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Abstract

Erythropoietin (EPO) is a potential therapeutic for Alzheimer’s disease (AD), however limited
blood-brain barrier (BBB) penetration reduces its applicability as a CNS therapeutic. Antibodies
against the BBB transferrin receptor (TFRMADs) act as molecular Trojan horses for brain drug
delivery, and a fusion protein of erythropoietin (EPO) and TFRMADb, designated TFRMAb-EPO, is
protective in a mouse model of AD. TFRMADbs have Fc effector function side-effects, and removal
of the Fc N-linked glycosylation site by substituting Asn with Gly reduces Fc effector function.
However, the effect of such Fc mutations on the pharmacokinetics of plasma clearance of
TfRMADb-based fusion proteins, such as TFTRMAb-EPO, is unknown. To examine this, the plasma
pharmacokinetics of TFRMAb-EPO (wild-type), which expresses the mouse 1gG1 constant heavy
chain region and includes the Asn residue at position 292, was compared to the mutant TFRMAb-
N292G-EPO, in which the Asn residue at position 292 is mutated to Gly. Plasma pharmacokinetics
were compared following IV, IP and SQ administration for doses between 0.3-3 mg/kg in adult
male C57 mice. The results show a profound increase in clearance (6- to 8-fold) of the TTRMAb-
N292G-EPO compared with the wild-type TFRMAb-EPO following IV administration. The
clearance of both the wild-type and mutant TFTRMAb-EPO fusion proteins followed non-linear
pharmacokinetics, and a 10-fold increase in dose resulted in a 7- to 11-fold decrease in plasma
clearance. Following IP and SQ administration, the Cax Values of the TTRMAb-N292G-EPO
mutant were profoundly (37- to 114-fold) reduced compared with the wild-type TFTRMADb-EPO,
owing to comparable increases in plasma clearance of the mutant fusion protein. The wild-type
TfRMAD fusion protein was associated with reticulocyte suppression, and the N292G mutation
mitigated this suppression of reticulocytes. Overall, the beneficial suppression of effector function
via the N292G mutation may be offset by the deleterious effect this mutation has on the plasma
levels of the TFTRMAb-EPO fusion protein, especially following SQ administration, which is the
preferred route of administration in humans for chronic neurodegenerative diseases including AD.
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Introduction

Neurological disorders are a leading cause of disability worldwide with limited treatment
options. A growing class of drugs under development for neurological disorders is biologic
drugs including recombinant proteins, therapeutic antibodies, decoy receptors,
neurotrophins, enzymes, peptides and nucleic acid therapies.! One major obstacle to the
development of such biologic therapies for the brain is the blood-brain barrier (BBB).2
Among the drug delivery strategies to overcome the BBB, targeting of endogenous receptor-
mediated transcytosis (RMT) systems was introduced more than 30 years ago and continues
to be a promising approach to ferry biologics into the brain across an intact BBB.3 The
transferrin receptor (TfR) is one such RMT system that is expressed at the BBB, and
antibodies directed against the TfR (TFRMADb) have received significant attention in the last
decade as brain drug delivery vectors.3-5

The original work with the TFRMADbs as molecular Trojan horses (MTHSs) for brain drug
delivery involved the high-affinity rat/mouse IgG1 chimeric bivalent TFRMAb.3 7 This high-
affinity TFRMADb readily binds the mouse TfR with a Kp = 2.6£0.3 nM, and fusion proteins
of this TFRMAb and biologic drugs, including decoy receptors,8 neurotrophins,® and
therapeutic antibodies, 10 have been engineered and tested in mouse models of neural
disease. Typical injection dose (ID) for a high-affinity TFRMADb in the mouse is 1 mg/kg by
intravenous (V) administration.2 TFRMAbs have also been engineered with low-affinity
TfR binding (Kp = 111+1.6 nM).2 The ID of a low-affinity TTRMADb is 20-50 mg/kg IV,*
which is 20-50 fold higher than the IV ID of a high-affinity TFRMAb that produces
therapeutic effects in experimental models of neural disease.11-12

A single injection of a TFRMADb in the mouse induces effector function side-effects, which
include injection related reactions (IRR) and suppressed reticulocyte counts in blood.4 6 13
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The mutation of a single Fc region asparagine (Asn) residue, which is the site of IgG
glycosylation, eliminates binding of the 1gG to the Fc gamma receptor (FcyR), but has no
effect on 1gG binding to the neonatal Fc receptor (FcRn).14-15 The N297G mutation
eliminates the suppression of blood reticulocytes caused by administration of a TTRMADb in
the primate,13 and partially resolves this effect on blood reticulocytes in the mouse.# 16 The
N297G mutation causes no change in the pharmacokinetics (PK) of plasma clearance of a
monoclonal antibody, not directed against the TR, in either the primatel” or mouse.18 The
N297G mutation also has no effect on the plasma clearance of a low-affinity TFTRMADb
following the 1V administration of an 1D dose of 50 mg/kg in the mouse.18 The high ID, 50
mg/kg, of a low-affinity TTRMAb may saturate systemic clearance mechanisms that have a
high affinity for the TFRMAD, and the extent to which the Asn mutation alters the PK of
plasma clearance of a high-affinity TFRMAD that is administered at a lower dose of 1-3
mg/kg 1V is not known.

Erythropoietin (EPO), a 30.4 kDa glycoprotein, is protective in rodent models of
Alzheimer’s disease (AD), however, has limited BBB penetration.19-20 Our recent work
shows that EPO fused to a high-affinity TFRMADb offers therapeutic benefits in the APP/PS1
double transgenic mouse model of AD.? This TFRMAb-EPO fusion protein expresses the
mouse IgG1 constant heavy chain (HC) region, which includes the Asn residue at position
292. The present investigation measures the PK of plasma clearance of this high-affinity
TfRMADb-EPO fusion protein with and without the Fc Asn to Gly (N292G) mutation. The
PK of plasma clearance of the non-mutated wild-type (WT) TfRMAb-EPO fusion protein
and the TFTRMADb-N292G-EPO fusion protein is examined after the IV administration of 0.3
and 3 mg/kg doses. Given that long-term treatment of AD will require more frequent
administration, the effect of the N292G mutation on the plasma clearance of the fusion
protein is also examined in these investigations after subcutaneous (SQ) and intraperitoneal
(IP) administration of the TFTRMAb-EPO fusion proteins.

Experimental Section

TfRMADb-EPO fusion proteins

The TFRMADb-EPO fusion protein was produced in stably transfected Chinese hamster ovary
(CHO) cells and purified by Protein G affinity chromatography, and formulated at a
concentration of 0.7 mg/mL in 98 mM glycine, 148 mM NaCl, 28 mM Tris, 0.01%
Polysorbate 80, pH=5.5, sterile filtered and stored at —80°C till use, as described previously.
21 The TFRMADb-N292G-EPO fusion protein with a single N292G mutation in the HC was
produced by Genscript (Piscataway, NJ) in ExpiCHO cells that were grown in serum-free
ExpiCHO Expression Medium (Gibco, Gaithersburg, MD). The TFTRMAb-N292G-EPO
fusion protein was affinity purified with a Protein G column and the Protein G eluate was
further purified by Superdex 200 preparative grade size exclusion chromatography (SEC).
The purified TFRMAb-N292G-EPO fusion protein was analyzed using reducing and non-
reducing SDS-PAGE, SEC HPLC, and endotoxin for the assessment of protein molecular
weight and purity. The mutant fusion protein was formulated at a concentration of 0.78
mg/mL in 98 mM glycine, 148 mM NaCl, 28 mM Tris, 0.01% Polysorbate 80, pH=5.5,
sterile filtered and stored at —80°C till use.
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Plasma pharmacokinetics in the mouse

All animal procedures were approved by the University of La Verne Institutional Animal
Care and Use Committee. Eight-week old male C57BL/6J mice weighing 25-27 g were
obtained from the Jackson Laboratory (Bar Harbor, ME). Mice were provided constant
access to food and water and maintained on a 12 h light/12 h dark cycle. Mice were
randomly assigned to treatment groups and the TFRMAb-EPO and TFRMAb-N292G-EPO
fusion proteins were injected in different experiments via IV, IP, or SQ routes in the volume
of 80-120 uL per mouse. Mice received a single injection of the fusion protein at the dose of
0.3 mg/kg or 3 mg/kg for IV PK, or 3 mg/kg for IP and SQ PK. Each treatment group
comprised of 3—6 mice for each injection dose. An aliquot of blood in sodium citrate (9 parts
blood and 1 part sodium citrate) was collected via the retro-orbital sinus at 2, 5, 15 and 60
min after V-, at 1, 3, 6 and 24 h following IP- and at 3, 6 and 24 h following SQ-
administration. After collection, blood samples were centrifuged at 12,000 rpm at 4°C for 5
min and plasma was collected to determine the concentration of the fusion proteins.

Measurement of reticulocytes

Twenty-four hours after IV, IP or SQ injections, 140 pL aliquot of blood was collected via
the retro-orbital sinus and shipped overnight at 4°C to Molecular Diagnostic Services, Inc.
(San Diego, CA) for the measurement of reticulocyte counts.

TfR binding assay

Binding of the WT and mutant TFRMAb-EPO fusion proteins to TfR was confirmed by the
TfR ELISA. Briefly, Nunc Maxisorp 96 well ELISA plates (Fisher Scientific, Waltham,
MA) were coated with mouse TfR (R&D system, Minneapolis, MN) overnight at 4°C (200
ng/well) and blocked with tris-buffered saline (TBS) containing 1% bovine serum albumin
(TBSB) for 1h at room temperature. Increasing concentrations (0.3-9000 ng/well) of
TfRMAb-EPO and TFRMADb-N292G-EPO fusion proteins were added to the wells (100 pL/
well) and incubated for 1h followed by washing with TBS containing 0.05% Tween-20
(TBST). Wells were incubated with 400 ng/well of rabbit anti-EPO antibody (R&D system,
Minneapolis, MN) in TBSB for 30 min at room temperature, followed by 3 washes with
TBST. Wells were then incubated with 500 ng/well of goat anti-rabbit IgG —-H+L (GAR)
secondary antibody-alkaline phosphatase (AP) conjugate (GAR-AP) (Vector Laboratories,
Burlingame, CA) for 45 min at room temperature. After washing with TBST, wells were
incubated with P-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO) for 30 min in the
dark, and the reaction was stopped by adding 100 pL of 1.2M NaOH per well. Absorbance
(OD) was measured at 405 nm and standard curves were fit to the two site-specific binding
nonlinear regression curve to determine maximal binding (Bnmax) and dissociation constant
(Kq) values using GraphPad Prism 8 (San Diego, CA). TBSB blank corrected OD values
were used.

EPO receptor (EPOR) binding assay

The binding to EPOR and the concentration of the TFTRMAb-EPO and TFRMAb-N292G-
EPO fusion proteins in mouse plasma were determined by an EPOR ELISA. Briefly, 100 pL
per well of 2 pg/mL of the EPOR/Fc fusion protein (R&D system, Minneapolis, MN) was
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used to pre-coat Nunc Maxisorp 96 well ELISA plates (Fisher Scientific, Waltham, MA) at
4°C overnight. The wells were washed with TBST followed by blocking with TBSB for 1h
at room temperature. Plasma samples or standards (0.3-9000 ng/well of TFRMAb-EPO and
TfRMADb-N292G-EPO fusion proteins) were added to the wells (100 pL/well) and incubated
for 2h followed by washing with TBST. Wells were then incubated with 100 ng/well of goat
anti-mouse light chain (kappa) antibody conjugated to alkaline phosphatase (Bethyl
Laboratories, Inc., Montgomery, TX) for 45 min at room temperature. After washing with
TBST, wells were incubated with P-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO)
for 30 min in the dark, and the reaction was stopped by adding 100 pL of 1.2M NaOH per
well. OD was measured at 405 nm and standard curves were fit to the one site-specific
binding nonlinear regression curve to determine Byax and Ky values using GraphPad Prism
8 (San Diego, CA). The plasma concentrations of fusion protein were calculated as follows:
Concentration=(ODxKg4)/(Bmax—OD). TBSB blank corrected OD values were used. Plasma
concentration data were expressed as (a) plasma concentration (ug of fusion protein per mL
plasma) and (b) percent of ID/mL. To exclude any influence of the plasma matrix on the
assay results, a parallelism test was performed to validate the ELISA assay for which TBSB
(blank) and mouse plasma were spiked with 900 ng/mL of TFRMADb fusion protein. ELISA
assay results showed similar OD values between TBSB and mouse plasma samples for
dilutions up to 1:640, indicating good parallelism between the OD measurements.

Pharmacokinetic analysis

Non-compartmental analysis was performed on the plasma concentration-time data using
Thermo Scientific Kinetica 5.0 (ThermoFisher Scientific, Waltham, MA) to calculate PK
parameters for the TFRMAb-EPO and TFRMADb-N292G-EPO fusion proteins. The
parameters calculated included the maximum plasma concentration (Cp,ay), mean residence
time (MRT), area under the plasma concentration-time curve (AUC), volume of distribution
at steady-state (Vss), clearance and bioavailability. The AUC(0—o0) following IV
administration was used as an approximation to AUC(0-24h) for bioavailability estimation.

Cell Proliferation

Murine brain microvascular endothelial cells (bEND3 cells; American Type Culture
Collection, Manassas, VA) between passages 22 and 31 were grown on T75 flasks in
Delbucco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum, and
100pg/ml penicillin/streptomycin (Sigma, St. Louis, MO). After reaching 70-80%
confluency, cells were seeded onto 96-well plates (3x103 bEND3 cells per well), and treated
with either recombinant human EPO (rhuEPO; 10 ng/mL since EPO is 20% of the
TfRMADb-EPO based on molecular weight), TFTRMAb-EPO (50 ng/mL) or TFTRMADb-
N292G-EPO (50 ng/mL) all formulated in 98 mM glycine, 148 mM NaCl, 28 mM Tris,
0.01% Polysorbate 80, pH=5.5. Untreated bEND3 and vehicle treated bEND3 served as
controls. After 4 days, media was removed, wells were washed with ice cold PBS three
times followed by incubation with 100uL of DMEM with 10uL of cell-counting kit-8
(CCK-8) reagent at 37°C for 3 h as per manufacturer’s instructions (Dojindo Molecular
Technologies, Inc., Rockville, MD). OD was measured at 450 nm, and media-only blank
corrected OD values were reported as percentage of OD values of the bEND3 group.
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Statistical analysis

Results

Data are represented as mean + SEM and all statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA. Two-way ANOVA with
Bonferroni’s post hoc test and one-way ANOVA with Holm-Sidak’s multiple comparisons
test were used to compare reticulocyte counts and cell proliferation, respectively. A two-
tailed p-value of <0.05 was considered statistically significant.

Protein Characteristics

The ExpiCHO-derived TFRMAD-N292-EPO was detected with the estimated molecular
weights of ~25 kDa and ~68 kDa respectively under reducing conditions (lane 2), and ~200
kDa under non-reducing conditions (lane 3) by SDS-PAGE analysis (Figure 1A). Both the
WT and mutant TFRMAb-EPO retained comparable high-affinity binding to both the TfR
(Kd: TFRMADb-EPO = 15.8+4.1ng/mL, TFRMAb-N292G-EPO = 9.9+2.1ng/mL) and EPOR
(Kd: TTRMAD-EPO = 15.2+1.9 ng/mL, TFRMAb-N292G-EPO = 10.3+0.61 ng/mL) as
shown in figures 1B and C. Conversely, equivalent concentrations based on amino acid (AA)
sequence of rhuEPO did not show any binding to the TfR (Figure 1B).

Plasma pharmacokinetics after IV administration

Plasma concentrations-time curves following a single 3 mg/kg 1V dose of the TFTRMAb-EPO
or TFRMAb-N292G-EPO are shown in Figure 2, and are expressed as either pg/mL (Figure
2A) or %ID/mL (Figure 2B). Using non-compartmental analysis, the Cynax following IV
administration of a single IV 3 mg/kg dose was 21.6£2.7 pg/mL for the WT TFRMAb-EPO
fusion protein. The Cyax Of the TFTRMAD-N292G-EPO fusion protein was 13.5+1.1 pg/mL,
which is 2-fold lower than that of the WT TfRMAb-EPO fusion protein (Table 1). At 1h
following IV administration, the plasma concentration of TFRMADb-EPO decreased to
9.7+1.7 pg/mL (13+2.4 %ID/mL), while the plasma concentration was 36-fold lower at
0.27+0.65 pg/mL (0.37+0.087 %ID/mL) for the TFRMAD-N292G-EPO fusion protein
(Figure 2). The plasma AUC (Table 1) of the WT fusion protein (2,045+868 pugemin/mL)
was 9-fold higher than that of the N292G mutant fusion protein (219+70 pgemin/mL),
consistent with low plasma concentrations of TFTRMAb-N292G-EPO. The plasma clearance
of the TFRMADb-N292G-EPO fusion protein (14.9+4.7 mL/min/kg) was 8-fold faster, while
the MRT (11.6%2.9 min) was 10-fold shorter compared with the clearance and MRT of the
TfRMADb-EPO fusion protein (clearance: 1.8£0.9 mL/min/kg; MRT: 116+64 min) (Table 1).

Plasma concentrations-time curves following a single 0.3 mg/kg 1V dose of the TTRMADb-
EPO and TFRMAb-N292G-EPO fusion proteins are shown in Figure 3. Using non-
compartmental analysis, the Cpax Value was 0.94+0.3 pg/mL for the TFTRMAb-EPO fusion
protein and declined 3-fold to 0.31+0.09 ug/mL for the mutant TFRMAb-EPO fusion protein
(Table 1). At 1h following a single injection of a 0.3 mg/kg IV dose, the plasma
concentrations of the WT and mutant TFTRMADb fusion proteins were 0.067+0.01 pg/mL
(1.0£0.2%ID/mL) and 0.010+0.002 pg/mL (0.14+0.002 %ID/mL), respectively, which is a
7-fold decline in the plasma concentration for the mutant fusion protein (Figures 3A-B).
The plasma AUC of the WT fusion protein (16.9+6.1 pgemin/mL) was 6-fold higher than
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that of the N292G mutant fusion protein (2.9£1.1 pgemin/mL), consistent with the lower
plasma concentrations of the mutant fusion protein. The plasma clearance of the TFRMAb-
N292G-EPO fusion protein (110+£34 mL/min/kg) was 6-fold faster than that of the WT
TfRMADb-EPO fusion protein (19.4+6.9 mL/min/kg) (Table 1).

Plasma pharmacokinetics after IP and SQ administration

The plasma concentrations-time curves following IP injections of a single 3 mg/kg dose of
the TFRMADb-EPO and TFRMADb-N292G-EPO fusion proteins are shown in figure 4. The
Cmax Of the WT TfRMADb-EPO fusion protein post IP administration was 1.4+0.37 pg/mL
(2.1+0.38 %ID/mL) and that for the TFRMAb-N292G-EPO fusion protein was 37-fold lower
at 0.038+0.007 pug/mL (0.05+0.01 %ID/mL) (Figures 4A-D and Table 1). The plasma
concentrations-time curves following SQ injections of a single 3 mg/kg dose of the
TfRMAb-EPO and TFRMAb-N292G-EPO fusion proteins are shown in figure 5. Similar to
the decline in the Cp,« Values post IP administration with the N292G mutation, the Cp,ax
values declined 114-fold from 4.8+0.5 ug/mL (6.1+0.64 %ID/mL) for the TTRMAb-EPO
fusion protein to 0.042+0.014 pg/mL (0.057+0.011 %ID/mL) for the TTRMAb-N292G-EPO
fusion protein (Figures 5A-D and Table 1). Consistent with these results, the plasma AUC
over 24h was 14- to 81-fold higher for the WT TfRMAb-EPO fusion protein compared with
the N292G mutant fusion protein following IP and SQ administration (Table 1).

The bioavailability of TTRMAb-EPO and TfRMAb-N292G-EPO following IP
administration was 35% and 23%, respectively, and >50% and 24%, respectively, following
SQ administration (Table 1). The bioavailability values reported here are an approximation
due to the use of AUC(0—00) instead of AUC(0-24h) for the IV route and the >50% SQ
bioavailability of TFRMADb-EPO is due to the use of AUC(0—00) instead of AUC(0-24h).
However, since the AUC(0-60) and AUC(0—00) values following IV administration are
almost identical for the TFRMAb-N292G-EPO (Table 1), AUC(0-09) is used as an
approximation of AUC(0-24) and is not expected to significantly impact the bioavailability
estimates for TFRMADb-N292G-EPO.

Reticulocyte count and cell proliferation

As shown in Figure 6A, a single 3 mg/kg dose of the TFRMAb-EPO fusion protein resulted
in a >90% reduction of reticulocyte count following IP, SQ and IV administration compared
with saline-treated control mice, and these counts were significantly lower than those in the
mice treated with the N292G mutant TFRMADb fusion protein. Following IV administration,
the N292G mutant TFRMAD fusion protein resulted in a 55% reduction in reticulocyte
counts compared with saline-treated control mice, however, the reticulocyte counts in the
cTfRMAD-N292G-EPO-treated mice were significantly higher than that in mice treated with
the WT TfRMADb fusion protein. No significant suppression of reticulocytes was observed
when the TFRMAb-N292G-EPO fusion protein was administered by the IP or SQ routes
(Figure 6A).

Both the WT and N292G mutant TFRMAb-EPO fusion proteins resulted in a significant
increase in cell proliferation (~55% increase with the TFTRMAb-EPO, ~43% increase with
the TFRMADb-N292G-EPO) compared to untreated or vehicle treated brain microvascular
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endothelial cells in vitro. The increase in cell proliferation with these fusion proteins was
comparable to that with rhuEPO (~40% increase with rhuEPO) (Figure 6B), and no
significant differences were observed between the TFTRMAb-EPO, TTRMADb-N292G-EPO
and rhuEPO treated cells.

Discussion

In the current study, we examined the effect of the N292G mutation on the PK of plasma
clearance of a high-affinity TFTRMAb-EPO fusion protein at doses ranging between 0.3-3
mg/kg in mice. Our results show a marked increase in the plasma clearance of the mutant
TfRMADb-N292G-EPO compared with the WT TFRMAb-EPO fusion protein. The increase
in plasma clearance was associated with a profound decline in the plasma Cyax Of the
mutant TFTRMAb-N292G-EPO following SQ (114-fold decline) and IP (37-fold decline)
administration. A 10-fold increase in the 1V dose from 0.3 mg/kg to 3 mg/kg resulted ina 7-
to 11-fold decline in plasma clearance of both the WT and N292G mutant TTRMADb fusion
proteins, which is consistent with non-linear PK of plasma clearance of the TFTRMAb fusion
protein with an increase in injection dose. Further, a single 3 mg/kg dose of the WT
TfRMADb-EPO resulted in marked reticulocyte suppression, and the mutant TFRMADb-
N292G-EPO reduced, but did not abolish, reticulocyte suppression.

The TFRMADb-EPO is a heterotetrameric fusion protein with an overall predicted molecular
weight of 181,960 Da, with the EPO dimer comprising 20% of the molecular weight (36,000
Da) of the heterotetramer.2 Each light chain (LC) is composed of 214 AA, without the 19
AA signal peptide, and the predicted molecular weight of the LC is 23,554 Da. The HC of
the fusion protein is composed of 611 AA, without the 19 AA signal peptide, and has a
predicted molecular weight of 67,358 Da. This is consistent with the migration of the fusion
protein on both the reducing and non-reducing SDS-PAGE (Figure 1A) and as reported
previously for the WT TfRMAb-EPO.21

The Fc glycan domain of an antibody strongly influences IgG binding to the FcyR, but not
to the FcRn.22-24 The antibody Fc domain binds to the FcRn in an acidic environment,
protecting the antibody from catabolism,2® and antibody variants with reduced FcRn
binding, but unaltered FcyR interaction, show accelerated plasma clearance.23 On the other
hand, removal of the Fc N-linked glycosylation site at position N297 by substituting Asn
with, for example, Gly (N297G mutation) reduces Fc-FcyR interaction and antibody
effector function, without altering Fc-FcRn interactions.18 At IDs of 5 mg/kg or higher,
aglycosylated antibody variants with the N297G mutation retain plasma PK properties
comparable to the WT antibody in primates and rodents.1~18 However, some studies show
faster clearance of aglycosylated antibodies for reasons that are not well defined.26-27 The
effect of aglycosylation on the PK of antibody plasma clearance further depends on the
antibody isotype. The plasma clearance of an IgG1 antibody variant with a N297Q mutation
remains unaltered, however the plasma clearance of an IgG3 antibody variant is significantly
increased compared with the WT antibody.28

There is limited data on the effect of the N297G mutation on the PK of plasma clearance of
TfRMADb fusion proteins, with only one study reporting no change in the plasma
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concentration and clearance following a single high ID (50 mg/kg) of a low-affinity
TFfRMAD fusion protein with the N297G mutation.16 However, in the current study, the
N292G mutation dramatically altered the PK of plasma clearance of the high-affinity
TfRMADb fusion protein. For therapeutic 1V doses between 0.3 mg/kg to 3 mg/kg, there was
a 6- to 8-fold increase in the plasma clearance of the TTRMAb-N292G-EPO compared to the
WT TfRMADb-EPO following IV administration (Table 1). This increase in plasma clearance
was associated with a concomitant 10-fold decrease in the MRT of the TFTRMAb-N292G-
EPO at the 3 mg/kg IV dose. There was however, an increase in the MRT of the TFRMAb-
N292G-EPO at the 0.3 mg/kg IV dose which is attributed to a 10-fold higher volume of
distribution of the N292G mutant TTRMADb-EPO at this low dose.

The potential mechanisms underlying the enhanced clearance of the N292G mutant
TfRMADb fusion protein include 1) changes in receptor-mediated clearance of the TFTRMADb
fusion protein, and 2) increased sensitivity of the aglycosylated 1gG fusion protein to
proteases.28-29 The TFRMAb-EPO fusion protein in the current study is bi-specific and its
plasma clearance can be mediated by peripheral TfR that binds to the TFRMAb domain of
the fusion protein and the EPOR that binds to the EPO domain of the fusion protein. Any
alteration in the binding affinity to these receptors can therefore significantly impact the
plasma clearance of the TFTRMAb-EPO fusion portion /n vivo. In the current study, the
N292G mutation, however, did not significantly alter the binding of the TFRMAb fusion
protein to either of these receptors and both the WT and N292G mutant TFRMAb-EPO
fusion protein retained high-affinity binding to the TfR and EPOR evident from the low Kd
values (Figure 1B and 1C, respectively). Comparable receptor binding affinities result in
similar biological activity of the WT and N292G mutant fusion proteins in the current study
(Figure 6B). Both WT and N292G mutant fusion proteins significantly increased the
proliferation of brain endothelial cells in vitro, a finding which is attributed to the effect of
EPO on cell proliferation.39 The above findings confirm that the two fusion proteins
discussed herein retain comparable affinity and biological activity.

Non-linearity of the PK of plasma clearance of the TFRMADb fusion protein was observed in
this study. A 10-fold increase in the IV injection dose, from 0.3 mg/kg to 3 mg/kg, resulted
ina 7- to 11-fold decrease in the plasma clearance for both the mutant and WT TfRMAb-
EPO (Table 1). This observation parallels a similar finding in the Rhesus monkey, where
elevations in the IV infusion dose of TFTRMAD (not fused to a biologic) resulted in a decrease
in plasma clearance of the TFRMADb. 31 This suggests that the TfR involved in the clearance
of the fusion protein is partially saturated /7 vivo over this dose range in the mouse. Doses of
the TFRMAD fusion protein, higher than the ones used in the current study, may further
saturate plasma clearance of the TTRMAb and mask the acceleration in plasma clearance
observed with low-doses (0.3—3 mg/kg) used in the current study. Low-affinity TFRMAb
under development require many-fold higher therapeutic doses (20-50 mg/kg), which can
mask the increase in clearance observed in the current study,® 16 and this may explain the
absence of any change in plasma clearance between the N297G mutant and WT low-affinity
TfRMADs at high IDs.16

Apart from the TfR and EPOR involved in plasma clearance of the TFTRMADb-EPO fusion
protein, glycoproteins including 1gG and EPO can undergo glycan receptor mediated
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clearance /n vivo, and the glycan content of the glycoprotein can significantly impact this
clearance pathway.2% 32 The glycosylation patterns of recombinant IgGs produced using
CHO cells are similar to those found in naturally occurring serum IgGs compared to the
murine melanoma cells that introduce glycan moieties, not naturally occurring, to the
recombinant 1gGs.2° Further, glycosylation patterns of 1gGs produced using the ExpiCHO
system are similar to those produced using stable CHO cell lines.33 The use of different
expression systems, ExpiCHO for the N292G mutant fusion protein versus CHO for the WT
fusion protein, is therefore not expected to introduce major differences in the glycosylation
patterns between the WT and N292G mutant TFfRMAD fusion proteins in the current study.
In addition to glycosylation of the IgG domain of the WT fusion protein, the EPO domain of
either the WT or mutant fusion protein is extensively glycosylated.3* The usual post-
translational modification and glycan content assays were not done because extensive
glycosylation pattern of the EPO domain dwarfs the small differences in glycosylation of the
IgG domain of the WT and mutant fusion proteins. In one assay, reducing SDS-PAGE can
be used to show a slight reduction of the molecular weight of the glycosylated HC as
compared to the aglycosylated HC, following an initial deglycosylation of the HC with N-
glycanase. However, such molecular weight differences would be obscured and difficult to
detect, since the percent change in the molecular weight of the HC of the TFTRMAb-EPO
fusion protein is much smaller than the percent change in the molecular weight of the HC of
the TFRMADb alone, owing to the heavy N-linked glycosylation of the EPO domain, which is
present in both fusion proteins. In another approach, the monosaccharide content of the
fusion protein can be performed after acid hydrolysis. However, the EPO domain, which is
present in both fusion proteins, is very heavily glycosylated with 3 N-linked sites and 1 O-
linked site,3* which would obscure the much smaller differences in glycosylation of the
TfRMAb HC domain. The HC of the fusion protein contains 4 N-linked glycosylation sites,
and 3 of these are present in the EPO domain. The effect of the glycan receptor mediated
clearance on the plasma clearance of the N292G mutant cannot be ruled out.

Aglycosylated 1gGs are increasingly sensitive to proteases and it is postulated that either the
glycan structure of a non-mutant WT IgG shields the 1gG from protease cleavage, or
aglycosylation introduces conformational changes that renders the 1gG more susceptible to
cleavage.?8 Whether the N292G mutant TFRMADb fusion protein is more susceptible to
protease cleavage is not known, as the EPOR ELISA used to measure plasma concentrations
of the fusion proteins requires the presence of intact EPO as well as TFRMAb domains of
the fusion protein (Methods).

It is interesting to note that the Cp5x 0of the N292G mutant protein is reduced compared to
the Cmax Of the WT protein following IV administration (Table 1), and the difference in
Cmax is a function of the ID. At the low ID of 0.3 mg/kg, the Cyax Of the WT protein is 3.0-
fold higher than the Cp,ax Of the mutant protein, but at the 3 mg/kg dose, the Cpax Of the WT
protein is only 1.6-fold higher than the Cy,ax Of the mutant protein (Table 1). This suggests a
very high-affinity component of the clearance of the mutant protein, which becomes
saturated as the ID increases from 0.3 mg/kg to 3 mg/kg as noted by the very steep inverse
relationship between Cp,ax and plasma clearance of the N292G mutant fusion protein in the
current study (Figure 3C). This may explain the initial rapid decline in the plasma
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concentrations of the N292G mutant followed by a decline more comparable to the WT after
IV administration (Figure 2 and 3).

For chronic neurodegenerative diseases, including AD, the SQ route is the preferred route of
administration in humans, and in the current study we investigated the effect of the N292G
mutation on the plasma PK of the TFRMAb fusion protein following SQ treatment, and for
comparison, following IP administration. The plasma Cp,,x Values of the TFTRMAb-N292G-
EPO were profoundly reduced following SQ (114-fold lower) and IP (37-fold lower)
administration (Table 1). This decline in plasma Cp, is not attributed to low systemic
bioavailability, but is most likely a direct consequence of accelerated plasma clearance of the
TfRMADb-N292G-EPOQ, since the systemic bioavailability of the mutant TFTRMAD fusion
protein is comparable to that of other biopharmaceuticals including EPO.3® The accelerated
clearance of the N292G mutant TFRMADb-EPO thus results in excessively low plasma
concentrations following IP and SQ administration compared with the WT TfRMAb-EPO
fusion protein.

Our recent work shows the protective effect of chronic treatment with a 3 mg/kg IP dose of
the WT TfRMADb-EPO in AD mice, and similar protective effects of other TFTRMADb fusion
proteins at comparable doses have been demonstrated in mice following SQ and IP
administration.®-10. 36 The brain concentration following a 3mg/kg SQ dose with a Cpyay Of
~ 4 ug/mL of a TFRMADb-based fusion protein ranges between ~0.6 pg/g at 6h to 0.68 ug/g
at 24h.8 Since the cTFRMADb-EPO is 20% EPO based on AA sequence,?! the brain
concentration of EPO is predicted to be around 140 ng/g (~4 nM EPO) between 6h and 24h
following a single 3 mg/kg SQ dose administration of the WT TfRMADb-EPO. The plasma
Crax post SQ administration of the WT TfRMADb-EPO is approximately 4.8 pg/mL and that
of the N292G mutant TFRMAb-EPO is ~100-fold lower. Such low plasma concentrations of
the N292G mutant TFRMADb are predicted to result in low picomolar brain concentration of
the EPO fusion protein. Given the accelerated plasma clearance and profoundly low plasma
concentrations of the TTRMAb-N292G-EPO following SQ and IP administration, it is
conceivable that much higher doses will be required to compensate for the accelerated
clearance and low plasma concentrations of the N292G mutant TFRMADb, and to achieve
brain concentrations comparable to the WT TfRMADb. Any therapeutic benefits of the
N292G mutant TFTRMAb-EPO may therefore be offset by the high injection doses needed
thereof to produce a therapeutic effect comparable to that produced by the WT TfRMADb-
EPO.

The Fc effector function of certain TFRMADs results in both acute clinical signs and
reticulocyte suppression.% & In the present study no acute clinical signs (example: prostrate
appearance, reddish urine, lethargy) were observed. However, significantly reduced
reticulocytes were observed within 24h after a single 3 mg/kg IV dose (Figure 6), which is
consistent with the expression of a high-affinity TfR, which binds both transferrin and
TfRMADs, on these immature red blood cells.3” Prior studies utilizing TFRMADb fusion
proteins with a human 1gG1 Fc domain, showed a similar reduction in reticulocytes which
was associated with acute clinical signs within 24h following a single IV injection of high
doses (5-50 mg/kg).* 16 In the current study, the N292G mutation within the mouse 1gG1 Fc
region of the TFRMADb-EPO partially reversed, but did not abolish, reticulocyte suppression
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after IV administration, which is consistent with previous findings showing partial reversal
of reticulocyte suppression with an effectorless TFTRMADb fusion protein dosed in mice
lacking the FcyR or WT mice. This residual suppression of reticulocytes in the
aforementioned study is attributed to the complement cascade.# Notably, reticulocyte
suppression did not correlate with the plasma concentrations of the WT TfRMAb-EPO in
the current study. For example, the Cpax Of the WT fusion protein following IP
administration is 15-fold lower than that following IV administration of the same dose
(Table 1), but the reticulocyte levels remain very low after either IP or IV administration of
the WT fusion protein (Figure 6). This is consistent with previous work in which a 10-fold
dose reduction did not reverse reticulocyte suppression by a high-affinity TFRMAD fusion
protein.* However, following IP and SQ administration of the TFRMAb-N292G-EPO, the
reticulocyte counts returned back to normal (Figure 6), and this reversal of reticulocyte
levels may be attributed to increased plasma clearance and profoundly low plasma Cpax
values of the TFRMAb-N292G-EPO following IP and SQ administration.

In summary, the N292G mutant TFRMAb-EPO fusion protein mitigates the reticulocyte
suppression associated with the WT TfRMAb-EPO fusion protein; however, the N292G
mutation increases the clearance of the fusion protein resulting in profoundly low plasma
Cmax Values after SQ or IP administration. Thus, beneficial suppression of the effector
function may be offset by the deleterious effect this mutation has on the plasma levels of the
TfRMADb-EPO fusion protein, especially following SQ administration, which is the preferred
route of administration in humans for chronic neurodegenerative diseases including AD.
This is the first study, to the best of our knowledge, to characterize the impact of the N292G
mutation on the PK of plasma clearance of a TFRMADb fusion protein following 1V, SQ and
IP administration. Given the recent interest in the development of effectorless TTRMAb
fusion proteins, the effect of such mutations on the PK profile of TFTRMAb fusion proteins
needs further consideration.
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AD Alzheimer’s disease

AA Amino acids

TfRMAb Transferrin receptor antibody

AUC Area under the plasma concentration-time curve
Asn Asparagine

BBB Blood-brain barrier

CHO Chinese hamster ovary
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Figurel.
SDS-PAGE analysis of TFTRMADb-N292G-EPO under reducing (lane 2) and non-reducing

(lane 3) conditions (A). High-affinity binding of the WT and N292G mutant TTRMAb-EPO
fusion proteins to TfR (B) and EPOR (C).
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Plasma concentrations versus time curves following a single 3 mg/kg IV dose of TTRMADb-

EPO (n=4) or TFRMAb-N292G-EPO (n=6) expressed as either (A) ug/mL or (B) %ID/mL.
Data are shown as Mean + SEM.
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Figure 4.
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Plasma concentrations versus time curves following a single 3 mg/kg IP dose of TFRMAb-
EPO (n=3) or TFTRMAb-N292G-EPO (n=3) expressed as either (A, C) pg/mL or (B, D)

%ID/mL. Data are shown as Mean + SEM.
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Plasma concentrations versus time curves following a single 3 mg/kg SQ dose of TFRMAD-
EPO (n=3) or TFRMAb-N292G-EPO (n=3) expressed as either (A, C) ug/mL or (B, D)

%ID/mL. Data are shown as Mean + SEM.
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Figure6.
Reticulocyte counts (%) at 24h after a single 3 mg/kg SQ, IP or IV dose of saline (n=3),

TfRMADb-EPO (n=3) or TTRMAb-N292G-EPO (n=3) (A). Cell number as an indicator of
cell proliferation (% of bEND3 control) following 96h incubation with the indicated
treatment (n=3) (B). Data are shown as Mean + SEM. *P<0.05; ****P<0.0001 compared to
the indicated group in A; #P<0.05 compared to the SQ injection of TFRMAb-N292G-EPO in
A. ****p<(.0001, ***P<0.001 compared to bEND3 control in B. Statistical test: Two-way
ANOVA with Bonferroni’s post-hoc test for A and one-way ANOVA with Holm-Sidak’s
multiple comparisons test for B.
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Table 1.

Non-compartmental pharmacokinetic parameters for TFRMAb-EPO and TFRMAb-N292G-EPO fusion
proteins in the mouse following 1V, IP, and SQ administration. Data is presented as mean £ SEM.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Route of administration PK Parameter Parameter units | cTFRMADb-EPO | cTfRMAb-N292G-EPO
\Y Crnax ug/mL 0.94+0.3 0.31+0.09
0.3 mg/kg
MRT min 245+22 46.6 + 15
AUC(60 min) pgemin/mL 149+54 22+0.6
AUC(0-00) pgemin/mL 16.9+6.1 29+11
Vs mL/ kg 469 + 142 4921 + 1651
Clearance mL/min/kg 194 +6.9 110+ 34
\Y Crnax ug/mL 21627 135+11
3mg/kg
MRT min 116 + 64 116+29
AUC(60 min) pgemin/mL 800 + 48 214 £ 67
AUC(0-o0) pgemin/mL 2045 + 868 219+ 70
Vs mL/ kg 159 + 49 163 + 23
Clearance mL/min/kg 1.8+0.9 149+4.7
IP Crnax pg/mL 1.4+0.37 0.038 +0.007
3mg/kg
AUC (24 hrs) pgemin/mL 705 + 81 50 + 30
Clearance/F mL/min/kg 43+05 75+39
Bioavailability (F) % 35 23
SQ Cax ug/mL 4.8+0.50 0.042 +0.014
3mg/kg
AUC (24 hrs) pgemin/mL 4,198 + 405 52 + 27
Clearance/F mL/min/kg 0.72 £0.07 67 + 28
Bioavailability (F) % >50 24
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