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Abstract

:

Single domain shark antibodies that bind to the transferrin receptor 1 (TfR1) on brain endothelial cells have been used to shuttle antibodies and other cargos across the blood brain barrier (BBB) to the brain. For these studies the TXB4 brain shuttle was fused to a TrkB neurotrophin receptor agonist antibody. The TXB4-TrkB fusion retained potent agonist activity at its cognate receptor and after systemic administration showed a 12-fold increase in brain levels over the unmodified antibody. Only the TXB4-TrkB antibody fusion was detected within the brain and localized to TrkB positive cells in the cortex and tyrosine hydroxylase (TH) positive dopaminergic neurons in the substantia nigra pars compacta (SNc), where it was associated with activated ERK1/2 signaling. When tested in the 6-hydroxydopamine (6-OHDA) mouse model of Parkinson’s disease (PD), TXB4-TrkB, but not the unmodified antibody, completely prevented the 6-OHDA induced death of TH positive neurons in the SNc. In conclusion, the fusion of the TXB4 brain shuttle allows a TrkB agonist antibody to reach neuroprotective concentrations in the brain parenchyma following systemic administration.
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1. Introduction


The interaction of neurotrophins (NGF, BDNF, NT3 and NT4) with their cognate Trk receptors (TrkA, TrkB and TrkC, respectively) protects neurons from naturally occurring cell death during development [1,2]. Their ability to nurture developing neurons spawned numerous studies to determine if they can promote the survival of adult neurons, particularly in the context of neurodegenerative disease or acute brain injury [3,4]. In this context, promising results have been found with BDNF which, by activating the TrkB receptor, can protect neurons from death in, for example, preclinical models of PD [5], Alzheimer’s disease (AD) [6,7], and ischemic lesions [8,9,10,11]. In addition, BDNF can promote functional recovery of injured neurons following spinal cord injury [12,13,14] and stimulate the production of new neurons in the adult brain [15,16]. The loss of BDNF has also been suggested as a contributory factor to the progression of PD [17,18,19], AD [20] and Huntington’s disease [21,22,23], as well as to conditions such as depression [24,25].



However, the therapeutic potential of BDNF in neurodegenerative diseases, acute brain injury and other neurological conditions has not been realized in the clinical setting due in part to a short plasma half-life in vivo [26], exclusion from the brain parenchyma following systemic administration, and poor diffusion throughout the parenchyma due to a high isoelectric point [27]. Agonist antibodies that directly bind the TrkB receptor and mimic the neurotrophic activity of BDNF provides a long in vivo half-life, but the challenge of poor blood brain barrier (BBB) penetration remains. This has generally limited the systemic delivery of TrkB antibody to peripheral disorders such as obesity [28,29] and peripheral neuropathy [30]. Nonetheless, when delivered directly across the BBB by intracerebroventricular injection prior to an ischemic injury, the 29D7 TrkB agonist antibody enhances neuronal survival and promotes functional recovery [31,32,33,34].



There is considerable interest in the possibility of utilizing the receptor-mediated transcytosis pathways that exist on brain endothelial cells that form the BBB to carry biotherapeutics from the blood to the brain parenchyma with the transferrin receptor 1 (TfR1) being the most widely studied [35]. TXB4 is a single domain shark variable new antigen receptor (VNAR) antibody specific to TfR1 with enhanced brain penetration which was derived from the previously reported TXB2 VNAR [36] by restricted randomization of the CDR3 domain [37]. We hypothesized that if the TXB4 module was fused to the 29D7 TrkB agonist antibody it would accumulate in the brain following systemic administration to provide neuroprotection following disease or injury. In the present study we produced a bivalent, bispecific TrkB antibody by cloning the variable regions of the 29D7 agonist antibody into human IgG1 and genetically fusing it to the TXB4 brain shuttle.



Our results show that, unlike the unmodified TrkB agonist antibody, the TXB4-TrkB fusion rapidly accumulated in the brain following a single IV injection. We also found that TXB4-TrkB associates with and activates ERK1/2 signaling in TrkB positive cells in the cortex and tyrosine hydroxylase (TH) positive dopaminergic neurons in the substantia nigra compacta (SNc). When tested in the mouse 6-OHDA model of PD, the TXB4-TrkB antibody completely prevented the loss of TH positive neurons throughout the SNc. In conclusion, fusion with the TXB4 module allows the TrkB agonist antibody to reach neuroprotective concentrations in the brain parenchyma following systemic administration, generating a new class of biologic with therapeutic potential in a wide range of neurodegenerative diseases, acute brain injury situations and possibly depression.




2. Materials and Methods


Production of bivalent VNAR-agonist antibody fusions. The VH and VL domain sequences from the mouse anti-TrkB 29D7 or anti-TrkC agonist antibody 6.4.1 [33,38] were cloned into the constant regions of the human heavy chain IgG1 and human light chain kappa, respectively. The human Fc domain of both antibodies contained the LALA double mutation (Leu234Ala and Leu235Ala) to attenuate effector function [39]. The original TXB2 BBB shuttle [36] was subjected to restricted CDR3 mutagenesis and the TXB4 variant, which showed enhanced brain penetration [37], was used to generate bivalent VNAR-antibody fusions. TXB4 was fused to either the N-terminus of the heavy chain VH domain via a 3xG4S linker (HC2N format) or between the CH1 and CH2 domain via a 3xG4S and a 1xG4S linker (HV2N format), respectively. The TrkC-TXB4 antibody fusion was produced in the HC2N format and used as a control.



All antibodies were expressed in CHO cells by transient transfection. Supernatants were collected and filtered through 0.22 µm membranes and loaded onto HiTrap MabSelect SuRe Protein A columns (GE Healthcare, Chicago, IL, USA) pre-equilibrated with phosphate-buffered saline (PBS, pH 7.4). Antibodies were eluted with 0.1 M glycine, pH 3.5 into neutralizing buffer (1 M Tris-HCl, pH 9.0) and the buffer exchanged to PBS using HiPrep 26/10 Desalting columns (GE Healthcare). Antibody purity was determined by analytical size exclusion chromatography (SEC) using a Superdex200 column.



Target binding assays. For ELISAs, Nunc MaxiSorp plates (Thermo Fisher, Waltham, MA, USA) were coated with 100 µL of 1 µg/mL of human TrkB (Sino Biological, 10047H80M, Beijing, China) mouse or human TfR1 (mTfR1 and hTfR1 ectodomains produced internally) and incubated at 4 °C overnight. Plates were incubated with a blocking buffer (2.5% non-fat dry milk in PBS with 0.1% Tween20, PBST) for 1 h at RT. Purified proteins were mixed with non-fat dry milk in PBST to a final concentration of 2.5% and incubated for 30 min. The blocked protein solutions (100 µL) were transferred to the blocked plates and incubated for 1 h. The plates were washed with PBST and incubated with a goat anti-human Fc−peroxidase antibody diluted 1:5000 (Sigma) in blocking buffer for 30 min. The plates were washed and developed with SureBlue (VWR). The reaction was measured at 370 nm in real time for Vmax analysis and EC50 values were calculated using 4-parametric non-linear regression (Prism). Receptor binding kinetics were measured by surface plasmon resonance (SPR) using a Biacore T200 (GE Healthcare) as described [36]. In brief, a Fc-capture kit (GE Healthcare) was used to immobilize ligand in 0.1% BSA in HBS-EP+ buffer (GE Healthcare). Analyte binding was measured using the single cycle kinetic SPR method in HBS-EP+ at a flow rate 30 µL/min. A flow cell without ligand captured served as a reference. Sensorgrams were fitted using a 1:1 binding model and kinetic constants were determined using Biacore T200 Evaluation software.



Trk receptor reporter assay. TrkB- and TrkC-β-lactamase reporter cell lines (CellSensor NFAT-bla CHO-K1, Invitrogen) were passaged twice weekly in DMEM-GlutaMAX medium (Gibco) supplemented with 10% dialyzed fetal bovine serum (dFBS), 100 U/mL penicillin, 100 µg/mL streptomycin, 5 µg/mL blasticidin, 200 µg/mL zeocin, 0.1 mM non-essential amino acid solution (NEAA), and 25 mM HEPES buffer (all from Sigma). For the assay, 2 × 104 cells were seeded per well of black-wall clear-bottom 96-well plates (Corning, Corning, NY, USA) in 100 mL of the same medium but with 0.5% dFBS and incubated overnight at 37 °C in 5% CO2. Antibodies were diluted in assay media and 50 µL was added per well to achieve a final concentration range as indicated in the results. Cells were incubated with the antibodies for 4 h at 37 °C, 5% CO2 before the addition of 30 µL of the fluorescence resonance energy transfer (FRET) substrate CCF2-AM (ThermoFisher, Waltham, MA, USA). After incubation at room temperature for 90 min protected from light, conversion to CCF2 was measured by a shift in FRET emission. The excitation filter was set at 405 nm, and the emission filters at 460 and 530 nm (FlexStation, Molecular Devices, San Jose, CA, USA) and the ratio of the emission wavelengths (λ1/λ2) was calculated as a measure of β-lactamase activity driven by TrkB or TrkC receptor activation.



Animal studies. All in vivo studies were performed in accordance with UK Animals Scientific Procedures Act (1986) and were approved by King’s College London Animal Welfare and Ethical Review Body. A total of 65 adult BalbC mice (8–12 weeks old, Envigo) were used: 45 for the brain accumulation study, three for the brain localization studies and 17 for the 6-OHDA neuroprotection study. All animals were maintained on a 12:12 h light/dark cycle with food and water available ad libitum.



Brain accumulation of injected antibodies by ELISA. Female BalbC mice were injected IV with molar equivalent doses of either unmodified antibodies (3.6 mg/kg = 25 nmoL/kg) or bivalent TXB4-antibody fusions (4.3 mg/kg = 25 nmoL/kg). Animals were euthanized at 30 min, 1, 2, 4 or 18 h post injection by phenobarbital overdose (1 mL of 200 mg/mL Euthatal) before intracardiac perfusion with PBS. Brains were dissected into left and right hemispheres and stored at −80 °C. Tissue samples were homogenized in 3:1 (v/w) of PBS containing 1% Triton X-100 supplemented with protease inhibitors (cOmpleteTM, Sigma) using the TissueRuptor (Qiagen, Hilden, Germany) at medium speed for 10 s and then incubated for 30 min on ice. Lysates were centrifuged at 17,000× g for 20 min, and the supernatant was blocked overnight at 4 °C in 2.5% milk in PBS with 0.1% Tween 20. MaxiSorp plates (ThermoFisher) were coated with 100 µL of goat anti-human Fc antibody (Sigma) diluted 1:500 in PBS overnight at 4 °C. The plates were washed and incubated with blocking buffer for 1 h at room temperature. Blocked brain lysates (100 µL) were added to the blocked plates and incubated for 1 h at room temperature. After washing, plates were incubated with goat anti-human Fc-HRP conjugated antibody (Sigma) diluted 1:5000 for 1 h. Plates were then washed and developed with tetramethylbenzidine and the reaction was stopped with 1% HCl. Absorbance was measured at 450 nm and antibody concentrations were determined using standard curves prepared separately for each antibody.



Brain localization of injected antibodies by immunohistochemistry. All antibodies were injected at 10 mg/kg SC into male BalbC mice. The animals were euthanized after 18 h by phenobarbital overdose before being intracardially perfused with PBS followed by 10% neutral buffered formalin (Sigma, St. Louis, MO, USA). Brains were removed and submerged in 10% neutral buffered formalin for 24 h and embedded in paraffin wax. Serial 7 µm sagittal sections were dewaxed (2 × 5 min in xylene, 4 × 2 min 100% IMS) and endogenous peroxidases quenched by immersion in 3% H2O2 for 10 min. Antigen retrieval was performed by boiling sections in 1 mM citric acid at a pH of 6.0 for 10 min. A blocking solution containing 3% porcine serum albumin in 0.05 M tris buffered saline (TBS, pH 7.6) was applied for 90 min before sections were incubated with primary antibodies at 4 °C overnight in a humidified chamber. IV-injected antibodies were detected in the brain with a biotinylated goat anti-human IgG (Vector Laboratories, BA-3000, diluted 1:500, Newark, CA, USA). Marker proteins were detected with chicken anti-TH (Abcam ab76442, diluted 1:1500, Cambridge, UK), rabbit anti-pErk1/2 (Cell Signaling Technology 9101, diluted 1:250, Danvers, MA, USA), and rabbit anti-TrkB (Abcam ab18987). Sections were washed for 2 × 5 min in 0.025% Triton-X100 in TBS before incubation with fluorescent-tagged secondaries (all from ThermoFisher, diluted 1:500, Waltham, MA, USA) for 90 min at room temperature. Biotinylated anti-human IgG was detected with streptavidin-Alexa Fluor 647 and the following were used to detect marker proteins: goat anti-chicken-Alexa Fluor 488; donkey anti rabbit-Alexa Fluor 488; and donkey anti-rabbit Alexa Fluor 647. After secondary incubations, sections were washed for 2 × 5 min in 0.025% Triton-X100 in TBS before incubation with 0.1% Sudan Black B in 70% ethanol for 20 min at room temperature to quench autofluorescence. Slides were washed under running water, dried, and coverslips mounted in Vectashield with DAPI (Vector Laboratories, H-1800). Fluorescence images were acquired using a Zeiss 710 confocal microscope and Axiovision image analysis software.



6-OHDA unilateral lesion model of Parkinson’s disease. A single SC injection of either 5 mg/kg of the TrkB antibody, TXB4-TrkB antibody fusion or TXB4-TrkC fusion or 5 mL/kg of PBS was given to male BalbC mice 24 h prior to lesioning. A second 2.5 mg/kg dose of each antibody or PBS was administered at post-lesion day seven. For 6-OHDA lesioning, anesthesia was induced with 5% isoflurane/oxygen and animals were placed in a stereotaxic frame with blunt ear bars. Anesthesia was maintained at 3% isoflurane/oxygen and body temperature was maintained at 37 °C. The surgical site was sterilized with 0.4% chlorhexidine before making an antero-proximal incision along the scalp. Fine-bore holes (Ø 0.5 mm) were made in the skull at coordinates AP: +0.5 mm and ML: +2.2 mm (relative to bregma and skull surface) through which a blunt-ended 30-gauge needle was inserted to DV: −3.5 mm. 6-OHDA.HBr (4 μg in 3 μL 0.02% ascorbate/saline) was infused unilaterally into the striatum (0.5 μL/min) and the needle withdrawn 5 min later. This dose was predicted to produce a partial lesion over a two-week period [40]. Animals received a single dose of buprenorphine (Vetergesic; 0.1 mg/kg, SC) after suturing and 1 mL of rehydrating Hartmann’s solution was administered SC daily for 5 days. One animal in the TrkB antibody group failed to recover adequately from surgery and was excluded from the study.



Immunohistochemical assessment of TH+ cell bodies in the SNc. On post-lesion day 14, animals were euthanized by phenobarbital overdose before intracardiac perfusion with PBS followed by 10% neutral buffered formalin (Sigma). Brains were removed and submerged in 10% neutral buffered formalin for 24 h before being embedded in paraffin wax. Serial 7 µm coronal sections encompassing the rostral, medial, and caudal SNc were obtained and processed for TH staining. Sections were dewaxed (2 × 5 min in xylene, 4 × 2 min in industrial methylated spirits) and endogenous peroxidases quenched by immersion in 3% H2O2 for 10 min. Antigen was retrieved by boiling sections in 1 mM citric acid with a pH of 6.0 for 10 min. Blocking solution containing 1% bovine serum albumin in TBS was applied for 10 min before sections were incubated with primary polyclonal rabbit anti-TH antibody (Millipore ab152, diluted 1:500) at room temperate overnight in a humidified chamber. Sections were washed for 5 min in TBS before incubation with biotinylated goat anti-rabbit secondary antibody (Vector Laboratories BA1000, diluted 1:500) at room temperature for 1 h. Sections were washed for 5 min in TBS before detection with Vectastain Elite ABC Kit (Vector Laboratories, PK6100) followed by the DAB substrate Kit (Vector Laboratories, SK4100). Sections were rinsed in distilled H2O for 10 min, dehydrated in 100% IMS (4 × 2 min), cleared in xylene (2 × 5 min) and then mounted with coverslips using the solvent based plastic DPX (Sigma). Photomicrographs of TH-stained SNc sections (3–6 sections per mouse at each of the caudal [AP: −3.52 mm], medial [AP: −3.16 mm] and rostral [AP: −2.92 mm] levels relative to bregma) were acquired at 20X magnification using a Zeiss Apotome microscope and Axiovision software (Carl Zeiss Ltd., Tokyo, Japan). Image J software was used to manually count viable (intact round cells with a clear nucleus and cytoplasm) TH-positive A9 dopaminergic cells of the SNc in both the lesioned and intact hemispheres. SNc cell number in the lesion hemisphere was calculated as a percentage of that lost in the intact hemisphere (n = 3–5 per group). Data were combined across all three rostro-caudal levels to generate a single average value for each animal and the mean calculated per treatment group.



Statistical analysis. All statistical analysis was performed using Graphpad Prism 8 software. The concentration response curve of antibodies in the NFAT reporter assay was analyzed by non-linear regression to give EC50 values (n = 3–5 independent experiments per concentration per treatment). Percentage TH+ cell loss in the lesioned relative to the intact SNc in the 6-OHDA PD mouse model was tested for Gaussian distribution by Shapiro-Wilk and parametric statistics applied accordingly. The percentage TH+ cell loss of the lesioned relative to intact SNc was compared across treatment groups by one-way ANOVA followed by Tukey’s HSD, * p ≤ 0.05.




3. Results


In vitro activity of TXB4-TrkB agonist antibody fusions. The TXB4 module was fused to the TrkB antibody in two different formats and binding to TfR1 and TrkB was evaluated (Figure 1A). The TfR1 ELISA binding curve for the HC2N format overlapped with that of the TXB4-human Fc fusion control, whereas the binding curve for the HV2N format was shifted to the right for both species of TfR1 (Figure 1B,C). The calculated ELISA EC50 values for HV2N and HC2N formats were all within a similar range (2.3 nM vs 0.7 nM for mTfR1; 3.2 nM vs 1 nM for hTfR1, respectively). The TrkB ELISA binding curves for the unmodified TrkB antibody and both TXB4-TrkB antibody formats closely overlapped with calculated EC50s of 0.5–0.6 nM (Figure 1D). The binding kinetics to the TrkB receptor of the TXB4-TrkB HV2N format were virtually identical to that of the unmodified TrkB antibody as determined by SPR with KDs of 1.30–1.37 nM (Table 1). However, the dissociation rate was slower for the HC2N format, resulting in a lower KD of 0.4 nM.



The relative agonist activity of the various antibodies was evaluated in the TrkB-NFAT-bla CHO-K1 cell line. While all three antibodies achieved the full agonist activity of BDNF, the dose-response curves were shifted to the right (Figure 1E). The calculated EC50 for the unmodified TrkB agonist antibody was 0.34 nM and was relatively close to 0.11 nM for the BDNF. Fusing the TXB4 module in either format reduced the potency relative to the unmodified antibody. The EC50 for the HC2N format was 6.9 nM (20-fold reduction), while that for the HV2N format was 0.9 nM (3-fold reduction) and this format was selected for further animal studies (Table 2). The control TXB4-TrkC antibody fusion in the HC2N format retained was a full agonist in the TrkC-NFAT-bla CHO-K1 assay and had an EC50 of 3.1 nM (data not shown).



Brain accumulation of the unmodified TrkB antibody versus the TXB4-TrkB fusion. Mice were injected IV with 25 nmoL/kg of either the TrkB antibody or TXB4-TrkB fusion (HV2N format), and antibody concentrations in brain and plasma were determined by ELISA at the indicated timepoints (Figure 2A). Brain levels of the TrkB antibody remained low (0.13–0.39 nM) throughout the study, whereas the TXB4-TrkB fusion antibody steadily accumulated over the study period reached 4.7 nM, which represents a 12-fold increase over the unmodified antibody at the 18 h timepoint (Figure 2B). The plasma concentration between the TrkB antibody (218 nM) and the TXB4 fusion (187 nM) were not significantly different (Figure 2C). For the control TXB4-TrkC antibody, the brain concertation averaged 6.5 nM at 18 h after IV in injection with 25 nmol/kg compared to 0.3 nM for the unmodified TrkC agonist antibody.



Brain Localization of the TXB4-TrkB antibody fusion after peripheral administration. The unmodified TrkB antibody or TXB4-TrkB antibody fusion (HV2N) was administered by a single SC injection (10 mg/kg). Perfused brains were harvested 18 h later and stained by immunohistochemistry using an anti-human IgG to detect the injected antibodies. At lower magnification, no TrkB agonist antibody staining was seen anywhere in the brain (Figure 3A). In stark contrast, the TXB4-TrkB antibody fusion was readily detected within endothelial cells that line capillaries throughout the brain (Figure 3B). If the TrkB or TXB4-TrkB antibodies engage TrkB receptors on the cell surface, internalization into those cells would be expected [41]. The most conspicuous staining for the TrkB receptor was the intracellular staining of large neurons in the cortex (inserts in Figure 3C,D). The TXB4-TrkB antibody fusion was also readily seen in these cells (Figure 3C), but the unmodified TrkB antibody was not detected (Figure 3D). Activation of the ERK1/2 signaling pathway is a canonical feature of neurotrophin receptor activation, which can be detected by antibodies that recognize the phosphorylated form of ERK1/2 [2]. Activated ERK1/2 was not detected by this method in the brains of animals treated with the TrkB agonist antibody (Figure 3E); however, it was readily detected in the brain following treatment with TXB4-TrkB antibody fusion and this was most obvious in the cortex (Figure 3F).



Target engagement in the 6-OHDA model of PD. When delivered locally, BDNF limits the death of TH+ dopaminergic neurons in the SNc that normally accompanies the injection of 6-OHDA into the striatum [42,43,44,45]; to this end we have tested if the systemic administration of TXB4-TrkB is neuroprotective in this model of PD. We first wanted to determine if the systemically administered TXB4-TrkB antibody fusion localizes to the SNc in a healthy animal. Using tissue from the brain localization studies in Figure 3, the presence of the TrkB agonist antibody was not within the vicinity of TH+ cells in the SNc 18 h after SC delivery as expected (Figure 4A). In contrast, TXB4-TrkB was readily seen in this brain region 18 h after SC administration (Figure 4B). Moreover, while ERK1/2 is not activated in TH+ neurons following TrkB agonist antibody administration (Figure 4C), it is clearly activated in TH+ neurons following TXB4-TrkB administration (Figure 4D). In contrast, the TXB4-TrkC antibody fusion was not detected in the SNc at the same dose and timepoint, nor was pERK1/2 detected in TH+ cells (data not shown).



Neuroprotection in the 6-OHDA model of PD. To test for neuroprotection, mice were treated with either PBS (control), TrkB agonist antibody, the TXB4-TrkC or the TXB4-TrkB antibody fusions (5 mg/kg) 24 h before inducing a partial 6-OHDA lesion and again at day seven (with reduced antibody dose of 2.5 mg/kg). Fourteen days after injection of 6-OHDA, brains were isolated and processed for TH immunoreactivity in the rostral, medial, and caudal SNc. As expected, there was a clear reduction (27.30 ± 7.31%) in the number of TH+ cells as a percentage of the intact hemisphere following 6-OHDA treatment in the PBS control (Figure 5). In contrast there was essentially no cell loss in mice treated with the TXB4-TrkB antibody fusion (3.18 ± 2.6%) relative to the PBS control (One-way ANOVA, Tukey’s HSD, * p = 0.035). Neuronal loss was still apparent with either the TrkB agonist antibody (12.47 ± 2.97%) or TXB4-TrkC antibody fusion control (20.74 ± 4.11%) treatment and not significantly different from the PBS control (Figure 5).




4. Discussion


The BDNF-TrkB signaling pathway is considered a drug target for a wide range of neurological diseases and depression. However, a short half-life of approximately 10 min in plasma [26] and 1 h in CSF [46], and a high isoelectric point (pI~10) that limits its diffusion in tissues [27] have in part hampered clinical development. BDNF can also bind to the p75 neurotrophin receptor (p75NTR) and in some instances activation of this receptor can induce apoptosis [47]. p75NTR is also an integral component of a receptor complex that inhibits axonal growth and the interaction of BDNF with this complex might detract from its regenerative function [48]. The BDNF/p75NTR interaction might also limit the therapeutic potential of BDNF.



TrkB antibodies do not bind p75NTR, in general have a plasma half-life of several days, and are effective if directly delivered to the site of neural injury. The intravitreal delivery of the 29D7 TrkB agonist antibody delays retinal ganglion cell death in models of acute and chronic retinal injury [49,50], whilst intracerebroventricular administration prior to initiation of a neonatal hypoxic-ischemic brain injury in rats significantly increased neuronal survival and behavioral recovery [31]. Intrathecal application of 29D7 improves motor neuron survival and regeneration in models of spinal cord injury and motor neuron degeneration [14]. It follows that there might be opportunities in the development of a version of 29D7 or other TrkB agonist antibodies if they could readily cross the BBB following systemic administration.



Using TfR1 receptor antibodies to deliver cargos across the BBB is not novel [51,52,53]. However, obstacles have been encountered with particular antibodies including the retention of TfR1 antibodies within brain capillaries [54,55], the lysis of TfR1-expressing reticulocytes [56], competition with transferrin for binding to the TfR1 and/or antibody induced targeting of TfR1 to lysosomes [57,58,59,60]. Moreover, the ubiquitous expression of the receptor in peripheral tissues [61] likely contributes to the short plasma half-life reported for TfR1 antibodies [62,63,64]. Various strategies have been employed to overcome these obstacles, including a reduction in binding affinity, valency, and bispecific antibody formatting. Interestingly, high-affinity single domain VNAR antibodies to TfR1 do not share these problems. The small VNAR domain (12–15 kDa) with an extended CDR3 loop can engage cryptic epitopes inaccessible to standard immunoglobulins [65], which may enable the selective tissue binding, and consequently a longer plasma half-life observed with TXB2 shuttle [66]. TXB4 was derived from TXB2 shuttle by CDR3 mutagenesis and was selected for these studies for its improved physiochemical properties and enhanced brain penetration [37,67].



A brain penetrant TrkB agonist antibody was configured with the TXB4 shuttle in two different formats. In one version, the VNAR domain was fused to the N-terminus of the HC (HC2N), while in the other, it was positioned between the CH1 and CH2 domains above the hinge region (HV2N) to avoid possible steric hinderance of the TrkB paratope. Placing the TXB4 module in the HC2N format had virtually no effect on TfR1 binding and while the ELISA binding curve of the HV2N format was right shifted, the binding EC50 for TfR1 was still in the low nM range. Neither format adversely affected the TrkB binding kinetics of the antibody and while both bispecific formats were full agonists in a TrkB reporter cell assay, the HV2N format was approximately seven-fold more potent. Overall, the N-terminal placement better preserved TfR1 binding, but interference with the TrkB binding paratope resulted in reduced activity. Consequently, the HV2N format was selected for in vivo studies.



After peripheral administration of TXB4-TrkB in the HV2N format (4.3 mg/kg, IV), mouse brain concentrations reached the predicted Cmax at approximately 18-h post injection [36,68]. The achieved 5 nM brain level was expected to trigger robust activation of endogenous TrkB receptors. Target engagement and activation would be manifested by the uptake of TXB4-TrkB into TrkB expressing cells and the activation of canonical signaling pathways such as the ERK1/2 cascade [69]. Indeed, following a single dose (10 mg/kg, SC) in a healthy animal, we could readily detect TXB4-TrkB within the large TrkB positive neurons in the cortex and also found activation of the ERK1/2 cascade throughout the cortex. Likewise, TXB4-TrkB was found in the SNc and ERK1/2 was clearly activated in the TH+ dopaminergic neurons in the SNc in the same animals. As a control, antibody accumulation and ERK1/2 activation were not seen in the SNc following systemic administration of the unmodified TrkB agonist antibody.



When injected into the striatum, 6-OHDA is taken up into dopaminergic neurons via the high-affinity dopamine transporter. It is then oxidized, and the toxicity of the released reactive oxygen species is reflected in a loss of dopaminergic tracts and terminals in the striatum and cell bodies in the SNc [70]. This is a well-established preclinical model of PD [71], but it is noteworthy that toxicity due to generation of reactive oxygen species might be causative of neuronal loss in a wide range of other neurodegenerative diseases. In this study the unilateral administration of 6-OHDA was associated with the loss of 20%–30% of the neurons throughout the SNc. Remarkably, there was no significant neuronal loss throughout the SNc in animals treated with TXB4-TrkB. Control construct TXB4-TrkC also accumulated in the brain but did not localize to or activate ERK1/2 in the TH+ dopaminergic neurons nor offer any neuroprotection against the 6-OHDA lesion. Future studies will be required to determine the impact of TXB4-TrkB on the development of the motor deficits that are a well-studied trait in this model.



Antibodies can show efficacy in neurodegenerative models when administered without a shuttle due to passive transfer and/or uptake through a disease related or injury induced “leaky” BBB. Indeed, there is evidence suggesting that the BBB is damaged to some extent for a limited period in 6-OHDA models [72]. In this study the unmodified TrkB agonist antibody showed a trend towards limited neuroprotection in the SNc, although it did not reach statistical significance, despite a 3-fold greater potency relative to TXB4-TrkB. While there might have been partial neuroprotection due to some leakage of the TrkB agonist antibody, TXB4-TrkB was by far the more effective treatment. Nonetheless, Han et al., has demonstrated the therapeutic potential of IV administered TrkB agonist antibody Ab4B19 for ischemic brain injury based on leakage across the compromised BBB at the site of injury [73]. While many neurodegenerative diseases are associated with a comprised BBB related to neuroinflammatory processes [74,75], one needs to consider the likely beneficial effects of using a shuttle to deliver a therapeutic antibody to the brain. The most obvious is that the therapeutic antibody can be delivered to regions of the brain where the BBB has yet to be compromised or indeed has recovered from damage. Likewise, the use of a brain shuttle is always likely to result in more antibody reaching the parenchyma, increasing the probability of a therapeutic response. Finally, getting more antibody from the serum to the brain will obviously affect the systemic dose required for a therapeutic effect and minimize the risk of adverse effects.




5. Conclusions


In summary, this paper shows that the VNAR TXB4 shuttle targeting the TfR1 can be fused to an agonist antibody to allow for the efficient transport across the BBB and access to the brain parenchyma at physiologically relevant concentrations. The TXB4-TrkB fusion antibody crossed the BBB, accumulated in the brain, and triggered neurotrophin signaling in target cells susceptible to loss in AD (cortical neurons) and PD (dopaminergic neurons in the SNc). Furthermore, systemic treatment with TXB4-TrkB prevented the neuronal loss normally seen in a partial lesion mouse model of PD. As such, TXB4-TrkB can be considered as the first in a new generation of brain penetrant agonist antibodies with therapeutic potential in a wide range of neurodegenerative diseases, acute brain and spinal cord injury, and possibly depression.




6. Patents


Stocki, P., Wicher, K.B., Szary, J.M. and Rutkowski, J.L., inventors. Ossianix, Inc., assignee. Improved TfR-selective binding peptides capable of crossing the blood brain barrier International Publication No. WO2019089395A1, published 9 May 2019.



Rutkowski, J.L., Walsh, F., Sinclair, E.H. and Stocki, P., inventors. Ossianix, Inc., assignee. BBB-shuttling VNARs conjugated to neurotrophic agonist antibodies to treat neurodegenerative diseases and conditions. International Publication No. WO2021102276 A1, published 27 May 2021.







Author Contributions


P.D., F.S.W. and J.L.R. developed the hypothesis. P.S., E.H.S. and A.G. designed, produced, and analyzed the VNAR—TrkB constructs. E.C. and A.K.-R. performed animal experiment and analyzed data. P.D., E.J.R.F., S.D. and J.L.R. supervised research and assisted in data analysis. E.C. and P.D. co-wrote the first draft of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with UK Animals Scientific Procedures Act (1986) and were approved by King’s College London Animal Welfare and Ethical Review Body.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


E.H.S., P.S., A.G., F.S.W. and J.L.R. were employees of Ossianix, Inc. Ossianix, Inc. filled patents on the subject matter of this manuscript.




References


	



Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677–736. [Google Scholar] [CrossRef] [PubMed]

	



Reichardt, L.F. Neurotrophin-regulated signalling pathways. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2006, 361, 1545–1564. [Google Scholar] [CrossRef] [PubMed]

	



Houlton, J.; Abumaria, N.; Hinkley, S.F.R.; Clarkson, A.N. Therapeutic Potential of Neurotrophins for Repair After Brain Injury: A Helping Hand From Biomaterials. Front. Neurosci. 2019, 13, 790. [Google Scholar] [CrossRef] [PubMed]

	



Simmons, D.A. Modulating Neurotrophin Receptor Signaling as a Therapeutic Strategy for Huntington’s Disease. J. Huntingt. Dis. 2017, 6, 303–325. [Google Scholar] [CrossRef]

	



Ding, Y.X.; Xia, Y.; Jiao, X.Y.; Duan, L.; Yu, J.; Wang, X.; Chen, L.W. The TrkB-positive dopaminergic neurons are less sensitive to MPTP insult in the substantia nigra of adult C57/BL mice. Neurochem. Res. 2011, 36, 1759–1766. [Google Scholar] [CrossRef]

	



Nagahara, A.H.; Mateling, M.; Kovacs, I.; Wang, L.; Eggert, S.; Rockenstein, E.; Koo, E.H.; Masliah, E.; Tuszynski, M.H. Early BDNF treatment ameliorates cell loss in the entorhinal cortex of APP transgenic mice. J. Neurosci. Off. J. Soc. Neurosci. 2013, 33, 15596–15602. [Google Scholar] [CrossRef]

	



Nagahara, A.H.; Merrill, D.A.; Coppola, G.; Tsukada, S.; Schroeder, B.E.; Shaked, G.M.; Wang, L.; Blesch, A.; Kim, A.; Conner, J.M.; et al. Neuroprotective effects of brain-derived neurotrophic factor in rodent and primate models of Alzheimer’s disease. Nat. Med. 2009, 15, 331–337. [Google Scholar] [CrossRef]

	



Zhang, J.; Yu, Z.; Yu, Z.; Yang, Z.; Zhao, H.; Liu, L.; Zhao, J. rAAV-mediated delivery of brain-derived neurotrophic factor promotes neurite outgrowth and protects neurodegeneration in focal ischemic model. Int. J. Clin. Exp. Pathol. 2011, 4, 496–504. [Google Scholar]

	



Takeshima, Y.; Nakamura, M.; Miyake, H.; Tamaki, R.; Inui, T.; Horiuchi, K.; Wajima, D.; Nakase, H. Neuroprotection with intraventricular brain-derived neurotrophic factor in rat venous occlusion model. Neurosurgery 2011, 68, 1334–1341. [Google Scholar] [CrossRef]

	



Kiprianova, I.; Freiman, T.M.; Desiderato, S.; Schwab, S.; Galmbacher, R.; Gillardon, F.; Spranger, M. Brain-derived neurotrophic factor prevents neuronal death and glial activation after global ischemia in the rat. J. Neurosci. Res. 1999, 56, 21–27. [Google Scholar] [CrossRef]

	



Bejot, Y.; Mossiat, C.; Giroud, M.; Prigent-Tessier, A.; Marie, C. Circulating and brain BDNF levels in stroke rats. Relevance to clinical studies. PLoS ONE 2011, 6, e29405. [Google Scholar] [CrossRef]

	



Kobayashi, N.R.; Fan, D.P.; Giehl, K.M.; Bedard, A.M.; Wiegand, S.J.; Tetzlaff, W. BDNF and NT-4/5 prevent atrophy of rat rubrospinal neurons after cervical axotomy, stimulate GAP-43 and Talpha1-tubulin mRNA expression, and promote axonal regeneration. J. Neurosci. 1997, 17, 9583–9595. [Google Scholar] [CrossRef]

	



Tuinstra, H.M.; Aviles, M.O.; Shin, S.; Holland, S.J.; Zelivyanskaya, M.L.; Fast, A.G.; Ko, S.Y.; Margul, D.J.; Bartels, A.K.; Boehler, R.M.; et al. Multifunctional, multichannel bridges that deliver neurotrophin encoding lentivirus for regeneration following spinal cord injury. Biomaterials 2012, 33, 1618–1626. [Google Scholar] [CrossRef] [PubMed]

	



Fouad, K.; Vavrek, R.; Cho, S. A TrkB antibody agonist promotes plasticity following cervical spinal cord injury in adult rats. J. Neurotrauma 2021, 38, 1338–1348. [Google Scholar] [CrossRef]

	



Vilar, M.; Mira, H. Regulation of Neurogenesis by Neurotrophins during Adulthood: Expected and Unexpected Roles. Front. Neurosci. 2016, 10, 26. [Google Scholar] [CrossRef]

	



Numakawa, T.; Odaka, H.; Adachi, N. Actions of Brain-Derived Neurotrophin Factor in the Neurogenesis and Neuronal Function, and Its Involvement in the Pathophysiology of Brain Diseases. Int. J. Mol. Sci. 2018, 19, 3650. [Google Scholar] [CrossRef]

	



Mogi, M.; Togari, A.; Kondo, T.; Mizuno, Y.; Komure, O.; Kuno, S.; Ichinose, H.; Nagatsu, T. Brain-derived growth factor and nerve growth factor concentrations are decreased in the substantia nigra in Parkinson’s disease. Neurosci. Lett. 1999, 270, 45–48. [Google Scholar] [CrossRef]

	



Huang, Y.; Huang, C.; Yun, W. Peripheral BDNF/TrkB protein expression is decreased in Parkinson’s disease but not in Essential tremor. J. Clin. Neurosci. 2019, 63, 176–181. [Google Scholar] [CrossRef]

	



Huang, Y.; Yun, W.; Zhang, M.; Luo, W.; Zhou, X. Serum concentration and clinical significance of brain-derived neurotrophic factor in patients with Parkinson’s disease or essential tremor. J. Int. Med. Res. 2018, 46, 1477–1485. [Google Scholar] [CrossRef]

	



Tanila, H. The role of BDNF in Alzheimer’s disease. Neurobiol. Dis. 2017, 97, 114–118. [Google Scholar] [CrossRef]

	



Park, H. Cortical Axonal Secretion of BDNF in the Striatum Is Disrupted in the Mutant-huntingtin Knock-in Mouse Model of Huntington’s Disease. Exp. Neurobiol. 2018, 27, 217–225. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, K.Q.; Rymar, V.V.; Sadikot, A.F. Impaired TrkB Signaling Underlies Reduced BDNF-Mediated Trophic Support of Striatal Neurons in the R6/2 Mouse Model of Huntington’s Disease. Front. Cell. Neurosci. 2016, 10, 37. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Q.; Yang, J.; Li, T.; Milner, T.A.; Hempstead, B.L. Selective reduction of striatal mature BDNF without induction of proBDNF in the zQ175 mouse model of Huntington’s disease. Neurobiol. Dis. 2015, 82, 466–477. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, C. Brain-Derived Neurotrophic Factor, Depression, and Physical Activity: Making the Neuroplastic Connection. Neural Plast. 2017, 2017, 7260130. [Google Scholar] [CrossRef]

	



Rantamaki, T. TrkB neurotrophin receptor at the core of antidepressant effects, but how? Cell Tissue Res. 2019, 377, 115–124. [Google Scholar] [CrossRef]

	



Sakane, T.; Pardridge, W.M. Carboxyl-directed pegylation of brain-derived neurotrophic factor markedly reduces systemic clearance with minimal loss of biologic activity. Pharm. Res. 1997, 14, 1085–1091. [Google Scholar] [CrossRef]

	



Croll, S.D.; Chesnutt, C.R.; Rudge, J.S.; Acheson, A.; Ryan, T.E.; Siuciak, J.A.; DiStefano, P.S.; Wiegand, S.J.; Lindsay, R.M. Co-infusion with a TrkB-Fc receptor body carrier enhances BDNF distribution in the adult rat brain. Exp. Neurol. 1998, 152, 20–33. [Google Scholar] [CrossRef]

	



Perreault, M.; Feng, G.; Will, S.; Gareski, T.; Kubasiak, D.; Marquette, K.; Vugmeyster, Y.; Unger, T.J.; Jones, J.; Qadri, A.; et al. Activation of TrkB with TAM-163 results in opposite effects on body weight in rodents and non-human primates. PLoS ONE 2013, 8, e62616. [Google Scholar] [CrossRef]

	



Xu, L.; Zhang, Y.; Cohen, S.B.; DiPetrillo, K. TrkB agonist antibody dose-dependently raises blood pressure in mice with diet-induced obesity. Am. J. Hypertens. 2010, 23, 732–736. [Google Scholar] [CrossRef]

	



Sahenk, Z.; Galloway, G.; Edwards, C.; Malik, V.; Kaspar, B.K.; Eagle, A.; Yetter, B.; Forgie, A.; Tsao, D.; Lin, J.C. TrkB and TrkC agonist antibodies improve function, electrophysiologic and pathologic features in Trembler J mice. Exp. Neurol. 2010, 224, 495–506. [Google Scholar] [CrossRef]

	



Kim, G.S.; Cho, S.; Nelson, J.W.; Zipfel, G.J.; Han, B.H. TrkB agonist antibody pretreatment enhances neuronal survival and long-term sensory motor function following hypoxic ischemic injury in neonatal rats. PLoS ONE 2014, 9, e88962. [Google Scholar] [CrossRef] [PubMed]

	



Todd, D.; Gowers, I.; Dowler, S.J.; Wall, M.D.; McAllister, G.; Fischer, D.F.; Dijkstra, S.; Fratantoni, S.A.; van de Bospoort, R.; Veenman-Koepke, J.; et al. A monoclonal antibody TrkB receptor agonist as a potential therapeutic for Huntington’s disease. PLoS ONE 2014, 9, e87923. [Google Scholar] [CrossRef] [PubMed]

	



Qian, M.D.; Zhang, J.; Tan, X.Y.; Wood, A.; Gill, D.; Cho, S. Novel agonist monoclonal antibodies activate TrkB receptors and demonstrate potent neurotrophic activities. J. Neurosci. 2006, 26, 9394–9403. [Google Scholar] [CrossRef] [PubMed]

	



Merkouris, S.; Barde, Y.A.; Binley, K.E.; Allen, N.D.; Stepanov, A.V.; Wu, N.C.; Grande, G.; Lin, C.W.; Li, M.; Nan, X.; et al. Fully human agonist antibodies to TrkB using autocrine cell-based selection from a combinatorial antibody library. Proc. Natl. Acad. Sci. USA 2018, 115, E7023–E7032. [Google Scholar] [CrossRef] [PubMed]

	



Pardridge, W.M. Blood-brain barrier drug delivery of IgG fusion proteins with a transferrin receptor monoclonal antibody. Expert. Opin. Drug. Deliv. 2015, 12, 207–222. [Google Scholar] [CrossRef] [PubMed]

	



Stocki, P.; Szary, J.; Rasmussen, C.L.M.; Demydchuk, M.; Northall, L.; Logan, D.B.; Gauhar, A.; Thei, L.; Moos, T.; Walsh, F.S.; et al. Blood-brain barrier transport using a high affinity, brain-selective VNAR antibody targeting transferrin receptor 1. FASEB J. 2021, 35, e21172. [Google Scholar] [CrossRef] [PubMed]

	



Stocki, P.; Wicher, K.B.; Szary, J.; Rutkowski, J.L. Improved TfR-Selective Binding Peptides Capable of Crossing the Blood Brain Barrier. U.S. Patent WO2019089395A1, 9 May 2019. [Google Scholar]

	



Devaux, B.; Hongo, J.A.; Presta, L.G.; Shelton, D.L. Methods for Treating Neuropathy by Agonist Anti-Trk-C Monoclonal Antibodies. US7615383B2, 10 November 2009. [Google Scholar]

	



Strohl, W.R. Optimization of Fc-mediated effector functions of monoclonal antibodies. Curr. Opin. Biotechnol. 2009, 20, 685–691. [Google Scholar] [CrossRef]

	



Fletcher, E.J.R.; Moon, L.D.F.; Duty, S. Chondroitinase ABC reduces dopaminergic nigral cell death and striatal terminal loss in a 6-hydroxydopamine partial lesion mouse model of Parkinson’s disease. BMC Neurosci. 2019, 20, 61. [Google Scholar] [CrossRef]

	



Sommerfeld, M.T.; Schweigreiter, R.; Barde, Y.A.; Hoppe, E. Down-regulation of the neurotrophin receptor TrkB following ligand binding. Evidence for an involvement of the proteasome and differential regulation of TrkA and TrkB. J. Biol. Chem. 2000, 275, 8982–8990. [Google Scholar] [CrossRef]

	



Nie, S.; Xu, Y.; Chen, G.; Ma, K.; Han, C.; Guo, Z.; Zhang, Z.; Ye, K.; Cao, X. Small molecule TrkB agonist deoxygedunin protects nigrostriatal dopaminergic neurons from 6-OHDA and MPTP induced neurotoxicity in rodents. Neuropharmacology 2015, 99, 448–458. [Google Scholar] [CrossRef]

	



Altar, C.A.; Boylan, C.B.; Jackson, C.; Hershenson, S.; Miller, J.; Wiegand, S.J.; Lindsay, R.M.; Hyman, C. Brain-derived neurotrophic factor augments rotational behavior and nigrostriatal dopamine turnover in vivo. Proc. Natl. Acad. Sci. USA 1992, 89, 11347–11351. [Google Scholar] [CrossRef]

	



Klein, R.L.; Lewis, M.H.; Muzyczka, N.; Meyer, E.M. Prevention of 6-hydroxydopamine-induced rotational behavior by BDNF somatic gene transfer. Brain Res. 1999, 847, 314–320. [Google Scholar] [CrossRef]

	



Somoza, R.; Juri, C.; Baes, M.; Wyneken, U.; Rubio, F.J. Intranigral transplantation of epigenetically induced BDNF-secreting human mesenchymal stem cells: Implications for cell-based therapies in Parkinson’s disease. Biol. Blood Marrow Transplant. J. Am. Soc. Blood Marrow Transplant. 2010, 16, 1530–1540. [Google Scholar] [CrossRef] [PubMed]

	



Soderquist, R.G.; Milligan, E.D.; Sloane, E.M.; Harrison, J.A.; Douvas, K.K.; Potter, J.M.; Hughes, T.S.; Chavez, R.A.; Johnson, K.; Watkins, L.R.; et al. PEGylation of brain-derived neurotrophic factor for preserved biological activity and enhanced spinal cord distribution. J. Biomed. Mater. Res. Part A 2009, 91, 719–729. [Google Scholar] [CrossRef] [PubMed]

	



Barker, P.A. p75NTR is positively promiscuous: Novel partners and new insights. Neuron 2004, 42, 529–533. [Google Scholar] [CrossRef] [PubMed]

	



Williams, G.; Williams, E.J.; Maison, P.; Pangalos, M.N.; Walsh, F.S.; Doherty, P. Overcoming the inhibitors of myelin with a novel neurotrophin strategy. J. Biol. Chem. 2005, 280, 5862–5869. [Google Scholar] [CrossRef]

	



Bai, Y.; Xu, J.; Brahimi, F.; Zhuo, Y.; Sarunic, M.V.; Saragovi, H.U. An agonistic TrkB mAb causes sustained TrkB activation, delays RGC death, and protects the retinal structure in optic nerve axotomy and in glaucoma. Investig. Ophthalmol. Vis. Sci. 2010, 51, 4722–4731. [Google Scholar] [CrossRef]

	



Hu, Y.; Cho, S.; Goldberg, J.L. Neurotrophic effect of a novel TrkB agonist on retinal ganglion cells. Investig. Ophthalmol. Vis. Sci. 2010, 51, 1747–1754. [Google Scholar] [CrossRef]

	



Friden, P.M.; Walus, L.R.; Musso, G.F.; Taylor, M.A.; Malfroy, B.; Starzyk, R.M. Anti-transferrin receptor antibody and antibody-drug conjugates cross the blood-brain barrier. Proc. Natl. Acad. Sci. USA 1991, 88, 4771–4775. [Google Scholar] [CrossRef]

	



Pardridge, W.M.; Buciak, J.L.; Friden, P.M. Selective transport of an anti-transferrin receptor antibody through the blood-brain barrier in vivo. J. Pharmacol. Exp. Ther. 1991, 259, 66–70. [Google Scholar]

	



Kordower, J.H.; Charles, V.; Bayer, R.; Bartus, R.T.; Putney, S.; Walus, L.R.; Friden, P.M. Intravenous administration of a transferrin receptor antibody-nerve growth factor conjugate prevents the degeneration of cholinergic striatal neurons in a model of Huntington disease. Proc. Natl. Acad. Sci. USA 1994, 91, 9077–9080. [Google Scholar] [CrossRef] [PubMed]

	



Moos, T.; Morgan, E.H. Restricted transport of anti-transferrin receptor antibody (OX26) through the blood-brain barrier in the rat. J. Neurochem. 2001, 79, 119–129. [Google Scholar] [CrossRef] [PubMed]

	



Manich, G.; Cabezon, I.; del Valle, J.; Duran-Vilaregut, J.; Camins, A.; Pallas, M.; Pelegri, C.; Vilaplana, J. Study of the transcytosis of an anti-transferrin receptor antibody with a Fab’ cargo across the blood-brain barrier in mice. Eur. J. Pharm. Sci. 2013, 49, 556–564. [Google Scholar] [CrossRef]

	



Lesley, J.; Schulte, R.; Woods, J. Modulation of transferrin receptor expression and function by anti-transferrin receptor antibodies and antibody fragments. Exp. Cell Res. 1989, 182, 215–233. [Google Scholar] [CrossRef]

	



Pardridge, W.M.; Boado, R.J.; Patrick, D.J.; Ka-Wai Hui, E.; Lu, J.Z. Blood-Brain Barrier Transport, Plasma Pharmacokinetics, and Neuropathology Following Chronic Treatment of the Rhesus Monkey with a Brain Penetrating Humanized Monoclonal Antibody Against the Human Transferrin Receptor. Mol. Pharm. 2018, 15, 5207–5216. [Google Scholar] [CrossRef]

	



Couch, J.A.; Yu, Y.J.; Zhang, Y.; Tarrant, J.M.; Fuji, R.N.; Meilandt, W.J.; Solanoy, H.; Tong, R.K.; Hoyte, K.; Luk, W.; et al. Addressing safety liabilities of TfR bispecific antibodies that cross the blood-brain barrier. Sci. Transl. Med. 2013, 5, 183ra157. [Google Scholar] [CrossRef]

	



Daniels, T.R.; Delgado, T.; Rodriguez, J.A.; Helguera, G.; Penichet, M.L. The transferrin receptor part I: Biology and targeting with cytotoxic antibodies for the treatment of cancer. Clin. Immunol. 2006, 121, 144–158. [Google Scholar] [CrossRef]

	



Niewoehner, J.; Bohrmann, B.; Collin, L.; Urich, E.; Sade, H.; Maier, P.; Rueger, P.; Stracke, J.O.; Lau, W.; Tissot, A.C.; et al. Increased brain penetration and potency of a therapeutic antibody using a monovalent molecular shuttle. Neuron 2014, 81, 49–60. [Google Scholar] [CrossRef]

	



The Human Protein Atlas. Available online: http://www.proteinatlas.org/ENSG00000072274-TFRC/tissue (accessed on 20 April 2022).

	



Yu, Y.J.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, J.M.; Prabhu, S.; Watts, R.J.; et al. Boosting brain uptake of a therapeutic antibody by reducing its affinity for a transcytosis target. Sci. Transl. Med. 2011, 3, 84ra44. [Google Scholar] [CrossRef]

	



Webster, C.I.; Hatcher, J.; Burrell, M.; Thom, G.; Thornton, P.; Gurrell, I.; Chessell, I. Enhanced delivery of IL-1 receptor antagonist to the central nervous system as a novel anti-transferrin receptor-IL-1RA fusion reverses neuropathic mechanical hypersensitivity. Pain 2017, 158, 660–668. [Google Scholar] [CrossRef]

	



Thom, G.; Burrell, M.; Haqqani, A.S.; Yogi, A.; Lessard, E.; Brunette, E.; Delaney, C.; Baumann, E.; Callaghan, D.; Rodrigo, N.; et al. Enhanced Delivery of Galanin Conjugates to the Brain through Bioengineering of the Anti-Transferrin Receptor Antibody OX26. Mol. Pharm. 2018, 15, 1420–1431. [Google Scholar] [CrossRef] [PubMed]

	



Wesolowski, J.; Alzogaray, V.; Reyelt, J.; Unger, M.; Juarez, K.; Urrutia, M.; Cauerhff, A.; Danquah, W.; Rissiek, B.; Scheuplein, F.; et al. Single domain antibodies: Promising experimental and therapeutic tools in infection and immunity. Med. Microbiol. Immunol. 2009, 198, 157–174. [Google Scholar] [CrossRef] [PubMed]

	



Panaccio, M.; Zalcberg, J.R.; Thompson, C.H.; Leyden, M.J.; Sullivan, J.R.; Lichtenstein, M.; McKenzie, I.F. Heterogeneity of the human transferrin receptor and use of anti-transferrin receptor antibodies to detect tumours in vivo. Immunol. Cell Biol. 1987, 65 Pt 6, 461–472. [Google Scholar] [CrossRef]

	



Rutkowski, J.L.; Walsh, F.S.; Sinclair, E.H.; Stocki, P. BBB-Shuttling-VNARs Conjugated to Neurotrophic Agonist Antibodies to Treat Neurodegenerative Diseases and Conditions. WO2021102276A1, 27 May 2021. [Google Scholar]

	



Sehlin, D.; Stocki, P.; Gustavsson, T.; Hultqvist, G.; Walsh, F.S.; Rutkowski, J.L.; Syvanen, S. Brain delivery of biologics using a cross-species reactive transferrin receptor 1 VNAR shuttle. FASEB J. 2020, 34, 13272–13283. [Google Scholar] [CrossRef] [PubMed]

	



Guo, W.; Nagappan, G.; Lu, B. Differential effects of transient and sustained activation of BDNF-TrkB signaling. Dev. Neurobiol. 2018, 78, 647–659. [Google Scholar] [CrossRef]

	



Glinka, Y.; Gassen, M.; Youdim, M.B. Mechanism of 6-hydroxydopamine neurotoxicity. J. Neural Transmission. Suppl. 1997, 50, 55–66. [Google Scholar] [CrossRef]

	



Duty, S.; Jenner, P. Animal models of Parkinson’s disease: A source of novel treatments and clues to the cause of the disease. Br. J. Pharmacol. 2011, 164, 1357–1391. [Google Scholar] [CrossRef]

	



Olmedo-Diaz, S.; Estevez-Silva, H.; Oradd, G.; Af Bjerken, S.; Marcellino, D.; Virel, A. An altered blood-brain barrier contributes to brain iron accumulation and neuroinflammation in the 6-OHDA rat model of Parkinson’s disease. Neuroscience 2017, 362, 141–151. [Google Scholar] [CrossRef]

	



Han, F.; Guan, X.; Guo, W.; Lu, B. Therapeutic potential of a TrkB agonistic antibody for ischemic brain injury. Neurobiol. Dis. 2019, 127, 570–581. [Google Scholar] [CrossRef]

	



Desai, B.S.; Monahan, A.J.; Carvey, P.M.; Hendey, B. Blood-brain barrier pathology in Alzheimer’s and Parkinson’s disease: Implications for drug therapy. Cell Transplant. 2007, 16, 285–299. [Google Scholar] [CrossRef]

	



Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 14 01335 g001 550] 





Figure 1. Binding and agonist activity of TrkB antibody and TXB4—TrkB fusions. (A) Diagram of various antibody formats with the TXB4 VNAR module represented by black-filled circles. The binding of TXB4-TrkB antibody fusion to mTfR1 and (B) hTfR1. (C) was measured by ELISA compared to the unmodified TXB4 VNAR-hFc and TXB4 module as references. (D) Binding to TrkB was measured by ELISA compared to the unmodified TXB4 VNAR-hFc and TXB4 as references compared to the same as references. OD values were used for 4-parametric non-linear regression model to calculate EC50s (±SD, n = 3). (E) TrkB and TXB4-TrkB fusion protein were tested for agonist activity using the TrkB-NFAT-bla CHO-K1 reporter cell line assay. Data were normalized and 4-parametric non-linear regression model was used to calculate EC50 values (±SD, n = 3–5) (see Table 2). 
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Figure 2. Brain uptake of TrkB antibody and TXB4-TrkB antibody fusion. Equimolar doses of the TrkB antibody (3.6 mg/kg) or TXB4-TrkB fusion in the HV2N format (4.3 mg/kg) were administered by single IV injection. Brains were perfused and harvested, and antibody concentrations were determined at the given timepoints. The brain concentration of the TXB4-TrkB fusion rapidly increases after injection (A) with brain levels reaching 12-fold over the control by 18 h (B), whereas the difference in plasma levels was not significant (ns) as determined by two-tailed, unpaired t-test (C). Data are presented as the mean ±SD, n = 3. 
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Figure 3. Brain localization of the TXB4-TrkB antibody fusion with ERK1/2 activationafter peripheral administration. Perfused brains were harvested 18 h after administration of the TrkB or TXB4-TrkB antibody fusion (10 mg/kg, SC). Human IgG was not detected immunohistochemistry (40×) following TrkB antibody administration (A) but was readily seen in endothelial cells (arrows) following TXB4-TrkB administration (B). At higher magnification (63×) human IgG was not detected in the cortex following TrkB antibody administration (C) but was readily seen in a punctate intracellular pattern in large neurons following TXB4-TrkB administration (D). Inserts show the expression of the TrkB receptor in the same field. The same cortical regions as in C and D were also stained with an antibody that recognizes pERK1/2, which was not detected at high magnification (63×) following TrkB agonist antibody administration (E) but was readily detected in cells and nuclei (arrows) following TXB4-TrkB administration (F). Nuclei were labeled with DAPI in A, B, E and F. Scale bars = 10 μm. 
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Figure 4. Localization of human IgG, TH and pERK1/2 in the SNc of animals treated with TrkB agonist antibody or TXB4-TrkB. TrkB agonist antibody or TXB4-TrkB were administered SC to mice (10 mg/kg) and brains harvested after 18 h and stained (see methods for details). Within the SNc human IgG (red) was not detected after TrkB agonist antibody administration (A) but diffuse and punctate staining was seen following TXB4-TrkB administration (B). The inserts in both show dopaminergic neurons within the same field revealed by co-staining for TH. The same regions as in A and B were also co-stained for TH and pERK1/2. pERK1/2 was not detected at high magnification (63×) following TrkB agonist antibody administration (C) but was readily detected in some cell nuclei (as indicated by arrows) following TXB4-TrkB administration (D). Scale bars = 10 µm. 
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Figure 5. TXB4-TrkB protects dopaminergic cell bodies in the substantia nigra (SNc) against neuronal loss in the 6-OHDA model of PD. Representative section of TH+ dopaminergic SNc cells within the 6-OHDA lesioned (left) and intact (right) sides of PBS control (A) at 20× magnification. Enlargements of the boxed areas of lateral (B) and medial regions (C) show examples of the TH+ cell bodies (arrows) counted per section. Cell loss within the 6-OHDA lesioned side relative to the control side is shown (D) for groups treated with PBS, TrkB agonist antibody, TXB4-TrkB or TXB4-TrkC fusion antibodies. Data represented as mean ± SEM % TH+ cell loss relative to intact hemisphere ± SEM. One-way ANOVA, Tukey’s HSD, * p = 0.035, n = 3–5 mice per group, ns = not significant. 
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Table 1. Binding kinetics of the TrkB antibody and bivalent TXB4-antibody fusions to the TrkB receptor determined by SPR.
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TrkB Receptor




	

	
ka 1/[Ms]

	
kd [1/s]

	
KD [M]






	
TrkB antibody

	
2.18 × 105

	
3 × 10−4

	
1.37 × 10−9




	
TXB4-TrkB (HV2N)

	
2.32 × 105

	
3.02 × 10−4

	
1.3 × 10−9




	
TXB4-TrkB (HC2N)

	
2.20 × 105

	
9.77 × 10−5

	
4.44 × 10−10
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Table 2. Agonist activity using the TrkB-NFAT-bla CHO-K1 reporter cell line assay. A 4-parametric non-linear regression model was used to calculate EC50 values (n = 3–5) (see Figure 1E).
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Agonist Activity EC50 [M]




	
TrkB Antibody

	
TXB4-TrkB (HV2N)

	
TXB4-TrkB (HC2N)

	
TXB4

	
BDNF






	
3.4 × 10−10

	
9.1 × 10−10

	
6.9 × 10−9

	
NA

	
1.1 × 10−10

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  pharmaceutics-14-01335


  
    		
      pharmaceutics-14-01335
    


  




  





media/file8.jpg
intact side

6-OHDA lesioned side

The coll loss.
(% intact hemisphere)






media/file6.jpg





media/file1.png
A

Y1y Y

TrkB TXB4 TXB4-TrkB  TXB4-TrkB
(HC2N) (HV2N)
4 MTfR1 binding 4 hTfR1 binding
:|: T I f T L = =z =

W
|
Pt

TrkB
= TXB4-TrkB (HV2N)
TXB4-TrkB (HC2N)

it —

P

= TXB4-TrkB (HV2N)
TXB4-TrkB (HC2N)

OD at 450nm
N
]

OD at 450nm
N
]

TXB4 TXB4
0 — | | | | | O'J_-F_—r_—r_—r_l
10-11 10-10 10-° 108 107 10-6 10-11 10-10 10-° 10-8 107 10-6
Concentration [M] Concentration [M]

O
m

4 TrkB receptor binding Agonist activity
< 100-
g R ERE 3
% g 1/ TrkB 8 . TrkB
5 _/ - TXB4-TrkB (HV2N) < = TXB4-TrkB (HV2N)
o 4 _/* TXB4-TrkB (HC2N) E TXB4-TrkB (HC2N)
e /- TXB4 Z . % BDNF
0';;7__r__l__r_l 0"'A-E| I I | ]
10" 10 10° 108 107 10+ 101 10 10° 108 107 10+

Concentration [M] Concentration [M]





media/file7.png
A_ 1 U" | TrkB B

ERKL/2
£

‘%
A ¥

s

S, '

e i
* . : ;
| W
& : #
-5 ‘:" - :'
V ~ ¥
e :
'8 .’ 8 V
: Fo 8% &k
¢ -’ il > .
‘ — 7
; ¥ &
s L ! 4
PO |
>3 : 2 s s
o . :
> ‘ V
| S
-4 -






media/file9.png
intact side

6-OHDA lesioned side

ns

ns

|
o
<

S & 2 o ©
™ N ~
(asaydsiway joeyul %)

SSO| [|99 +HL






media/file5.png
~ DAP Tr:B B &

47 2

. -DAPly, TXBA4-TrkB
o ffw.. 2
2 @« ¢ %,

R | B, Teen
| 5
¥ s
&
J‘(. -
,A -‘-". .

: A5 :
o & i « 0
A o % ,
t . A ‘;)J- 7
¢ ¥ < -y
Rty 7 '

ot X pERKl/Z‘,DAPI = PERK1/2 DAPI

" “9 o~ o
%
h

*39 o . e BT
.4%1{,‘:‘-\ 3 Q%

TrkB ,ﬁ«:& o TXB4 TrkB SR Ak






media/file3.png
<

18h timepoint

18h timepoint

| |
o o
o o
(ap] N
U] uojesuasuo9d erwise|d

400-
100

—

|
v o w0 o
- -
(j1013u092 19A0 seaUDUl P|O))
uleag
0
= ol -2
T -
1
0 &
X X
—
=
o
E
T
FA | <
=\l
F ._H ~
[ I T
© < N o

[Iwu] uonesyuaduod uleig





media/file4.jpg
B pERK1/20AP1 | F
o H

3 &
‘e P

el

% e
Firog i

me o8 ° _ | xea-Trke






media/file0.jpg
00 st4sonm

0 at 45t

g '

TXB4 TXBATHE TXBATHE
(HCN)  (HV2N)
mTR1 binding

- e
- THBTHB V)
- TXEATHB (HC2N)
Ry

4

0 atdstnm

NTIR1 binding

A

- me
- TXEATHE (2N
=
- e

. #
oo S
T T—— Ja—
£ o
i H
. - e H - T8
DR | DL —
) T veimerem " pecTmeean
e H s
i !

Concentration (M]

Concentration (M]





media/file2.jpg
Lt

B
%

18h timepoint

o] vonenusouos ewseg

18h timepoint

Time 1]

T wonenuouos ey

<





