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The blood>brain barrier (BBB) is a formidable obstacle for brain delivery of therapeutic 

antibodies.  However, antibodies against the transferrin receptor (TfR), enriched in brain 

endothelial cells, have been developed as delivery carriers of therapeutic cargos into the brain 

via a receptor>mediated transcytosis pathway.  In vitro and in vivo studies demonstrated that 

either a low>affinity or mono>valent binding of these antibodies to the TfR improves their release 

on the abluminal side of the BBB and target engagement in brain parenchyma.  However, these 

studies have been performed with mouse>selective TfR antibodies that recognize different TfR 

epitopes and have varied binding characteristics.  In this study, we evaluated serum 

pharmacokinetics, brain and CSF exposure of the rat TfR>binding antibody OX26 affinity 

variants, having Kds of 5 nM, 76 nM, 108 nM and 174 nM; all binding the same epitope in bi>

valent format.  Pharmacodynamic responses were tested in Hargreaves chronic pain model 

after conjugation of OX26 affinity variants with the analgesic and anti>epileptic peptide, galanin.  

OX26 variants with affinities of 76 nM and 108 nM showed enhanced brain and CSF exposure 

and higher potency in Hargreaves model, compared to a 5 nM affinity variant; lowering affinity to 

174 nM resulted in prolonged serum pharmacokinetics, but reduced brain and CSF exposure.  

The study demonstrates that binding affinity optimization of TfR>binding antibodies could 

improve their brain and CSF exposure even in the absence of mono>valent TfR engagement.  

 

 ��
������: blood>brain barrier; transferrin receptor antibody; affinity optimization; 

pharmacokinetics; brain exposure; inflammatory pain 
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 Antibodies have emerged as a class of therapeutics that can be engineered to 

demonstrate an exquisite selectivity, specificity and affinity, or to engage multiple targets, and 

therefore have significant advantages over synthetic molecules for some therapeutic 

indications.1  The blood brain barrier (BBB), formed by the tight>junction sealed brain endothelial 

cells, presents a major impediment for developing efficacious antibody>based therapeutics for 

central nervous system (CNS) diseases.2,3  However, the delivery of CNS>targeting antibodies 

across the BBB can be achieved by ‘coupling’ them with carrier molecules that engage the BBB 

receptor>mediated transcytosis (RMT) process.2,4,5 The most studied receptor undergoing RMT 

is transferrin receptor (TfR).  This receptor is enriched in brain endothelial cells compared to 

peripheral endothelium,6,7 but it is also abundant in blood cells (bone marrow; reticulocytes) and 

lung.8  The trafficking of transferrin and anti>transferrin receptor antibodies across the BBB by 

RMT has been demonstrated in vitro and in vivo.9,10  

 The attributes of anti>TfR antibodies studied in relation to their ability to efficiently 

transcytose across the BBB include affinity,11 valency,12 and pH sensitivity of receptor binding.13  

Notably, it has been shown that antibodies displaying high>affinity binding to TfR preferentially 

accumulate in brain vessels without efficient release on the abluminal side of brain 

endothelium.11,14–17 Lowering their affinity facilitated their sorting into early endosomes,18 

improved their transcytosis and increased their levels in the brain parenchyma.11,19  The 

comparisons of TfR engagement with bi>valent or monovalent TfR antibodies revealed that a 

monovalent format achieved improved transcytosis across the BBB, regardless of affinity,12 

whereas a high>affinity bi>valent antibody was destined to degradation in brain endothelial 

lysosomes.12  A pH>sensitive bi>valent TfR antibody, with lower binding affinity at the acidic pH 

found in endocytic compartments, also demonstrated improved BBB transcytosis in vitro.13  

Recent study also showed that the mouse anti>TfR antibody 8D3 bioengineered to reduce Kd 
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from 1.2 nM to 130 nM resulted in a 44>fold increase in total brain and spinal cord exposure 19. 

The various studies above examined TfR antibodies that bound different epitopes on TfR and it 

is therefore difficult to extend their findings into generic principles that govern TfR>anti>TfR – 

mediated transcytosis across the BBB.  

 In this study we developed affinity variants of the known rat TfR>specific antibody OX26 

and evaluated their pharmacokinetics, brain and CSF exposure to examine whether affinity 

modulation/optimization of bi>valent anti>TfR antibodies binding the same receptor epitope is 

sufficient to improve their brain and CSF exposure and to engage central target.  The data 

demonstrate that OX26 with affinities in the 76>108 nM range produced a significantly higher 

CNS exposure, neuronal cell engagement and higher potency in pharmacodynamics chronic 

pain model, compared to either high affinity (5 nM) or low affinity (174 nM) variants binding the 

same epitope.    

�

� ���
!����	�"���
���
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����������
�
���
����

DNA encoding the VH and VL of the mouse anti>rat TfR antibody OX26 was synthesized 

by Life Technologies (Carlsbad, CA) and cloned into expression vectors containing the 

appropriate light or heavy chain constant regions.20  Single alanine substitutions were 

introduced into the VH complementarity determining region 1 (CDR1) and VH or VL CDR3 

regions of OX26 by site>directed mutagenesis.  Unless otherwise stated, OX26 variants were 

expressed as chimeric human IgG1 molecules with the S239D/A330L/I332E triple mutation 

(IgG1 TM)21 (Supplementary Table 1). Antibodies were expressed in transiently transfected 

Chinese hamster ovary (CHO) cells in serum>free media as described previously.22  Cultures 

were maintained in a humidified incubator at 37°C, 5% CO2 for 14 days after which the medium 

Page 4 of 44

ACS Paragon Plus Environment

Molecular Pharmaceutics

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



5 

 

was harvested.  Antibodies were purified from cell culture media using protein A affinity 

chromatography 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.23 

The control antibody, NiP228, a full IgG binding to the hapten nitrophenol, of identical 

isotype to the test antibodies, was produced and purified using the same methods. In some 

experiments, fusion of A20.1, a camelid single>domain antibody against C. difficile toxin B, and 

the mouse Fc (A20.1mFc), also expressed in CHO cells, was used for normalization of 

responses across experimental groups.   

To allow site>specific conjugation of bio>active drug molecules, antibodies were 

generated containing three cysteine residues introduced into the solvent exposed surface of the 

Fc region.    

The extracellular domain (L101 to F761) of rTfR was expressed with flag and 10His tags 

at its C>terminus.  Expression was performed in CHO cells as described above and the protein 

was purified by Ni>affinity and size exclusion chromatography.   

�

���
�
�
������!
���
���

Affinity of OX26 variants for rTfR was determined using an assay in which binding was 

monitored using the Octet RED384 System (Pall ForteBio LLC, Menlo Park, CA).  Human IgG1 

TM molecules were immobilized onto anti>human Fc capture biosensors at 10 Mg/mL in Octet 

kinetics buffer (PBS containing1 mg/mL BSA and 0.01% Tween>20).  Association of rTfR was 

monitored at receptor concentrations of 1>2000 nM for 300 seconds after which dissociation was 

monitored for 300 seconds.  Binding curves were fit with a 1:1 binding model to generate kinetic 

parameters using Octet Data Analysis Software. 
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All studies to measure antibody exposure in the periphery and brain were performed at 

Quotient Biosciences (Newmarket, UK) in male Sprague>Dawley rats.  

CSF collections and Hargreaves model of inflammatory pain were performed at the 

National Research Council (NRC) of Canada. All animal procedures were approved by the 

NRC’s Animal Care Committee and were in compliance with the Canadian Council of Animal 

Care guidelines. All animals were purchased from Charles River Laboratories International, Inc. 

(Wilmington, MA, USA).  Animals were housed in groups of three in a 12>hour light/dark cycle at 

a temperature of 24°C, a relative humidity of 50 ± 5%, and were allowed free access to food and 

water.  Male Wistar rats aged 8>10 weeks (weight range, 230–250 g) were used in these 

studies. 

�

$	���%���
������!���&
���
���

Five groups of male Sprague>Dawley rats were intravenously injected with each of the 

anti>rTfR antibodies or control IgG at 20 mg/kg. Intravenous doses were administered into a tail 

vein at a constant dose volume of 10 ml/kg. Antibodies were supplied in D>PBS (Sigma). 

Following dosing, three blood plasma samples were collected into individual Li>Heparin 

containers from each of six animals per time point.  Plasma samples were taken at the following 

times post>dose for all dose groups – 10 minutes, 1, 2, 4, 6, 8, 24, 48 and 72 hours.  

The first and second blood samples from each animal were collected from the lateral tail 

vein (ca 400 Ml) into a Li>Hep microtainer (BD Diagnostic Systems), while the final sample (ca 5 

ml) was collected by cardiac puncture under isoflurane anaesthesia into a Li>hep container (BD 

Diagnostic Systems). Following collection, blood samples were centrifuged at 10,000 x g for 2 
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minutes at 4°C and the resultant plasma drawn off. Terminal blood samples were centrifuged at 

2500 x g for 10 minutes at 4°C. Plasma samples were flash frozen on dry ice for subsequent 

analysis. After final blood collection each animal remained under anaesthesia and had the chest 

cavity opened to allow access to the heart.  A 50 ml syringe with attached 16G needle pre>

loaded with PBS was inserted into the left ventricle. The right ventricle was then carefully cut 

prior to gentle perfusion until the extremities (paws and ears) appeared white. The animal was 

considered fully perfused after 50 ml D>PBS had been administered. The cranium of each 

animal was opened and the brain fully removed and divided into two hemispheres. One 

hemisphere was snap frozen in liquid nitrogen, and the second hemisphere was weighed and 

homogenized as detailed below.  

Brain hemispheres were individually homogenized in 5 volumes of ice>cold PBS 

containing 1% NP>40 and Complete® protease inhibitor cocktail tablets (Roche Diagnostics). 

Homogenization was achieved in a 10 ml Potter>Elvehjem mortar type glass homogenizer with 

PTFE pestle, using 2x10 clockwise strokes with 5 sec rest time. Homogenates were transferred 

to LoBind tubes (Eppendorf) and rotated at 4°C for 1 hour before centrifuging in a chilled bench>

top centrifuge at 13,000 g for 20 minutes to remove cell debris, including capillaries. The 

resulting capillary free supernatant was carefully removed for brain antibody measurement as 

described.19  

�

'����!
���
���������
���
�����������
���
���	��!���������
����!��������

Antibody concentrations in rat plasma and brain samples were measured using a 

method to detect human IgG assay on the MesoScale Discovery (MSD) assay platform. The 

MSD employs a plate>based sandwich immunoassay format where anti>human IgG capture 

antibody binds calibrator or samples. Plates were blocked with PBS and 3% membrane blocking 
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agent (GE Healthcare) for 1 hour at 25°C. A standard 12 point concentration curve for each 

antibody (control IgG and anti>TfR variants) was used as an internal standard on each MSD 

plate to quantify respective antibody concentrations from plasma and brain samples. Plates 

were washed with PBS and 0.1% Tween 20 with a microplate washer (Bio>Tek Instruments 

Inc.). All analyte samples and standards were diluted in PBS containing 1% membrane blocking 

agent and 25 Ml was added per well of the plate and incubated for 2 hours at 25°C. Antibody 

from the standard control wells and analyte antibody samples were detected via a specific 

SULFO>TAG labelled anti>human IgG detection antibody (that recognizes a different region of 

the human IgG) which emits light upon electrochemical stimulation. The plates were measured 

immediately on a MSD MesoSector S600. Analyte antibody concentrations were determined 

from the standard curve with a four>parameter nonlinear regression program.  

�

���	
�������#���!���&
���
��#���!�������

Serum and brain concentration>time profiles were analyzed using WinNonlin software 

(Version 7.0, Pharsight Corporation, Mountain View, CA, USA). 

Plasma concentration>time data for OX2676, OX26108, OX26174 and NiP228 group were 

analyzed using naive pooled data and a two>compartment model with IV bolus input, first>order 

elimination, and macro>rate constants to estimate the following pharmacokinetic parameters: 

Volume of distribution of the central compartment (V1) and of the peripheral compartment (V2), 

Clearance (CL), Inter>compartmental Clearance (CLD) and overall elimination half>life (t1/2β). For 

OX265, plasma concentration>time profile was analyzed with a one>compartment model to 

estimate the following parameters: Clearance, Volume of distribution and terminal half>life. 

Overall, goodness of fit was based upon the predicted estimate and percent coefficient of 
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variation (% CV) for primary and secondary parameters, as well as inspection of residual plots 

between observed and predicted concentration>time data.  

To compare brain uptake kinetics of the different variants, an empirical model 

incorporating serum pharmacokinetics parameters combined with brain uptake clearance from 

serum central compartment (CLup,brain) and clearance from the brain back to serum central 

compartment (CLout,brain) was derived. In this model, serum pharmacokinetic parameters were 

fixed to values a priori determined from the serum pharmacokinetic analysis and brain volume 

was fixed to a physiological value of 8.14 mL/kg that represents the typical total brain volume in 

rat.24  The secondary parameter, area under the curve (AUC) was estimated from both 

predicted serum and brain concentration>time curves and was used to calculate 

(AUCBrain/AUCSerum) X 100. Predicted maximum concentration in brain from the model (Cmax,brain) 

was also reported. 

�

(")�����!���&
���
���

In these experiments, a combination of control and ‘test’ antibodies was administered i.v. 

into tail vein in equimolar doses. CSF sample collections were made from cisterna magna by 

needle puncture up to five times over 96 hours. For sample collection rats were briefly and 

lightly anesthetized with 3% isoflurane, placed in a stereotaxic frame with the head rotated 

downward at a 45° angle. A 2> cm midline incision between the ears beginning at the occipital 

crest was made and muscles separated to expose dura mater covering cisternae magna.  A 

27G butterfly needle (QiuckMedical, Cat# SV27EL) with tubing attached to 1 ml syringe was 

used to puncture dura and aspirate the ~20 �l of CSF.  The CSF is then transferred into the 

sample glass vial (Waters, Cat#186000384c) and placed in −80°C freezer until further analysis. 
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  Blood samples were collected from the tail vein in a commercially available tube (BD 

microtainer, Cat#  365956).  After clotting at room temperature for 15>30 minutes, the clot was 

removed  by centrifuging at 1100 rcf (3422rpm) for 10 minutes; serum is then transferred into a 

clean glass vial (Waters, Cat#186000384c), frozen on dry ice and then stored at >80°C until 

further analysis.  At the end of collection, rats were sacrificed by cardiac puncture.  

CSF and serum levels of antibodies were determined using multiplex SRM analytical 

method as described in following sections.      

�

*�����������!���
�!��������

OX26 affinity variants and control antibody levels in blood and CSF samples were 

quantified using targeted nanoLC MS/MS. 

"�!�	����������
�������*�����������!���
�

Filter>aided sample preparation method was used to prepare the samples for mass 

spectrometry.25  Briefly, each sample was reduced in 3.5% SDS, 100 mM Tris>HCl, 100 mM 

DTT by boiling for 10 minutes.  A 6.6>volume of Urea solution (8M Urea, 100 mM Tris>HCl, pH 

8.5) was added to the sample and they were transferred to pre>wetted Amicon>30 spin columns 

(Millipore, Billerica, MA, USA) and spun as per manufacturer’s instructions.  The proteins were 

washed three times with the Urea solution, alkylated (10 mM iodoacetamide, 30>60 minutes at 

room temperature in dark), and then washed four times with the Urea solution and four times 

with 50 mM ammonium bicarbonate.  The samples were digested using trypsin at 37°C and the 

peptides were eluted for SRM analysis.  
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All samples were analyzed on a reversed>phase nanoAcquity UPLC (Waters, Milford, 

MA) coupled to LTQ XL ETD or LTQ Orbitrap ETD mass spectrometer (ThermoFisher, 

Waltham, MA).  The analysis involved injection and loading of the desired aliquot of the sample 

onto a 300 Mm I.D. × 0.5 mm 3Mm PepMaps® C18 trap (ThermoFisher) followed by eluting onto 

a 100 Mm I.D. × 10 cm 1.7 Mm BEH130C18 nanoLC column (Waters) using a gradient from 0% > 

20% acetonitrile (in 0.1% formic) in 1 minute, 20% > 46% in 60 minutes, and 46% > 95% in 1 

minute at a flow rate of 400 nL/min.  The eluting peptides were ionized into the mass 

spectrometer by electrospray ionization (ESI) for MS/MS using collision induced dissociation 

(CID) for fragmentation of the peptide ions.  Data was acquired on ions with mass/charge (m/z) 

values between 400 and 2,000 with 1.0 second scan duration and 0.1 second interscan interval.  

To develop the SRM assay for proteins, samples (pure antibodies and endosome fractions) 

were first analyzed by nanoLC>MS/MS using data>dependent acquisition to identify ionizible 

peptides of antibodies used (Supplementary Table 2).  Once these spectra were validated as 

unique signatures, multiplexed methods of these peptides were created for SRM analysis to 

allowed targeted quantification of the proteins in the fraction.  SRM analyses were carried out as 

previously described.26 For ILIS>based quantification, isotopically heavy versions of the peptides 

were synthesized (New England Peptide LLC, Gardner, MA) containing heavy C>terminus K (+8 

Da). SRM analyses were carried out as previously described.26 

The blood contamination of CSF samples was evaluated by ‘in>reaction’ monitoring of 

albumin levels using a nanoLC>SRM method and albumin signatures as described previously 26. 

A CSF/serum ratio of albumin higher than 0.07% was considered blood contamination and 

these CSF samples were excluded from further analyses. 
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Mean serum and CSF concentration values were used to generate a composite 

pharmacokinetic profile.  A non>compartmental approach consistent with the intravenous route 

of administration and using the linear/log trapezoidal method was employed to estimate the area 

under the curve (AUC) of the serum concentration vs time and CSF concentration vs time. For 

both serum and CSF, the area under concentration versus time curve from the start of dose 

administration to the last observed quantifiable (AUC0#96) was estimated. Estimation of average 

concentration ratios for AUC0#96 is reported as (AUCCSF/AUCSerum) x 100. 
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After iv administration of antibodies (7 mg/kg iv; 4 hours), rat brains were perfused with 

20 ml of 0.9% saline supplemented with 1EU/ml Heparin (Organon, Toronto, ON) at 2 

ml/minute. Brains were removed, cut in four pieces and fixed in 10% neutral buffered formalin 

overnight at room temperature (RT), then rinsed and incubated in 30% sucrose solution at 4oC 

for 48 hours. Pieces were then rinsed in PBS and frozen in OCT in Isopentane (Cat# M23631, 

Sigma) over dry ice. 

A 25 �M>thick free floating sections, cut using cryostat and stored in physiological 

buffered saline (PBS) (Cat# 311>012>Cl, Wisent) containing 0.5% NaN3 (Cat# S2002, Sigma), 

were mounted on a Superfrost slides (Cat#12>550>123, Fisher Scientific), dried for 2 hour at RT, 

and then incubated with 20% normal goat serum (NGS) containing 0.3% TritonX>100 in PBS for 

1hour followed by biotinylated goat anti>human IgG (Cat#BA3080, Vector Labs) diluted 1:50 in 

10% normal goat serum (NGS)/PBS at 4oC overnight.  After washing 3 times in PBS, slides 

were exposed to Streptavidin>cy3 (Cat# 016>160>084, Jackson ImmunoResearch) diluted 
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1:1000 in PBS for 1 hour at RT. After washing 3 times in PBS, slides were incubated in mouse 

anti>NeuN (Cat#MAB377, Millipore) diluted 1:300 in 10% NGS/PBS for 2 hour at RT, and after 

washing, in goat anti>mouse Alexa 488 (Cat# A11001, Invitrogen) diluted 1:500 in PBS for 

additional 1 hour at RT. After washing, cell nuclei were counter>stained  with Hoechst 

(Cat#H3570, Invitrogen)> 1:10000 of 10mg/mL stock in PBS for 15 min at RT and slides cover 

slipped in Dako fluorescent mounting medium (Dako, Burlington, ON). Images were captured 

with Olympus 1X81 Fluorescent Microscope (Olympus, Richmond Hill, ON) using 10X and 60X 

objectives. 
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Antibody conjugation to galanin 

The neuropeptide galanin, YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY, was 

chemically synthesised by Bachem (Bubendorf, Switzerland) with a maleimide group attached 

to the C>terminus via the ε>amino group of an additional  lysine residue to allow conjugation to 

thiol group of engineered cysteine residues on the Fc region of human antibodies.27   Briefly, to 

achieve site specific peptide conjugation,  cysteine engineered OX26 variant antibodies, were 

first reduced with 40 molar equivalents of Tris>(2>carboxyethyl)>phosphine (TCEP) in PBS 

pH7.2, 1mM EDTA (Ethylenediaminetetraacetic acid) for 3 hours at room temperature. 

Following buffer exchange to remove TCEP, 20 molar equivalents of dehydroascorbic acid 

(dhAA) were added for 4 hours at room temperature.  The resulting solution was filtered through 

a 0.2 uM syringe filter and 7.5 molar equivalent of  the galanin peptide was then added followed 

by incubation at room temperature for 1 hour and subsequently at 4°C overnight.  The reaction 

was quenched by the addition of 4 equivalents of N>acetyl cysteine. Labelled antibody was 

separated from free peptide by size>exclusion chromatography over a Superdex 200 26/600 
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column in PBS.  The peptide to antibody ratio was estimated as described in Thompson et al.27  

Briefly, the extent of conjugation was determined by measuring the mass shift between 

unlabelled and labelled antibody by matrix>associated laser desorption/ionization time>of>flight 

mass spectrometry performed on a Shimadzu Biotech Axima Assurance mass spectrometer.  

Galanin conjugated antibodies had an average drug>antibody ratio (DAR) of 4>5.  Endotoxin 

levels were measured using the Charles River Endosafe>PTS system and all antibodies used 

for in vivo studies contained <1 EU/mg. 

Hargreaves model of inflammatory pain (thermal hyperalgesia) 

Rats aged 6>8 weeks (weight range, 230–250 g) were used for intravenous (iv) 

administrations of various antibodies and evaluation of their efficacy in the Hargreaves model of 

inflammatory pain.28 This model measures the paw withdrawal latency (PWL) in response to the 

application of a radiant stimulus onto the plantar surface of the hind paws using the plantar 

Analgesia Meter equipment for paw stimulation (IITC Life Science, Woodland Hills, CA) exactly 

as described in Farrington et al.29 The time taken by the animal to respond by licking or flicking 

its paw is interpreted as positive nociceptive behavior.  A cut>off time (20 seconds) is 

established at the end of which the heat source shuts off automatically to avoid tissue damage.   

All animals were allowed to acclimatize to the facility and staff prior to the beginning of 

experiments. On day 1, PWL was measured and chronic inflammatory pain was induced by 

injecting a low volume (100 Ml) of complete Freund’s adjuvant (CFA; heat>killed M.tuberculosis 

[Sigma, St. Louis, MO] suspended in oil:saline 1:1 emulsion) into the plantar surface of the right 

hind paw. On day 3 after CFA injection, baseline PWL of right and left hind paws were 

measured to confirm the development of inflammatory hyperalgesia (PWL of inflamed paw 

dropping from 20s to ~5s); animals with PWL time above 7s were excluded from further studes. 

Antibodies were then administered by iv route through the tail vein. Experimenter performing 

pain experiments was blinded to the content of injectable compounds.  Reversal of CFA>
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induced hyperalgesia was measured for up to 240 minutes. Once PWL returned to baseline 

values, a single and terminal sample of CSF and serum was collected as previously described 

and animals euthanized under deep anesthesia.  

Fitted curves of the PWL were used to determine maximum response (percent of 

reversal of hyperalgesia at the peak response), time to maximum response, duration of the 

hyperalgesia inhibition and pharmacological exposure, defined as AUC of hyperalgesia 

inhibitory response. Response was defined as paw withdrawal latencies values that were 

statistically different from baseline values. AUC was calculated by the trapezoidal method and 

was used to derive percentage of reversal using the formula: % of reversal  = [(AUCmolecule − 

AUCinflamed paw)/(AUCnormal paw − AUCinflamed paw)] × 100, where AUCinflamed paw and AUCnormal paw are 

the values obtained from the group injected with the vehicle (PBS) and the left paw, 

respectively. 

The statistical significance used to compare differences between treatments in 

behavioral experiments was determined by One>way analysis of variance (ANOVA), followed by 

Tukey's test. Differences were considered statistically significant at P <0.05.  
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To generate a panel of OX26 variants with reduced affinity for rTfR, single alanine 

substitutions were introduced into HCDR1, HCDR3 or LCDR3 and resulting mutants were 

characterized using an Octet binding assay.  An affinity of 5 nM was measured for wild>type 

OX26 (Table 1).  The majority of alanine substitutions had little or no effect on affinity of the 

antibody.  However, a number of variants were identified that had between 5> and 70>fold 
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reduced affinities compared to wild>type OX26.  For example, the single alanine substitutions 

HCDR1 W33A, LCDR3 W96A and HCDR3 F99A resulted in variant antibodies with KD values of 

76, 108 and 174 nM, respectively (Table 1).  These reductions in affinity were driven largely by 

increases in off>rate.  No appreciable reductions in binding affinities were measured at acidic pH 

of 5.6 (data not shown).  Binding studies using Mirrorball® high>sensitivity microplate cytometry 

assays confirmed strong binding of OX265, moderate binding of OX2676 and OX26108 and 

virtually no binding of OX26174 to rat brain endothelial cell line, SV>ARBEC (Supplementary 

Figure 1). Since previous work has demonstrated that affinity in the range of 50>600 nM results 

in high brain uptake of antibodies that bind mouse TfR,11 the three variants above were selected 

for further in vitro characterization and measurement of brain exposure and ability to deliver a 

drug cargo to the CNS in vivo.   

The HCDR1 W33A, LCDR3 W96A and HCDR3 F99A mutants will be referred to herein 

as OX2676, OX26108 and OX26174  on the basis of their respective affinities. 
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Plasma and brain levels of OX26 variants and NiP228 were measured at different time 

points after iv dosing of 20 mg/kg (130 nmol/kg). Dosing concentration was chosen to enable 

reliable brain tissue detection of non>crossing control antibodies by ELISA.  

Figure 1A and Table 2 show both observed and predicted serum concentration and brain 

concentration>time profiles for OX26 variants and NiP228.  Whereas OX265 has short serum t1/2 

of 6 h (monoexponential decay), the medium affinity OX2676 showed biphasic decay, with clear 

distribution and elimination phases and terminal serum t1/2 of around 30 h.  Serum t1/2 of 

OX26108 and OX26174 was essentially identical (~50 h) to that of control antibody NiP228. 
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AUCBrain / AUCSerum ratio was observed with OX2676 (1.84%), followed by OX26108 

(0.47%) and OX26174 (0.28%).  Both OX265 and NiP228 (shown in Figure 1A insets with 

different scale) had very low ratios.  Cmax,Brain  for all variants was observed at 24 h after 

administration;  and was similar for OX2676 and OX26108 (3.35 and 3.10 nM, respectively), 

compared to 1.2 nM for OX26174  (Figure 1A, Table 2). Relative comparisons of CLup,brain results 

in similar ranking for brain uptake to that  observed from analysis of AUCBrain / AUCSerum ratios 

(Table 2). The brain clearance rates (CLout,brain) of OX26 affinity variants (with the exception of 

OX265, where low brain exposure made it difficult to accurately evaluate brain clearance) 

showed inverse linear correlation (r=0.94) with their binding affinity. Overall, the data suggested 

that the high brain exposure achieved with OX2676 and OX26108 resulted from a combination of 

improved pharmacokinetics (compared to OX265) and facilitated transport across the BBB.  

However, lower affinity OX26174 demonstrated reduced brain exposure, despite further improved 

plasma pharmacokinetics, likely because the affinity was below optimal for sufficient 

engagement of transcytosis via TfR.  

�
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To evaluate CSF levels of OX26 affinity variants, we used a sensitive mass 

spectroscopy SRM method applicable for very small sample volumes of CSF obtained by 

repeated collections over 96 h, described in detail previously.29,30 The method allows for 

simultaneous (multiplexed) measurements of co>injected control antibody, as well as albumin 

levels in CSF to control for potential blood contamination.  An OX26 variant or NiP228 and 

control antibody A20.1mFc, used for normalization across experiments and to ensure that the 

BBB is intact in each animal, were co>injected into tail vein at equimolar (30 nmol/kg) doses.   

The CSF levels measured for A20.1mFc in all experiments were below 0.7 nM at 6 h 

and 24 h, and declined to <0.05 nM at subsequent time points (48>96h) (Figure 1B), giving 
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serum/CSF ratio over time of ~0.1%.  Similar CSF levels were measured for control antibody 

NiP228 (Figure 1B), confirming minimal penetration of these two control molecules into CSF. 

OX265, OX2676 and OX26108 all showed higher CSF exposure compared to either 

A20.1mFc or NiP>228 (Figure 1B, Table 3), whereas OX26174 exhibited slightly, but not 

significantly higher CSF levels compared to control antibodies (Figure 1B, Table 3). The highest 

CSF levels (CSFmax ) were obtained with OX2676 (3.1 nM); closely followed by OX26108. The 

CSFmax values for these 2 variants were 1.6 to 1.8 >fold higher, respectively, from those of OX265  

and 4> to 6>fold higher, respectively, from CSFmax values of OX26174 and NiP228.  For OX265, 

OX2676 and OX26108 peak levels in CSF were between 6> and 24 hours after injection.  
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 Human IgG immunoreactivity was determined by immunofluorescence staining of brain 

sections of animals injected iv with 30 nmol/kg of NiP228, OX265  or OX2676  and perfused 4 

hours after injections.  The co>localization with neurons was evaluated by counter>staining the 

sections for neuron body>specific antigen NeuN.   

Whereas immunoreactivity of NiP228 could not be detected (Figure 2 A1>2), sections of 

frontal (Figure 2C1>2) and parietal (Figure 2 D1>2) cortices of animals injected with OX265 

showed a high> intensity anti>IgG immunofluorescence in brain vessels, and no positivity of 

neuronal cells. Sections of frontal (Figure 2E1>4) and parietal (Figure 2F1>4) cortices of animals 

injected with the lower affinity OX2676 variant, in addition to anti>IgG immunoreactivity in brain 

vessels, also displayed multiple NeuN>positive neuronal cells bodies (indicated by stars in red>

channel images).  The immunopositive neurons in OX2676>injected animals were also detected 

in dental gyrus, caudate>putamen, and ventral thalamus, but not in dorsal thalamus (data not 

shown). 
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Data suggest an improved abluminal release of the lower affinity TfR antibody variant 

OX2676 enabling more co>localization with neurons, known to express TfR and internalize TfR 

antibodies.  
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To evaluate the brain exposure, cysteine>engineered OX26>affinity variants were 

chemically cross>linked to the neuropeptide galanin and evaluated for their ability to elicit a 

pharmacological response. Each antibody>peptide fusion contained 4>5 molecules of galanin.  

Galanin and its receptors play an important role in the transmission and modulation of 

nociceptive information in the brain.31 When administered systemically, this neuropeptide has no 

analgesic effects since it cannot cross the BBB.32 However, injecting galanin directly into the 

brain has been shown to induce analgesia in different models, including the Hargreaves model 

of chronic inflammatory pain.31,33  In Supplementary Figure 2, we provide a demonstration of an 

exquisite analgesic potency of galanin in Hargreaves model of thermal hyperalgesia when given 

intracerebrovetricularly, as well as a tight barrier for the CNS entry of systemically administered 

galanin (MW >3.2 kD) or galanin fused to human Fc (MW > 81 kD).   

OX26>affinity variants conjugated with galanin ‘cargo’ induced various levels of 

suppression of thermal hyperalgesia in the same model (Figure 3A).  Paw withdrawal latency of 

the CFA>injected paw was significantly reduced when compared to the non>injected paw 

(4.72±0.16 vs 19.85±0.13) at day 3 after CFA injection.  

To enable ranking of potency of different variants, the dosing of variants was initially 

titrated so that the maximal response falls below 100% for the best>crossing variant.  Therefore, 

the potency among OX26 affinity variants was compared at equimolar 10 nmol/kg dose.  

Intravenous injection of galanin>conjugated OX26>affinity variants induced a time dependent 
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reversal of the hyperalgesia (Figure 3A), in contrast to galanin conjugated to NiP228. OX2676 

and OX26108 showed higher potency in the Hargreaves model, when compared to OX265 

(Figure 3A and Table 4) and OX26174. Increasing the dose of the OX265 variant to30 nmol/kg 

induced a response that was similar to that observed for OX2676 and OX26108 at 3>fold lower 

dose (Table 4). The higher potency of OX2676 and OX26108 compared to OX265 and OX26174 

was measured as the higher percent reversal, longer duration of the response and AUC of the 

response (Table 4).  At the end of experiments (240 minutes), serum and CSF samples were 

harvested from each animal to measure levels of variants (Figure 3B). CSF levels of OX2676 

and OX26108 were higher compared to OX265, whereas CSF levels of OX26174 were similar to 

those of NiP228.  

�
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The delivery of therapeutic cargo across the BBB using anti>TfR antibodies to engage 

receptor>mediated transcytosis (RMT) has been demonstrated in in vitro and in vivo 

models.11,12,34–36 In the current study, we demonstrated that lowering binding affinity of the rat 

anti>TfR antibody OX26 to a range of 76>108 nM significantly enhanced total brain levels and 

CSF levels compared to a high>affinity (5 nM) variant. The same lower affinity variants improved 

the potency of the anti>nociceptive neuropeptide galanin when chemically linked to the 

antibodies in the Hargreaves pain model.  The study demonstrates that the affinity optimization 

of anti>TfR antibodies improves their brain and CSF exposure  in the absence of a monovalent 

binding to the receptor.    

Various bi>specific antibodies containing an antibody against a therapeutic target in the 

CNS, including Aβ12,36 and BACE1,11,18 coupled to an anti>TfR antibody to enable transcytosis 

across the BBB have shown enhanced brain penetration in rodents11,12,19,36 and, in some cases, 
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in non>human primates.37  Various formats of the anti>TfR antibody ‘arm’ have been fused with 

therapeutic antibodies, including a full IgG,36 a heterodimerized monovalent ‘half’ antibody,11 

mono> or bivalent fragment antigen binding – Fab,12 and shark single>domain antibody 

(VNAR).38   Whereas several studies observed intravascular ‘trapping’ and minimal brain 

penetration of high>affinity anti>TfR antibodies specific to either mouse (8D3; Ri7)11,15,16 or rat 

(OX26),14 studies with mono>valent binding of TfR antibodies in heterodimerized bi>specific 

antibodies11 or as a single Fab fragment attached to the C>terminus of the therapeutic Aβ 

antibody12 or as recombinant fusion of two single>chain variable fragments (scFv) to light chains 

of the Aβ antibody39 demonstrated efficient translocation across the BBB, high brain exposure 

and central pharmacodynamic responses.  However, the interpretations of these results were 

divergent: while Yu et al.11 argued that the reduced affinity of the anti>TfR antibody was 

essential for its ability to escape intravascular ‘trapping’ and to release on the abluminal side of 

the BBB, Niewoehner et al.12 provided evidence that the mono>valent engagement of the TfR by 

the antibody led to its escape from lysosomal degradation and delivery into brain parenchyma.  

Neither group had fully controlled (matched) the binding affinity of anti>TfR antibodies in their 

mono> and bi>valent formats, leaving both explanations equally plausible.  Furthermore, anti>TfR 

antibodies used in these studies bound distinct epitopes on the TfR, another variable that could 

influence the nature of TfR trafficking and recycling across the BBB.  The brain exposure of 

systemically administered RMT>targeting antibodies depends on multiple parameters, among 

others the BBB abundance of RMT receptor and its recycling rates, antibody ability to 

bind/engage and release from RMT receptor, as well as on its peripheral pharmacokinetics and 

biodistribution.40  Ideally, the BBB>carrier antibody should bind highly and selectively expressed 

target on brain vascular cells that is not present or is low abundant in both peripheral organs 

and in the brain parenchyma, so that the peripheral and brain disposition and elimination of 

bispecific molecules is determined predominantly by the properties of the therapeutic cargo.40  
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While TfR is relatively abundant in the BBB endothelium compared to endothelial cells 

from other organs,10,39 it is also highly expressed in bone marrow, immune system and 

erythropoietic blood cells,8 and lung (The Human Protein Atlas; 

http://www.proteinatlas.org/ENSG00000072274>TFRC/tissue) affecting distribution and 

pharmacokinetics of high>affinity anti>TfR antibodies. TfR is also highly expressed in the 

neuropil41 influencing the brain disposition of anti>TfR antibodies in an affinity>dependent 

manner. The interdependence of these parameters in determining brain exposure is illustrative 

in the presented examples of OX26 affinity variants. 

As expected and described previously,34 OX265 displayed short and mono>exponential 

plasma decay with t1/2 of 6 hours, medium affinity OX2676 exhibited a two>component plasma 

pharmacokinetics with elimination (terminal) half>life around 30 h, while lower affinity OX26108 

and OX26174 variants had a terminal plasma half>life ~50 h, similar to that of an antibody that 

does not bind any target in the host.   

High affinity OX266 internalized into brain vessels, but was not detected co>localized with 

neurons . Combined with a short systemic pharmacokinetics this resulted in low brain exposure 

similar to that achieved with a non>BBB crossing control antibody that had a long plasma 

pharmacokinetics.  The inability of high affinity anti>TfR antibodies to release on the abluminal 

side of the BBB has been substantiated in several previous studies.11,14,17  Particularly 

instructive in that regard are trafficking studies using anti>TfR antibody labeled with gold 

nanoparticles:17 here the antibody(8D3)>TfR complex showed a predominant sorting into late 

endosomes, multivesicular bodies or lysosomes of the BBB endothelium, with only a small 

fraction (<10%) of sorting vesicles found fused with the abluminal membrane and opening to the 

basal membrane.  In these cases, however, the 8D3>gold nanoparticles remained attached to 

the abluminal membrane, suggesting an endosomal escape, but not dissociation from TfR.  The 

improved abluminal dissociation of the anti>TfR from TfR has been  achieved by lowering its 
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binding affinity at either regular or acidic pH.11,13  Consistent with these findings were the 

observations from this study that OX26 variants with lower affinities of 76 nM and 108 nM 

exhibited higher total brain levels  as well as detectable co>localization with neuronal bodies. 

Whilst the absolute quantities of antibody in the brain as determined by brain homogenization 

may over estimate actual brain levels, the co>localization with neuronal bodies is indicative of 

increased brain exposure. The immunodetection of antibodies that have externalized on the 

abluminal side of the BBB is enabled by their binding to parenchymal target and depends on the 

target abundance in the brain. Since TfR is expressed in neurons, the fraction of OX26 

antibodies that release from brain endothelial cells into the brain parenchyma is ‘captured’ as 

immunoreactivity associated with neurons.  Notwithstanding draw backs of the indirect 

immunofluorescence method used in this study, which could be affected by brain 

autofluorescence, a clear difference between OX265 – detected in vessels only, and OX2676 – 

detected in both vessels and neurons represents the evidence that OX2676 is released into brain 

parenchyma more efficiently than OX265. Further reductions in the binding affinity to 174 nM 

resulted in lower brain exposure, despite long serum half>life, presumably due to poorer 

engagement of brain vascular TfR receptor at the same dosing regimen. Prior studies with anti>

TfR>enabled antibodies provided sparse information about the central disposition and 

elimination of anti>TfR antibodies alone or in fusions with therapeutic cargos. Since TfR is highly 

expressed in neurons,42 the affinity of anti>TfR antibodies may affect their bound vs. free fraction 

in the brain interstitial fluid, their brain residence time, and clearance rates.  In this study, the 

binding affinity of OX26 variants (with the exception of OX265) correlated linearly (and inversely) 

with the brain clearance rates (CLout,brain). The OX2676 variant therefore showed overall higher 

brain exposure (slower clearance due to central target binding) despite slightly poorer systemic 

pharmacokinetics compared to OX26108.  Whereas this data could not be fully explained in the 

absence of the measurements of these antibodies in the interstitial fluid (ISF), they underscore 

the importance of incorporating central (brain) target abundance in developing pharmacokinetic>
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pharmacodynamic (PK>PD) models for BBB>crossing bi>specific molecules. In a prior study30 we 

have shown that systemically administered high>affinity antibody against mGluR1, an abundant 

central target, fused to an alternative BBB carrier, displays higher brain levels in combination 

with lower CSF exposure compared to the BBB>fused antibody that has no central target, 

suggesting that the high fraction of ‘bound’ antibody reduces ‘free’ antibody available for the 

exchange with CSF.43 In the case of anti>TfR antibodies, the target is highly expressed in both 

peripheral and central compartments, and their affinity could significantly affect not only 

systemic pharmacokinetics and BBB delivery, but also their central disposition (unbound 

fraction) and pharmacology. In this study, we have also assessed CSF levels of OX26 affinity 

variants. CSF levels reflect the ability of the antibody to cross the blood>cerebrospinal fluid 

(BCSF) barrier without crossing the BBB, a likely scenario for OX265, or to transverse both 

BCSF and BBB, where brain interstitial fluid (ISF) exchange with CSF contributes to further 

increases in CSF levels as observed for lower affinity variants OX2676 and OX26108.  

The OX26 affinity variants chemically cross>linked with the anti>nociceptive peptide 

galanin were evaluated in the pharmacodynamic Hargreaves model of thermal hyperalgesia.  

The AUC of pharmacodynamics response showed the same ranking order of OX26 variants as 

it was observed by measuring their brain exposure: NiP228<OX265=OX26174<OX26108=OX2676. 

OX2676>Gal was 3>fold more potent than OX266>Gal. Since the inhibition of thermal hyperalgesia 

in Hargreaves model can be measured over ~4 hours only, due to desensitization of nociceptive 

receptors,40 and since the serum pharmacokinetics over this period is similar among variants, 

the CSF levels at the end of pharmacodynamic experiment were measured as time>matched 

correlate of the pharmacodynamics response; the CSF levels of variants demonstrated a strong 

association with the extent of their pharmacological response. In accordance with this study, 

another recent study19 demonstrated that lowering the affinity of the mouse>selective anti>TfR 

antibody 8D3 to a range of 60>130 nM significantly improved its ability to deliver anti>nociceptive 
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IL>1 receptor antagonist (IL>1RA) across the blood>brain> and blood>spinal cord barriers. The 

pharmacological response lasted up to 7 days in a neuropathic mechanical hypersensitivity pain 

model in mice.  Both this study in mice and our study in rats used a bi>valent, IgG format of the 

species>specific TfR antibody and showed that lowering their binding affinities to ~100 nM is 

sufficient to improve their total brain exposure in the absence of mono>valent binding to the 

receptor.  The notable difference between OX26 and 8D3 affinity variants used in these two 

studies is that OX26 affinity modulation was achieved primarily by faster dissociation rates, 

whereas reductions in 8D3 affinities were driven by slower association rates.  While in both 

studies a steady>state affinity of antibodies against TfR correlated inversely with their brain 

exposure (within a range of affinities), the relative importance of receptor binding kinetic 

parameters in this process remains unclear.  Prior studies on TfR antibody transcytosis across 

the BBB have not disclosed kinetic binding parameters of various bioengineered affinity 

variants.   Despite this study and several others finding that the reduction in affinity of anti>TfR 

antibodies improves brain penetration, it cannot be ruled out that other factors such as 

specificity or antibody structure are playing a part in the improved brain exposure.      

The majority of antibodies developed against TfR are species>selective and bind 

different receptor epitopes. In addition, TfR expression and abundance in brain endothelial cells 

is variable between species, with rodents showing higher abundance than humans.45  Studies 

with TfR>BACE1 heterodimerized bi>specific antibodies also showed that human>cynomolgus 

monkey cross>reactive anti>TfR antibody affinity required for maximal brain exposure is different 

between cynomolgus monkey (37 nM)  and the mouse (270 nM) genetically engineered to 

express human TfR ectodomain.37 This inter>species variability is further compounded by the 

necessity to mitigate effector function of bi>specific antibodies to alleviate on>target TfR antibody 

toxicity in reticulocytes 41.  Therefore, this translational complexity of the target (TfR) including 

inter>species variability and pharmacokinetic and toxicity liabilities will remain serious obstacles 
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in the development of clinically viable brain>targeting bi>specific molecules using TfR antibodies 

as BBB>crossing carriers.  A further interesting observation from PK>PD modeling studies with 

TfR>BACE1 bi>specific antibodies42,43 is that the ‘benefit’ of TfR variants in improving antibody 

brain penetration is expected only when the antibody recognizes intermediately or highly 

abundant target in periphery, but will be negligible for antibodies with low abundant peripheral 

targets which have exquisitely long pharmacokinetic profiles.  Despite the efficiency of BBB 

transcytosis demonstrated with affinity>optimized TfR antibodies, due to above limitation, each 

therapeutic application will require an extensive tailoring of molecular formats to achieve 

acceptable risk>benefit profiles.    
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Cell binding data and methods for the OX26>variants binding to the rat brain endothelial 
line (SV>ARBEC)  
 
Inhibition of thermal hyperalgesia induced by intravenous or intracerebroventricular 
administration of galanin or galanin genetically fused to human Fc. 
 
Table illustrating the mutations in OX26 leading to the lowered affinities. 
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0��	���

�

0��	��7. ���
���
������!������������������
������
��
����0�,.��Parameters were determined 

using an Octet assay where the IgG is immobilized and rTfR is in solution.   Data were 

generated using a 1:1 binding model and are the mean of two replicate experiments.�

Variant kon (M
>1s>1) koff (s

>1) KD
 (nM) 

OX26 1.5 × 104 9.0 × 10>5 5.0 ± 2 

OX2676 1.4 × 104 1.1 × 10>3 76 ± 10 

OX26108 1.6 × 104 1.9 × 10>3 108 ± 30 

OX26174 5.4 × 103 1.0 × 10>3 174 ± 43 

 

�
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0��	���. Mean (%CV of the estimate) pharmacokinetic and brain distribution parameter 

estimates following intravenous administration of OX26 variants or NiP228 to naive rats. 

Parameters were derived using a model fitting all individual data points (6 animals per each time 

point).  Estimates for all variants except OX266, which demonstrated a mono>exponential decay, 

were obtained using a two>compartment model with distinct distribution and elimination phases.    

#���!�����
�
� >�
��� �����8� �����<�� �����76:� �����7<;� ?
#��:�

Plasma Pharmacokinetics Parameters 

CL mL/hr/kg 6.1 (7.0) 5.4 (5.6) 3.4 (13) 2.6 (16) 1.7 (41) 

CLD mL/hr/kg na 6.6 (15) 0.8 (11) 11 (14) 16 (42) 

V1 mL/kg 53 (8.2) 46 (11) 33 (10) 49 (9.3) 44 (9.3) 

V2 mL/kg na 94 (19) 46 (111) 140 (23) 73 (36) 

t1/2β hr 6 .1 (2.3) 
b
 26 (16) 52 (93) 58 (31) 49 (58) 

AUCplasma nmol*hr/L 22.7 (7) 25.8 (6) 36.1 (19) 54.4 (16) 81.2 (41) 

 

Brain Pharmacokinetics Parameters 

CLup,brain ML/hr/kg 0.03 (13) 2.06 (9) 1.16 (7) 0.90 (7) 0.05 (14) 

CLout,brain ML/hr/kg 180 (25) 121 (20) 244 (13) 336 (10) 321 (19) 

Cmax,brain nM 0.064 3.35 3.10 1.12 0.094 

AUCbrain nmol/hr/mL 4.29 475 177 151 12.3 
 

Brain Exposure 

AUCbrain / 

AUCplasma 
%       0.02      1.84       0.47         0.28         0.02 

a 
CL: Total body clearance. CLD: Distribution clearance. V1: Volume of distribution of central 

compartment. V2: Volume of distribution of peripheral compartment. t1/2β: Elimination half#life. CLup,brain: 
Brain uptake clearance. CLout,brain: Brain to serum clearance. AUC: Area under the concentration#time 
curve. Cmax,brain: Predicted maximum concentration in brain.  

b
For OX>265, terminal half>life derived from a monoexponential decay of serum concentrations vs time. 
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0��	��=.  CSF concentration>time profiles in rat following an equimolar intravenous bolus dose 

of 26.8 nmol/kg of OX26 variants, A20.1 or NIP228 to naive rats. Maximum observed CSF 

concentration reported as mean ± sd (n=3). 

�

�

�

�

�

�

�

�

�

�

�

�

 

 �

0�,����
���������6.7!)��

� �	

��
6�9���

+�!�	@�%1-�

�	

���%�

�	
������+A-�


�������

+�*-��

OX265  84 0.38 1.76 ± 0.30 

A20.1mFc  21 0.09 0.65 ± 0.04 

OX2676  146 0.55 3.10 ± 0.21 

A20.1mFc  14 0.06 0.53 ± 0.12 

OX26108  133 0.66 2.84 ± 0.15 

A20.1mFc  31 0.15 0.67 ± 0.48 

OX26174  40 0.18 0.73 ± 0.09 

A20.1mFc  21 0.09 0.47 ± 0.02 

NiP228  31 0.13 0.76 ± 0.42 

A20.1mFc  24 0.11 0.57 ± 0.04 
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0��	��;.�"�!!��
�����������	��������!�	��
����	���
��
������4����������!���	. OX265, 

OX2676, OX26108, OX26174 and NiP>228 were administered at indicated doses by intravenous 

route. The percent reversal of thermal hyperalgesia at peak response, time to peak response, 

the duration of the response, and the AUC of the response are shown as means ± sem for 3>6 

animals in each group.  

 

0�,�

���
��� 

'����

B�!�	%&�C 

A����

�������	 

0
!������!� �

+!
�- 

'����
���

+!
�- 

�>( 

+�� �!
�- 

OX265
  10 10.2 ± 3.8 92.8 ± 7.4 10.1 ± 6.5 284 ± 95 

OX265 30 69.2 ± 5.0 107.1 ± 10.7 150.0 ± 10.7 976 ± 87* 

OX2676 10 58.9 ± 5.7 101.7 ± 7.8 117.9 ± 16.7 745 ± 117*# 

OX26108 10 53.6 ± 6.0 92.8 ± 3.9 108.9 ± 10.3 663 ± 110*# 

OX26174 10 23.7 ± 5.6 88.3 ± 3.6 22.7 ± 9.8 306 ± 72 

NiP>228 10 8.3 ± 1.7 102.6 ± 11.7 4.0 ± 3.4 167 ± 25 

�

Asterisks indicate a significant difference in AUC (P<0.01; ANOVA) compared to NiP>228; 

number signs indicate a significant difference (P<0.01; ANOVA) from the same dose of OX265 

�

 �
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�

)
�����(���
����

�

)
�����7.  A) Observed and predicted serum (upper panels) and brain (lower panels) 

concentrations versus time plots for OX26 variants and NIP228.  Animals were administered 20 

mg/kg iv. of OX26 variants or NIP228, serum and brain levels were measured by ELISA, and 

serum and brain concentrations>time profiles were analyzed using WinNonlin software (Version 

7.0, Pharsight Corporation, Mountain View, CA, USA) as described in Material and Methods.  

Detailed PK parameters are shown in Table 2.  B) Cerebrospinal fluid (CSF) exposure of OX26 

affinity variants and control antibodies A20.1mFc and NiP228.  Animals were co>injected  iv an 

equimolar dose (30 nmol/kg) of test antibody (OX26 variant or NiP228) and control antibody 

(A20.1mFc) via a tail vein, and CSF levels were measured at indicated time points over 96 h 

using multiplexed SRM technique as described in Material and Methods.  Results are shown as 

means ± SD for 3 animals in each time point.  Apparent CSF exposure (AUCCSF) from�each 

paired antibody administration is shown in Table 3.  

 

)
������.  Detection of intravenously injected OX26 variants in rat brain sections by 

immunofluorescence. Animals received 7 mg/kg iv. of either control antibody NiP228 (A), OX265  

(C&E) or OX2676 (D&F) and were perfused 4 h after injections.  The antibodies were immuno>

detected using biotinylated goat anti>human IgG followed by streptavidin>Cy3, shown as red 

staining.  The sections were then counter>stained for the neuronal marker NeuN (green) and 

nuclear stain Hoechst (blue). Red channel only and corresponding composite images were 

shown in pairs. Image in B is a control where only secondary antibody was used. Fluorescent 
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micrographs of frontal cortex (left column of paired images) and parietal cortex (right column of 

paired images) are shown. In animals injected with OX265, both frontal cortex (C1>C2) and 

parietal cortex (E1>E2) show immunoreactivity in blood vessels only. Two separate sections of 

both frontal cortex (D1>D4) and parietal cortex (F1>F4) of animals injected with OX2676 are 

shown to illustrate immuno>positive neurons (marked with stars).  

�

)
�����=. Inhibition of thermal hyperalgesia in rat after  systemic administration of OX26 affinity 

variants or control antibody NiP>228 conjugated to neuropeptide galanin.  The potency of all 

antibodies was compared at 10 nmol/kg dose as described in Material and Methods.  A) Paw 

withdrawal latency of inflamed paw in response to a thermal stimulus measured after a single 

intravenous bolus injection of NiP228, OX265, OX2676, OX26108 or OX26174. Latency was 

measured at 15 min intervals over a 4>h period. Data are shown as means ± sem for 3–6 

separate animals in each group. The control paw shows latency of 20 s or more, whereas 

inflamed paw in animals receiving PBS shows latency of ~5 s. The latency of paw withrawal 

was prolonged by OX2676>Gal and OX26108>Gal, while OX265>Gal and OX26174>Gal produced 

marginal response (detailed parameters of the response and statistics are shown in Table 4).  

B)  Serum and CSF levels of variants at the end of experiment in A (at 240 min) are measured 

by multiplexed SRM. Significant increase in CSF levels was measured for OX2676>Gal and 

OX26108>Gal conjugates compared to control antibody NiP228>Gal conjugate. The levels of 

OX266 dosed at 30 nmol/kg were also included (see corresponding potency data in Table 4). 
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