, activity evoked by the noxious heat ramp was
significantly reduced at the 0.1 mg/kg dose (Figure 5e-f). These
data support the potential utility of B30 in reversing mechan-
isms underlying peripheral nerve hyper-excitability following
peripheral nerve damage.

To further explore whether the reversal of neuronal plasti-
city seen in in vitro and ex vivo preparations can also be
demonstrated in vivo, spinal cord recordings were conducted
in nerve injured animals at 3 weeks post tibial nerve injury.
Single dorsal horn recordings were made from ipsilateral wide
dynamic range (WDR) neurones 4-7 days following dosing
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Figure 4. Affinity of anti-BDNF antibodies correlates to potency of neuropathy-induced Kv current suppression.

A: Representative voltage-clamp traces from acutely isolated DRG neuron from rats dosed with an isotype control antibody (0.1 mg/kg). Conductances from native K,
ion channels in an uninjured DRG neuron (black traces) are much larger than those from an injured DRG neuron (red traces). Quantification of native potassium
conductance at the end of the voltage step (often termed I,) is plotted as an I/V curve (inset shows area under the curve analysis (pA.mV.pF~"). All subsequent data is
analyzed in this way with statistics being analyzed from the AUC analysis. B: Representative voltage-clamp traces from acutely isolated DRG neuron from rats dosed
with a neutralizing anti-BDNF antibody (B30 0.1 mg/kg). The suppression of K, ion channels is completely reversed by neutralization of BDNF so that the injured and
uninjured conductances (and AUC values) are indistinguishable. C: R3bHO1 reverses injury-induced K, suppression in a dose-dependent manner. Voltage-activated
potassium currents (as shown in A and B) are represented as a function of voltage. DRG neurons from isotype control-treated animals exhibited significantly different
Ky currents as did those from animals treated with 0.1 mg/kg R3bHO1. Injured DRG neurons from animals dosed with 1 or 10 mg/kg R3bHO1 exhibited no significant
difference in K, currents when compared to uninjured neurons. Data are represented as mean values + SEMs, data are analyzed using area under the curve analysis
(as in A and B), unpaired t-tests were utilized to assess significance (ns = not significant, *** = p < .001). D: B30 reverses injury-induced K, suppression in a highly
potent dose-dependent manner. DRG neurons from isotype control-treated animals exhibited significantly different K, currents as did those from animals treated
with 0.01 mg/kg. Injured DRG neurons from animals dosed with 0.03 or 0.1 mg/kg B30 exhibited no significant difference in K, currents when compared to uninjured
neurons. Data are represented as mean values + SEMs, data are analyzed using area under the curve analysis (as in A and B), unpaired t-tests were utilized to assess

significance (ns = not significant, *** = p < .001).

with B30 (0.01, 0.1, 1 mg/kg), negative isotype control or
pregabalin. A mechanical and/or heat response function was
constructed by quantification of neuronal activity to graded
von Frey filaments (2 to 60 g) or heat (32 to 50 degrees)
applied to the peripheral receptive field (Figure 6a). The area
under the curve (AUC) of the stimulus response curve is
shown in Figure 6b & 6c¢. Evidence for spinal cord hyperac-
tivity was observed in neurones receiving input from the
injured hindpaw; these neurones displayed exaggerated firing
activity to low intensity mechanical punctate stimuli. This
hyperexcitability was attenuated in animals receiving prega-
balin over 5 days (twice daily, 15 mg/kg). Similarly, a single
injection of B30 dose dependently attenuated the hypersensi-
tivity to mechanical punctate stimuli and heat in dorsal horn
neurons. At the same dose (0.1 mg/kg) that B30 showed
reversal of the Kv current deficit and heat sensitization in
peripheral nerves, spinal cord excitability was restored back
to uninjured control levels (see undosed naive group in Figure
6b-c). This is in contrast to animals treated with the negative

control (hIgG;), where the sensitized phenotype was still pre-
sent. In these animals, the magnitude of firing to peripheral
inputs was overall greater compared to that seen in uninjured
naive animals.

Taken together, our data supports a role for peripheral
BDNF in the mechanisms underlying neuronal hyperexcit-
ability following peripheral nerve injury. Both the parental
BDNF antibody (R3bHO1) and the affinity-matured antibody
B30 specifically bind BDNF and neutralize the neurotrophin’s
activity in vivo. We provide evidence that through affinity
maturation, the potency of the B30 molecule was greatly
enhanced, resulting in in vivo efficacy at much lower doses
compared to the parental R3bHO01 antibody.

Discussion

Here, we describe the successful generation of a high affinity
anti-BDNF molecule that displays potent in vivo pharmaco-
logical activity and reverses key features of injury-induced
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Figure 5. B30 reduces thermal hyperalgesia in the tibial nerve of SNL injured rats.

MABS €1755000-7

e
3 = higG1
5 = B30 0.03mpk
;E‘ B B30 0.1mpk
%
%
2
g
3
g
5 non-noxious ramp noxious ramp
f
*
4000
B higG1
o0 B30 0.03mpk
mm B30 0.1mpk

Sum Nerve Firing over 4 minutes(spikes)

B30 0.03mpk

B30 0.9mpk

Multi-unit extracellular recordings were made of basal nerve activity as well as thermally evoked afferent nerve firing from the tibial nerve of neuropathic rats
2-3 weeks post SNL injury and dosed for 4-7 days with hlgG, or the anti BDNF antibody (B30, 0.03 or 0.1mpk). Representative trace demonstrating robust afferent
nerve firing in response to a non-noxious heat ramp (36-48°C, at 0.2°C/s; A), as well as high levels of basal nerve activity (highlighted by oval in each trace) in SNL
injured animals dosed with higG,; (B). Animals dosed with B30 at 0.03 mpk (C) exhibited similar levels of basal nerve activity but reduced thermally evoked afferent
firing. Animals dosed with B30 at 0.1mpk (D) exhibited reduced basal nerve firing and minimal thermally evoked afferent firing. In all cases nerve activity was fully
inhibited by 1 mM lidocaine. B30 at 0.03 and 0.1 mpk significantly inhibits injury induced firing to a non-noxious heat ramp in relation to higG, dosed animals (E).
B30 at 0.1mpk also significantly attenuates afferent firing elicited by a noxious heat ramp (36-52°C, at 0.4°C/s; E) as well as basal nerve firing (F). Data is represented
as mean values + SEMs, data were analyzed with single parametric analysis and compared to isotype control (* = p < .05, ** = p < .01, *** = p < .001).

plasticity in sensory neurones. To our knowledge, this is the
first report of an anti-BDNF molecule that binds BDNF with
high affinity, potently neutralizes BDNF activity in vivo and
shows selectivity in binding over related neurotrophins and
similarly charged chemokines. While a previous study demon-
strated that local administration of anti-BDNF promoted
nerve fiber integrity in a rat nerve transection model, this
study used a polyclonal antibody which has not been fully
characterized for BDNF specificity or functional activity.'®
Mature BDNF is 100% conserved across mammals, includ-
ing rat and mouse.”” Due to the high homology, traditional
antibody generation methods such as mouse hybridoma
approaches provide a challenge in breaking tolerance. Based
on the phylogenetic distance between chickens and mammals,
we used an in vivo avian immunization approach,** coupled
with in vitro phage display of the generated chicken immune
repertoire. This led to the identification of R3bHO1. The
desired pM affinity, however, was not achieved directly from
the library, and an optimization campaign was required post-
humanization, which led us to clone B30. Given the extent of
engineering ultimately required, alternative methods could be
considered for this target, and we have successfully used large
naive human antibody libraries coupled with optimization via
phage display to achieve pM affinities in the past.”® B30
demonstrated pM affinity for BDNF, potent neutralization

of TrkB signaling in cell-based assays and retained exquisite
selectivity for BDNF over related neurotrophins. We demon-
strate that the improvement in in vitro binding affinity
achieved through affinity maturation correlates with increased
potency observed in vivo. Efficacy was observed in the Kv
electrophysiological assay at doses as low as 0.03 mg/kg for
B30 with 1 mg/kg of R3bHOI required to achieve the same
level of protection.

A key finding in the present study is that systemic admin-
istration of BDNF antibody reverses hyperexcitability and
injury-associated processes that likely contribute to abnormal
processing in damaged sensory neurones. In addition to their
developmental role in governing cell growth, differentiation
and neuronal survival, neurotrophins function to regulate
synaptic plasticity in the adult nervous system. Through
both transcriptional and posttranslational mechanisms, this
class of molecules exert structural and functional modifica-
tions of synaptic connections and profoundly alter neuronal
excitability in sensory neurones.”>°

Reduced expression of voltage-gated potassium channels
and functional deficits in channel activity have been described
across many injury models.***>***!">> One mechanism con-
tributing to these changes is an alteration in BDNF/TrkB
signaling, and pharmacological blockade of this pathway has
been shown to reverse Kv channel plasticity in culture.*” Kv
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Figure 6. B30 reduces spinal cord hyperexcitability in spinal dorsal horn (DH) neurones of nerve injured animals.

A: Recordings made from ipsilateral DH neurones 3 weeks after nerve injury show exaggerated firing response to mechanical punctate stimuli. This is particularly
prominent with von frey stimuli in the low intensity range (2 to 8 grams). B and C. Spinal cord recordings were made in neuropathic rats, 4-7 days after being dosed
with hlgG; control, B30 (0.01, 0.1 and 1 mg/kg) or pregabalin. In addition, a separate group of undosed naive animals were included in the study. Graded mechanical
and heat stimuli were applied to the central receptive field and the AUC of the stimulus response curve was quantified. Mechanical (B) and heat hyperexcitability (C)
induced by peripheral nerve injury was dose dependently reduced by the anti-BDNF antibody, B30. Pregabalin treatment over 5 days (15 mg/kg, po) produced
attenuation of the mechanical evoked responses, but not responses to heat. **p < .01; p < .001 compared to hlgG, negative control.

channels represent a large family of ion channels that critically
regulate aspects of action potential firing, including its initia-
tion, propagation, duration and firing frequency.”> The
composition of the Kv channel subtype, the density and dis-
tribution pattern along the axon are crucial determinants
controlling axonal excitability.”” As these channels function
to suppress excitability in peripheral nerves, reorganization in
their expression pattern or pharmacological blockade are
expected to result in abnormal excitability and promote ecto-
pic firing.>>°7®

Using administration of a highly selective monoclonal anti-
body, we provide novel evidence that sustained BDNF sup-
pression over a period of several days reverses phenotypes
that are commonly associated with nerve injury. Evidence for
hyperexcitability is observed at multiple levels of the neuraxis,
including the peripheral nerve, DRG, spinal cord and
supraspinal regions of the brain. Decreased activation thresh-
olds, ongoing activity and enhanced firing to peripheral
inputs are all hallmark features of peripheral and central
sensitization. The ability to bring about long-term excitability
changes through modulation of synaptic transmission and
connectivity suggests that neurotrophins may be responsible
for promoting the chronicity of the pain state following
injury. This, in turn, could drive abnormal pain symptoms
that typically include ongoing pain, allodynia and hyperalge-
sia. Our findings suggest that the excitability of the peripheral

pain pathway can be restored to physiological levels by per-
ipheral sequestration of BDNF through mechanisms that
partly involve Kv channel activity. Targeting dysregulated
BDNEF levels using a highly specific antibody molecule there-
fore offers a novel approach to the treatment of certain
chronic pain conditions, particularly where pain is driven
through abnormal activity in the injured nervous system.
Further studies are required to evaluate whether anti-BDNF
therapy can be beneficial in reversing neurological imbalances
in diseases such as neuropathic pain.

Materials and methods
Isolation and humanization of lead chicken clone

Human BDNF (Peprotech, Catalog Number 450-02) was used
to immunize 2 chickens and an scFv phage library was sub-
sequently constructed from spleen and bone marrow post-
immunization using methods previously described.”* R3bHO01
was identified as the lead clone using the Pathhunter pERK
assay and was subsequently humanized using a classical CDR
grafting approach as previously described.”® Sequence align-
ment identified VH3-23 and VA3-19 as the closest human
germline framework sequences and these were used as accep-
tors for the R3bH01 CDRs (Kabat definition®”). Humanized
grafts were tested for maintenance of functional activity using



an ELISA-based competition assay against biotinylated chi-
meric R3bHO1.

Competition ELISA

NUNC Maxisorp plates (384-well) were coated with 20 pL
BDNF protein (Peprotech, Catalog 450-02) at a concentration
of 1 ug/mL in phosphate-buffered saline (PBS) pH 7.4, over-
night with shaking. After overnight incubation, the plates
were washed five times with 200 puL PBS containing 0.02%
(v/v) Tween and blocked for 1 hour using 1% Casein/PBS (v/
v) (Thermo Scientific, Catalog 37528). Anti-BDNF antibodies
were titrated in casein. Titrated antibodies were mixed with
biotinylated chimeric R3bHO1 and then applied to immobi-
lized BDNF for 1 hour. Plates were washed as above and a 1/
1,2000 dilution of horseradish peroxidase (HRP) conjugated
streptavidin (Thermo Scientific, Catalog N100) was added for
1 hour. Plates were washed and developed by addition of
25 uL  3,3'5,5'-Tetramethylbenzidine (TMB, Thermo
Scientific, Catalog 34029) substrate and subsequently stopped
with 25 pL 0.18 M phosphoric acid (Fisher Scientific). Plates
were processed on the EnVision MultiLabel Plate Reader
(Perkin-Elmer) with absorbance at 450 nm.

Affinity optimization library construction and selection

Mutational scFv libraries based on humanized HO1 were
constructed, rescued and selected as previously described.*’
In summary, 11 HOl mutagenic soft-randomization sub-
libraries were constructed by splice-overlap-extension (SOE)
PCR, with mutations being introduced into VH-CDR1, VH-
CDR2, VH-CDR3, VL-CDR1 and VL-CDR3. Different num-
bers of mutagenic primers were required for each CDR based
on loop length. This is represented schematically in Figure 1,
and primer sequences are provided in Supplementary Table 1.
VL-CDR2 was not targeted in our mutational strategy based
on observations from previous in-house optimization cam-
paigns, indicating that this CDR is rarely a driver for affinity
gains. SOE-PCR products were restriction digested, purified
and ligated into the phagemid vector pWRIL-1. Libraries were
transformed into E.coli TG1 electro-competent cells. Post sub-
library titration, sub-libraries from across the length of each
CDR were pooled in equimolar amounts, resulting in five
CDR libraries that were selected and screened separately.

For phage display selections, a standard stepwise technique
was applied.®’ NUNC immunotubes were coated with 100 nM
BDNF in PBS, pH 7.4. A stepwise strategy was used where off-
rate selection pressure with a 100-fold excess of BDNF in
solution (10p M) was applied for 15 min, 1 h and overnight
from rounds 1 to 3, respectively. To avoid charge enrichment,
de-selection was employed in all rounds of selection using calf
thymus histones (Sigma Aldrich, 20 pug/mL).

High-throughput screening of mutants via HTRF

HTRF screening was performed as described previously.®'
A high-throughput scFv competition HTRF assay was estab-
lished to facilitate screening for affinity improved clones while
maintaining the R3bHO1 epitope. Parental R3bHO1 was
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labeled with europium cryptate using a cryptate labeling kit,
according to the manufacturer’s instructions (CisBio, Catalog
62EUSUEA). The final assay mixture consisted of in-house
biotinylated BDNF (Peprotech, 1 nM), europium cryptate
labeled-R3bHO1 (1/1,000 dilution), SA-XL665 (CisBio,
Catalog 610SAXLF) (1/2,000) and periplasmic extract con-
taining the scFv of interest in a total reaction volume of
20 pL in Ix assay buffer (CisBio, Catalog 61DBIRDEF).
Reactions were allowed to proceed for 3 hours at room tem-
perature and plates were subsequently read on the EnVision
MultiLabel Plate Reader (Perkin-Elmer) with excitation at
340 nm and two emission readings at 615 nm (measuring
input donor fluorescence from R3bHO1 europium cryptate)
and 665 nm (measuring output acceptor fluorescence from
SAXL665). All readings were initially calculated as a ratio of
fluorescence at 665/615 and then expressed as % inhibition
compared to the negative control, an unrelated scFv periprep
sample. Prioritized hits were sequenced, reformatted to full-
length IgG; and purified at small-scale for further character-
ization as described previously.®*

Biacore affinity determination

SPR was used to characterize the binding kinetics of chimeric
R3bHO1, humanized HO1 and affinity optimized antibody B30
against human BDNF (Sino Biological Inc., Catalog 50240-
MNAS). A low density of BDNF was amine coupled onto
a carboxymethylated dextran sensor chip surface (CM5, GE
Healthcare) wusing a Biacore T200 instrument (GE
Healthcare). Three-fold serial dilutions of antibodies, chimeric
R3bHO1, HO1 and B30, ranging from 243 nM to 9 nM were
prepared in HBS-EP+ buffer (0.01 M HEPES, 0.15 M NaCl,
3 mM EDTA, and 0.05% (v/v) surfactant P20, pH7.4). Two
replicate samples at each concentration were injected at a flow
rate of 100 puL/min for a 47 sec association step and either
a 300 or 4000 sec dissociation. The human BDNF surface was
regenerated with 3 pulses, 30 sec each, of 10 mM glycine, pH
1.5 at a flow rate of 50 pL/min and then equilibrated with
a single 30 sec pulse of HBS-EP+ buffer at a flow rate of
50 uL/min. Original SPR experiments for chimeric R3bHO01
and humanized HO1 were performed, at least in duplicate, at
25°C with a data collection rate of 1 Hz and HBS-EP+ used as
both the sample and running buffer. The resulting sensor-
grams were double referenced® with buffer injections and an
activated and quenched flow cell surface. Rate constants were
determined by applying a 1:1 Langmuir binding model using
the T200 evaluation software v1.0, subsequently determining
the equilibrium dissociation constant with the equation Kp
= kd/ka. Given the much higher affinity of the clones derived
from the optimization campaign, SPR for these clones was
performed under the same conditions except at an elevated
temperature of 37°C.

KinExA affinity determination

The solution Kp value for the affinity-optimized B30 Fab
against human BDNF was determined using a Sapidyne
KinExA 3200 instrument. In this kinetic exclusion assay, the
percentage of unbound, or free, human BDNF was measured
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from several equilibrated solutions containing a dilution of
affinity-optimized B30 Fab combined with a fixed concentra-
tion of human BDNF antigen. Specifically, B30 Fab ranging in
concentration from 2 nM to 343 fM was incubated with
human BDNF, either at 60 pM or 400 pM overnight at
room temperature (RT) to attain equilibrium. These fixed
concentrations of human BDNF were near the SPR-
determined Kp, value for B30 and provided measurable signal
above background. Polymethylmethacrylate beads coated with
antibody B30 at 30 ug/mL for two hours at room temperature,
blocked with 10 mg/mL bovine serum albumin (BSA), and
further diluted with PBS, were used to capture the unbound
human BDNF from the equilibrated Fab antigen solutions.
The captured free human BDNF was detected with the non-
competing anti-BDNF mouse mAb848 (R&D Systems,
Catalog MAB848) at 5 pg/mL followed by the Alexa Fluor®
647 anti-mouse IgG antibody (Jackson ImmunoResearch,
Catalog 115-605-062) at 0.5 pg/mL. Human BDNF without
Fab and buffer alone were also evaluated to determine the
maximum signal and level of nonspecific binding (NSB),
respectively. These multiple curve data were globally fit
using N-curve analysis and Sapidyne evaluation software ver-
sion 3.6.8 with Fab as the concentration reference to identify
the best fit Kp value.

Pathhunter pERK assay

U20S cells expressing TrkB+p75NTR (DiscoverX, Catalog
93-0463 C3) were plated overnight in minimum essential
medium (Life Technologies) with 0.5% horse serum (Life
Technologies, Catalog 26050088). On the day of the assay,
R3bHO1, and test anti-BDNF antibodies were serially diluted
1:3 in PBS to create a 10-point concentration response curve.
10 pL of the serial diluted samples were added to the cells and
incubated for 1 hour at 37°C, before the addition of 10 puL of
1.8 nM BDNF (Peprotech, Catalog Number 450-02) in PBS
with 0.25% BSA to each well (BDNF final assay concentration
(FAC): 150 pM). The plate was incubated for 30 min at room
temperature before media removal and the addition of
Cellul’erk lysis buffer (Cisbio, Catalog 64KL1FDF). The
plate was stored at —80°C overnight. After thawing, lysates
were transferred to a 384-well Proxiplate (Perkin Elmer,
Catalog 6008260), Cellul’erk HTRF reagents were added and
incubated as per kit instructions (Cisbio, Catalog
64NRKPET) before reading on an Envision plate reader
(Perkin Elmer).

Surgery for peripheral nerve injury

All experimental procedures were conducted in accordance
with the UK Animals Act®* and followed the guidelines under
the International Association for the Study of Pain.®> Male
Sprague Dawley rats (170-190 g) were subjected to 2 models
of peripheral nerve injury, SNL and tibial nerve transec-
tion (TNT).

All animals were allowed to acclimatize to the animal
facilities for at least 5 days prior to surgery. All surgery
procedures were conducted under sterile conditions in
a dedicated surgery suite. The back of the animal (SNL) or

the left hindleg (TNT) was shaved and swabbed with Pevedine
(Sigma Aldrich) and Chlorhexidine solution (Sigma Aldrich).

For ligation of L5/6 spinal nerves, animals were placed
under general anesthesia (isoflurane, Sigma Aldrich, 5%
induction, 2% maintenance) and the left paraspinal muscles
were separated from spinous processes at L4-S2 levels. The L6
transverse process was removed to allow identification of L4-6
spinal nerves. L5 and L6 spinal nerves were isolated and
tightly ligated with 6-0 silk thread (Mersilk). For TNT, the
tibial nerve was carefully exposed at the point of trifurcation
of the sciatic nerve, following which it was tightly ligated with
6-0 silk and transected distally to the ligature.

Hemostasis was confirmed and muscles were closed in
layers using Vicryl (5-0) suture. Skin was closed with sterile
surgical clips. Animals were placed in a heated recovery box
until fully awake and transferred to a clean homecage.
Animals were given wet mash for the first 5 days and daily
post-operative observations made for 7 days post-surgery.

In vitro Kv recordings

Three weeks post-surgery, animals were randomized to
receive dosing of R3bHO1 (0.1, 1 or 10 mg/kg), B30 (0.01,
0.03 or 0.1 mg/kg) or hIgG, isotype control (0.1 or 10 mg/kg).
All electrophysiological studies were fully blinded. 4-7 days
post injection, animals were sacrificed and ipsilateral and
contralateral L5/6 DRG neurones were dissected for subse-
quent in vitro electrophysiological recordings. L5 and L6 DRG
from the same side were pooled and dissociated. DRGs were
digested in medium containing collagenase and subsequently
incubated in medium containing trypsin. Following washing
and trituration, the dissociated cells were centrifuged, re-
suspended and plated on glass coverslips. All recordings
were made on the same day as the dissociation. Voltage-
clamp recordings were performed from a Vjg4 of —90 mV
and then stepped to +60 mV in 10 mV increments. The
delayed-rectifier currents (I, quantified at the end of the test
pulse) were quantified in subsequent analyses. All measured
currents were normalized to the cell’s size as measured by
cellular capacitance resulting in current densities (pA/pF).

Skin nerve recordings

All animals were randomly allocated to the treatment group
and the study was blinded. Dosing was carried out by
a separate experimenter to that conducting the electrophy-
siological study. 3 weeks post-surgery, animals were dosed
(dosing volume 1 ml/kg) with a single injection of B30 (0.03
or 0.1 mg/kg) or hlgG; isotype control (hIgG;, 0.1 mg/kg).
4-7 days post injection of the antibody, animals were culled
using a schedule 1 method. Both legs were shaved, removed
and the tibial nerve, along with the associated glaborous
skin, was dissected free as described previously.*® The skin
was placed, glaborous side down, in a recording chamber
that was continually superfused (10 mL/min; 36 + 1°C) with
carbonated (95% 02, 5% CO2) modified Krebs’ solution (in
mM: NaCl 107, KCl 3.48, NaHCO3 26.2, MgSO, (7H,0)
0.69, NaH,PO, 1.67, Na-gluconate 9.64, sucrose 7.6,
Glucose 5.5, CaCl, 1.53). Extracellular recordings were



made from the distal end of a bundle from the tibial nerve
using a borosilicate glass suction electrode. Following
a 60 min acclimatization period, a heat stimulus consisting
of hot Krebs was flowed onto the skin over 50 sec. The heat
was delivered either via a slow ramp (36-48°C in 50 sec, at
0.2°C/s) or via a fast ramp where temperature rose more
rapidly (36-52°C in 50 sec, at 0.4°C/s). The two ramps were
delivered 15 min apart and at least 2 sets of baseline read-
ings were taken for each preparation. Data were captured
and analyzed by a CED 1401 interface coupled to
a computer with Spike 2 software (Cambridge Electronic
Designs). At the end of the experiment, 1 mM lidocaine
(Sigma Aldrich) was superfused onto the preparation for
15 min to inhibit all physiological activity.

In vivo electrophysiology

All recordings were made in animals that underwent surgery
for TNT 2-3 weeks prior to the study. Animals were given
a single subcutaneous injection of B30 (0.01, 0.1, 1 mg/kg,
dosing volume 1 mL/kg) and animals were prepared for
electrophysiological studies 4-7 days later. Studies were run
in a blinded manner, and separate experimenters conducted
the animal dosing and electrophysiological studies. In
a separate group of animals, animals sustaining tibial nerve
injury rats were orally dosed with pregabalin (7.5 mg/kg, twice
daily). On the day of the recording, animals were anesthetized
with isoflurane (5% induction, 1.5-2% maintenance) and the
jugular vein and carotid artery were cannulated to enable drug
administration and blood sampling, respectively. Body tem-
perature was monitored by a rectal probe and maintained at
37°C using a heating blanket. Animals treated with B30 or
isotype control received infusion of saline (1 mL/kg/h) while
animals treated with pregabalin received pregabalin infusion
(0.75 mg/kg/h) throughout the length of the study to maintain
the drug at steady state. Animals were placed in a stereotaxic
frame and a laminectomy was performed to expose the region
of the hindpaw receiving afferent input from the hindpaw
region of the rat. Cell searching commenced around 1 hour
following the start of intravenous infusion and recordings
were made from single WDR neurones in the ipsilateral dorsal
horn that were responsive to a range of modalities, including
brush, mechanical punctate and heat. On identification of
a single unit, the neuronal receptive field was probed to
determine the most responsive region of the paw. Neurones
that were sampled in the study were those that displayed
robust response to brush stimulation (>100 spikes), showed
sustained firing to noxious pinch applied using an arterial clip
and responded (>40 spikes) to von Frey hair stimulation with
26 g hair. To quantify the stimulus response curve to mechan-
ical and heat stimulation, the center of the receptive field was
probed with graded von Frey hairs (2, 4, 6, 8, 15, 26, 60 g) or
water jet (22, 35, 40, 43, 45, 48 and 50°C) applied over 10 sec
per stimulus. For thermal stimulation, a water jet was used to
apply a constant stream of water at set temperatures onto the
center of the receptive field. The data was captured by Spike 2
software and analyzed to establish spike firing frequency. The
AUC of the stimulus response curve (mechanical or heat) was
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calculated for each cell and an ANOVA was used to compare
the difference between treatment groups.
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