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ABSTRACT

Glioblastoma (GBM) is a common and aggressive brain cancer that accounts for 60% of adult brain tumors.
Anti-angiogenesis therapy is an attractive option due to the high vasculature density of GBM. However,
the best-known anti-angiogenic therapeutics, bevacizumab, and aflibercept, have failed to show signifi-
cant benefits in GBM patients. One of the reasons is the limited brain penetration of antibody-based
therapies due to existence of the blood-brain barrier (BBB), which is further strengthened by the blood
vessel normalization effects induced by anti-angiogenic therapies. To investigate if increased drug
concentration in the brain by transferrin receptor (TfR)-mediated delivery across the BBB can enhance
efficacy of anti-angiogenic antibody therapies, we first identified an antibody that binds to the apical
domain of the mouse TfR and does not compete with the natural ligand transferrin (Tf) binding to TfR.
Then, we engineered two bispecific antibodies fusing a vascular endothelial growth factor (VEGF)-Trap
with the TfR-targeting antibody. Characterization of the two bispecific formats using multiple in vitro
assays, which include endocytosis, cell surface and whole-cell TfR levels, human umbilical vein endothelial
cell growth inhibition, and binding affinity, demonstrated that the VEGF-Trap fused with a monovalent
oTfR (VEGF-Trap/moAb4) has desirable endocytosis without the induction of TfR degradation. Peripherally
administered VEGF-Trap/moAb4 improved the brain concentration of VEGF-Trap by more than 10-fold in
mice. The distribution of VEGF-Trap/moAb4 was validated to be in the brain parenchyma, indicating the
molecule was not trapped inside the vasculature. Moreover, improved VEGF-Trap brain distribution
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significantly inhibited the angiogenesis of U-87 MG GBM tumors in a mouse model.

Introduction

Diseases in the central nervous system (CNS), including cancer
(e.g., glioblastoma (GBM) and glioma), neurodegenerative dis-
eases (e.g., Parkinson’s disease and Alzheimer’s disease), auto-
immune diseases (e.g., multiple sclerosis), nervous system
disease (e.g., amyotrophic lateral sclerosis), and genetic disor-
ders (e.g., lysosomal storage diseases (LSDs)), are often difficult
to treat. Antibody and protein-based drug modalities are pro-
mising options in treating CNS diseases, yet a very limited
number of approved therapies are in this category.” > One of
the major hurdles for developing antibody and protein-based
therapeutics for CNS diseases is the low brain entry, which is
largely due to existence of the blood-brain barrier (BBB).> The
BBB is formed by the endothelial cell tight and adherent junc-
tions that severely restrict the entry of macromolecules admi-
nistered peripherally.*™°

In order to facilitate the brain entry of protein-based ther-
apeutics, receptor-mediated transcytosis (RMT) has been
exploited to deliver antibodies and proteins across the BBB.”"'*
RMT takes advantage of endogenous transportation of biomo-
lecules, such as transferrin (Tf), insulin, and leptin, by engaging
receptors expressed on blood vessel endothelial cells. The trans-
ferrin receptor (TfR) is one of the most exploited for RMT and

has successfully aided the delivery of antibody and protein
therapeutics crossing the BBB and demonstrated enhanced ther-
apeutic effects in both mouse and primate models.">'® While
the human TfR and mouse T1R are highly homologous, the anti-
mouse and anti-human TfR antibodies reported in the literature
are not cross reactive.'>'® In addition, sequences of the anti-
mouse TfR antibodies reported previously are not available.
There is a need to develop an anti-mouse TfR antibody for
testing TfR-mediated brain entry of protein-based therapies in
mouse models. Although the TfR-mediated brain entry has been
reported in diseases such as Alzheimer’s disease and LSDs, the
strategy has not been attempted to improve the brain entry and
efficacy of cancer anti-angiogenic therapy.

GBM is the most common malignant brain cancer and has
merely a 5% 5-year survival rate.”'”"'” Considering the highly
vascularized nature of GBMs, anti-angiogenic therapy has been
extensively exploited in clinical trials.”>*' Bevacizumab, an
anti-vascular endothelial growth factor (VEGF) antibody, was
approved as a second-line treatment for GBM by the US Food
and Drug Administration. Although bevacizumab can shrink
tumor size, the therapy shows no benefits in the overall survival
of GBM patients.”>** Aflibercept, a VEGFR-Fc fusion protein
serves as a “trap” for VEGFA, VEGFB, and placental growth
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factor, has been studied for GBM due to its substantially higher
affinity to VEGFA than bevacizumab.?>*® However, aflibercept
was found not to provide significant benefits to GBM
patients.”> Anti-angiogenesis therapies have been reported to
restore the intactness of the BBB, and therefore further limits
the brain access of these therapies and other protein or anti-
body-based therapeutics.”>*” The self-limiting nature of anti-
angiogenesis therapy is known to restrict not only the anti-
body-based anti-angiogenic therapy, but also delivery of che-
motherapy to CNS tumors.””*®*” Therefore, overcoming the
hurdle of the BBB is an attractive strategy to improve the
therapeutic efficacy of aflibercept.

In this study, we developed an anti-mouse TfR antibody that
does not compete with Tf binding. Using the anti-TfR anti-
body, we engineered a bispecific construct named VEGF-Trap
/moAb4 that improved the delivery of aflibercept across the
BBB by more than 10-fold. VEGF-Trap/moAb4 was confirmed
to be distributed in the brain parenchyma. More importantly,
the VEGF-Trap/moAb4 demonstrated significant improve-
ment in inhibiting U-87 MG xenograft angiogenesis.

Results
Discovery of TfR antibodies

When evaluating therapeutics in mouse models engaging TfR-
mediated BBB crossing, the antibodies need to bind mouse TfR
(muTfR). To identify antibodies that bind muTfR, we designed
a screening strategy from a phage-displayed single-chain vari-
able fragment (scFv) human antibody library.*® Briefly, we first
enriched and identified 38 scFv clones that bind to the muTf{R
extracellular domain (ECD) by phage panning and phage
enzyme-linked immunosorbent assay (ELISA) from a total of
400 phage clones picked from the third round of panning
(Figure 1(a)). The 38 muTfR-binding scFv clones were then
converted into human IgGl1 for binding confirmation by the
bio-layer interferometry (BLI) assay. We confirmed 6 IgGl
antibodies that bind to muTfR in the BLI assay. Surprisingly,
when the 6 IgGl antibodies were screened for binding the
muTfR expressed on cell surface of 293 T cells, only 1 of 6
antibodies (Ab4) bound cell surface-expressed TR
(Figure 1(b)).

We next studied whether Ab4 competes with Tf, which is the
natural ligand of TfR. Tf binds to TfR at high affinity at neutral
pH.*® Tf presents in serum at a very high concentration of about
3 mg/mL.* Therefore, any antibody that competes with Tf will
not be able to bind to TfR, rendering the antibody ineffective.
Moreover, competing with Tf binding to TfR may impede the
normal iron delivery into cells, resulting in potential side effects.
Using HEK293T cells overexpressing muTfR, we co-incubated
Ab4 with an excessively high concentration of muTf (10 uM)
and detected no differences in antibody binding to cell surface
muTfR (Figure 1(c)), suggesting that Ab4 binds to muTfR
specifically on cell surface without being blocked by Tf.

TfR has three domains: apical domain, protease-like
domain, and helical domain.>"** Tf interactions with TfR
mostly involve the helical domain and the protease-like
domain. Therefore, we hypothesize that Ab4 most likely
binds to the apical domain of TfR (Figure 1(d)). To confirm

this hypothesis, we constructed a chimeric huTfR receptor
with its apical domain replaced by the corresponding apical
domain from muTfR (huTfR-muTfR apical domain), and
observed that the muTfR apical domain alone is sufficient to
enable Ab4 binding to the chimeric huTfR-muTfR apical
domain receptor (Figure 1(e)). It is noted that Ab4 does not
cross-react with the human TfR (Figure 1(e)), although
the percent of identity between the apical domains of the
mouse and human TfRs is 70% (Figure 1(f)). This is con-
sistent with previous reports that antibodies are less likely to
cross-react between mouse and human TfRs.'>'®

VEGF-Trap bispecific antibody characterization

We next created two bispecific antibodies by incorporating
VEGEF-Trap and muTfR Ab4 (Figure 2(a)). The VEGF-Trap
was designed based on aflibercept, which is the fusion protein
of the D2 domain of VEGFR1, D3 domain of VEGFR2, and
human antibody crystallizable fragment (Fc)*® (Figure 2(a)).
Ab4 was fused to the C terminus of the VEGF-Trap in an
antibody-binding fragment (Fab) format. TfR-targeting anti-
bodies with full Fc effector functions have been shown to
deplete reticulocytes and cause acute toxicities.”® In order to
avoid Fc-mediated effector functions, LALAPG mutations
(L234A, L235A, and P329G) were introduced to abolish inter-
actions with Fc receptors in humans and in mice.””*® For the
monovalent TfR bispecific design (VEGF-Trap/moAb4), we
used the knobs-into-holes mutations (knob: T366W and
$354C; hole: T366S, L368A, Y407V, and Y349C) to promote
heterodimerization between the heavy chains.”® The TfR-
antibody fusion arm was introduced with the “hole” mutations,
while the other arm bears the “knob” mutations (Figure 2(a)).
For the bivalent TfR bispecific design (VEGF-Trap/biAb4),
a homodimer of VEGF-Trap fusion with Ab4 from the
N-terminus to the C-terminus was used, resulting in bivalency
for both VEGF-Trap and Ab4.

We used a BLI-based sandwich capture assay to characterize
the bispecific antibodies. The bispecific antibodies were first
captured onto sensors via VEGF165A. After equilibrium in
blank buffer, the sensor-captured bispecific antibodies were
then incubated with muTfR ECD. The VEGF-Trap/T1R bispecific
antibodies were shown simultaneously binding to both VEGF165
and TR (Figure 2(b), Curves A and E). To further validate the
antigen binding, we introduced another three control groups that
missed one of the three binding partners (VEGFA, antibody, or
TfR). Omitting VEGFA showed a complete flat curve, which
confirmed the observed binding signals in curves A and E are
dependent on the proteins being captured by VEGFA
(Figure 2(b), Curves B and F). Omitting antibody showed a flat
curve when the sensors were dipped into TfR solution, which
confirmed the observed TR binding signals in curves A and E are
dependent on the existence of antibodies (Figure 2(b), Curves
C and G). Finally, the flat curves without TfR confirmed the
observed binding signals in curves A and E were antibodies
binding to TfR (Figure 2(b), Curves D and H). Taken together,
these data showed that both the bivalent and monovalent TfR
bispecific antibodies VEGF-Trap/moAb4 and VEGF-Trap/biAb4
can simultaneously engage both VEGF and TfR.
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Figure 1. Screening and characterization of anti muTfR mAbs. a. The process of identifying anti-muTfR Ab4. A total of 400 scFv phage colonies were picked using the
Qpix instrument from the 3™ round of panning output; and 38 clones were found to be positive in phage ELISA against muTfR-His. After sequencing, 6 unique scFv
clones were converted to full IgG1. BLI assay showed 6 antibodies were able to bind to muTfR-His. b. Antibody Ab4 was identified to bind to surface expressed muTfR on
HEK293T cells by flow cytometry. MFI is the mean fluorescent intensity of live cells, n = 3 independent repeats. c. Ab4 showed no competition with muTf in muTfR
binding. HEK293T-muTfR was incubated with 10 pg/mL Ab4 or Ctrl IgG with or without 10 pM muTf. The amount of antibody binding to the cell surface was presented
as the mean fluorescence intensity MFI, n = 3 independent repeats. d. Since muTfR structure is not available, we use the crystal structure of huTfR-huTf complex to
demonstrate that the apical domain is distant from where Tf binds TfR3' Images of the crystal structures were derived from PDB file 15UV with proteins showing in
ribbons. Both TfR and Tf were shown as dimers with their major domains identified: the apical domain of TfR (red), the helical domain of TfR (yellow), the protease-like
domain of TfR (white), and Tf (cyan). e. Ab4 binds to muTfR and huTfR-muTfR apical domain hybrid expressed on HEK293T cell surface, but not to huTfR. MFl is the mean
fluorescent intensity of live cells, n = 3 independent repeats. The huTfR-muTfR apical domain hybrid was constructed by replacing the apical domain of human TfR (aa
184-384) with the corresponding apical domain from the muTfR. f. Protein sequence alignment of the apical domains of human and muTfRs. Error bars in graphs of b, c,

and e represent mean + SD of three replications.

We have demonstrated that Ab4 does not interfere with TfR
from binding to its ligand Tf, suggesting that the antibody will
not interfere with the natural functions of TfR. We next tested
if the bispecific antibodies can trigger cellular endocytosis,
which is required for effective transcytosis of the antibodies
through TfR. Using the mouse endothelial BEnd.3 cells, we
showed concentration-dependent endocytosis of the bispecific
antibodies bearing either bivalent or monovalent TfR Ab4
(Figure 2(c)). As a negative control, endocytosis was abolished
when the cells and antibodies were incubated at 4°C
(Figure 2(c)). Of note, bivalent and monovalent TfR Ab-
bearing bispecific antibodies showed similar levels of endocy-
tosis across all concentrations (Figure 2(c)).

We next tested whether antibody-mediated TfR endocytosis
has an effect on the level of TfR cell surface expression.
Naturally, TfR endocytosis delivers Tf into endosomes, where
the Tf releases iron, and the TfR-Tf complex recycles back to
the cell surface.”> We measured TfR cell surface levels after
incubation with bispecific antibodies. Similar to the VEGEF-
Trap negative control, monovalent TfR Ab-bearing bispecific
antibody VEGF-Trap/moAb4 showed no reduction of cell sur-
face TR levels (Figure 2(d)). In contrast, the bivalent bispecific
antibody (VEGEF-Trap/biAb4)-treated BEnd.3 cells demon-
strated concentration-dependent reduction of cell surface TfR
levels, and at 100 nM, the surface TfR was reduced to unde-
tectable levels (Figure 2(d)). As a control, co-incubation with
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Figure 2. Characterization of VEGF-Trap/aTfR bispecific antibodies. a. Design of VEGF-Trap and VEGF-Trap/aTfR bispecific antibodies. In the VEGF-Trap/moAb4 design,
knob-into-hole mutations were introduced to promote heterodimerization. The aTfR Fab was fused to the C-terminus of the CH3. Although not depicted, the human Fc
regions contain LALAPG mutations to abolish Fc-mediated immune effector functions. b. Sandwich BLI assay showing the incorporation of both VEGF-Trap and aTfR into
the bispecific constructs. The corresponding proteins involved in each curve were labeled in the shaded area and are detailed in the table next to the BLI diagram.
c. aTfR bispecific antibodies showed dose-dependent endocytosis in Bend.3 cells. MFl is the mean fluorescent intensity of live cells, n = 3 independent repeats. d. VEGF-
Trap/biAb4 showed dose-dependent reduction of cell surface muTfR level. The reduction of TfR surface level by VEGF-Trap/biAb4 was the result of lysosomal
degradation. The cell surface level of TfR was measured by flow cytometry using a non-competing antibody against muTfR, n = 3 independent repeats. Baf is
bafilomycin A1 at 100 nM. e. Western blotting showing the reduced level of total TfR in Bend.3 cells by VEGF-Trap/biAb4 treatment. The reduction of TfR level by VEGF-
Trap/biAb4 was the result lysosomal degradation. Baf is bafilomycin A1 at 100 nM. f. VEGF-Trap/aTfR bispecific antibodies showed similar potency in inhibiting VEGFA-
mediated HUVEC proliferation compared to VEGF-Trap, n = 3 independent repeats. g. Titration curves showing dose-dependent binding of TfR by VEGF-Trap/aTfR
bispecific antibodies. VEGF-Trap/biAb4 showed significantly stronger binding to TfR than that of VEGF-Trap/moAb4, n = 3 independent repeats. Data points with error
bars represent mean + SD.

the lysosomal inhibitor Baf abolished the reduction of surface
TfR levels by the bivalent bispecific antibody VEGEF-Trap
/biAb4 (Figure 2(d)). Collectively, the data suggests that the
bivalent TfR antibody VEGF-Trap/biAb4 induces the decrease
of cell surface TfR level by promoting its lysosomal degrada-
tion. To rule out the possibility that the bivalent antibody-
induced TfR re-localization intracellularly, we treated BEnd.3
cells with the two bispecific antibodies and measured total TfR
protein levels by Western blotting. The total TfR levels in
BEnd.3 cells are similar between VEGF-Trap-treated and
VEGEF-Trap/moAb4-treated groups (Figure 2(e)). In contrast,
the VEGF-Trap/biAb4 treatment significantly diminished the
total TfR protein levels (Figure 2(e)). As a control, co-

incubation of lysosomal inhibitor Baf was able to prevent the
decrease of total TfR levels mediated by VEGF-Trap/biAb4
treatment, confirming that the bivalent antibody induces TfR
lysosomal degradation.

Since the human endothelial cell line HUVEC has been the
gold standard to evaluate the efficacy of anti-angiogenesis
therapeutics,”>*’ we studied the inhibition of VEGFA-
stimulated HUVEC cell proliferation by the two bispecific
antibodies under the conditions of depleted growth factors
and cytokines. VEGF-Trap/biAb4 and VEGF-Trap/moAb4
bispecific antibodies showed similar dose-dependent inhibition
of VEGFA-mediated HUVEC proliferation as the VEGF-Trap
positive control (Figure 2(f)). In comparison, treatment with



the same concentration of HuFc Ctrl (human Fc fragment
without VEGF Trap or antibody fragments) showed no inhibi-
tion in the concentration range tested, suggesting that the
inhibition effects are VEGF-Trap-specific.

We next determined the binding affinity of the TfR bispe-
cific antibodies to TfR by a competition ELISA. The ELISA
plate was coated with muTfR ECD and a series of concentra-
tions of TfR bispecific antibodies were added in the presence of
1 nM of biotinylated Ab4. The 1 nM Ab4 concentration was
predetermined to be sensitive enough in quantifying the
amount of unbound TfR, yet the concentration is low enough
to not interfere with the binding of bispecific TfR antibodies.
Both the VEGF-Trap/moAb4 and VEGF-Trap/biAb4 bispeci-
fic antibodies showed dose-dependent binding to muTfR, as
indicated by the decreased OD,s5 signals from the biotinylated
Ab4 (Figure 2(g)). In contrast, VEGF-Trap/biAb4 showed
a significantly stronger (about 100-fold) occupation (binding)
of TfR as compared to the VEGF-Trap/moAb4 (Figure 2(g)).
The data suggests that avidity played a significant role in the
TR binding for the bivalent bispecific antibody.

Biodistribution of VEGF-Trap TfR bispecific antibodies in
the brain and serum of mice

We next studied the biodistribution of VEGF-Trap/aTfR bis-
pecific antibodies in brain and blood of mice. A day after
a single intraperitoneal (IP) injection at 20 mg/kg of the anti-
bodies (designs illustrated in Figure 3(a)), we collected the
serum and the brains; the 20 mg/kg dose was chosen based
on previous work by others.">'®*” The brains were collected
after thorough phosphate-buffered saline (PBS) perfusion to
avoid the interference from residue blood in the vasculature.
We first used sandwich ELISA to quantify the concentration of
bispecific antibodies inside the brain. In the sandwich ELISA,
the bispecific antibody was first captured by plate-coated
VEGFA, and then the captured antibody was detected by
a secondary antibody. The VEGF-Trap/moAb4 bispecific anti-
body showed a significantly higher concentration in the brain
than that of the VEGF-Trap/biAb4 and the VEGEF-Trap
(Figure 3(b)). The VEGF-Trap/moAb4 showed a 10-fold
increase in brain concentration over the VEGF-Trap/Ctrl and
a 5-fold increase over the VEGF-Trap/biAb4 (Figure 3(b)).
Even though the VEGF-Trap/biAb4 induces significant TfR
lysosomal degradation, it still showed a 2-fold increase in
brain concentration over the VEGF-Trap/Ctrl 24 hours after
injection (Figure 3(b)). A 7-day time course study showed that
the concentrations of VEGF-Trap/moAb4 in the brain
decreased as time elapsed (Figure 3(c)). From day 1 to day 5
after injection, the brain concentrations of VEGF-Trap/moAb4
were significantly higher than VEGF-Trap/Ctrl and VEGF-
Trap/biAb4. The brain concentration of VEGF-Trap/biAb4
dropped quickly to a level similar to VEGF-Trap/Ctrl on day
3 after injection. The brain concentration of VEGF-Trap
/moAb4 also returned to the basal level on day 7.

We quantified serum concentrations of the bispecific anti-
bodies by the same sandwich ELISA as described above. Serum
concentrations of VEGF-Trap/moAb4 and VEGF-Trap/biAb4
bispecific antibodies were significantly lower than that of the
VEGEF-Trap/Ctrl (Figure 3(d)). Of note, the VEGF-Trap/biAb4
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concentration was 60% of the VEGF-Trap/moAb4 in the sera
(Figure 3(d)). We also tracked the serum antibody concentra-
tions over the time course of a week (Figure 3(e)). The VEGF-
Trap/Ctrl showed only a 30% decrease over the time course of
a week; in comparison, the VEGF-Trap/moAb4 and VEGF-
Trap/biAb4 bispecific antibodies showed significantly faster
clearance over the same time period (Figure 3(e)). In compar-
ison to VEGF-Trap/moAb4, VEGF-Trap/biAb4 showed 3-
5-fold lower serum concentrations over all the time points,
indicating a faster clearance.

We then mapped the location of the antibodies in the brain
by immunofluorescence staining. As shown in Figure 3(f), the
VEGF-Trap/moAb4 showed prominent brain parenchyma dis-
tribution. CD31 was co-stained to discern blood vessels and
determine if the antibody is trapped inside the blood vessel. In
contrast, the VEGF-Trap/biAb4 showed localization within the
blood vessel, and therefore is likely to be trapped in the blood
vessel without entering the brain parenchyma (Figure 3(f)). Of
note, the VEGF-Trap/Ctrl showed almost no distribution in
either the blood vessel or the brain parenchyma (Figure 3(f)).

Since the VEGF-Trap/biAb4 induced quick degradation of
TfR in vitro, we tested if the same effects occur in vivo. The
VEGEF-Trap/biAb4 induced a significant decrease in TfR con-
centration in the brain as measured by Western blotting
(Figure 3(g)). In comparison, VEGF-Trap/Ctrl and the VEGF-
Trap/moAb4 showed no differences in the amount of brain
TfR (Figure 3(g)). Collectively, these data suggests that the
VEGF-Trap/biAb4 bispecific antibody induced degradation of
TR in vivo.

Inhibition of tumor angiogenesis

Aflibercept and other anti-VEGF antibodies have been studied
in clinical trials for the treatment of GBM. Although brain
tumors have higher blood vessel permeability due to angiogen-
esis, anti-angiogenesis therapy often reduces the permeability
by its blood vessel normalization effect. It has been reported
that restored BBB integrity upon anti-angiogenesis therapy
limits the brain access to therapeutics.”” We tested if delivering
VEGEF-Trap via TfR bispecific antibody can improve the anti-
angiogenesis effect of VEGF-Trap by overcoming the BBB
blockade in the U-87 MG model, which is a human GBM
model with known BBB leakage.*!

Three antibodies were used in the U-87 MG GBM studies
(Figure 4(a)). We first validated the change of BBB permeability
after VEGF-Trap treatment. To assess BBB permeability, ani-
mals were injected with fluorescently labeled albumin molecules
2 hours before sacrifice. Ctrl/moAb4-treated mice showed sig-
nificant BBB leakage as indicated by the albumin signals in the
tumor (Figure 4(b)). In comparison, the VEGF-Trap/Ctrl treat-
ment showed significantly lower albumin signals in the tumor.
The low amount of albumin detected in tumors indicates low
BBB permeability. Similar to VEGF-Trap/Ctrl, the amount of
detected albumin in VEGF-Trap/moAb4-treated tumors were
also low (Figure 4(b)). Collectively, these data suggest that
VEGEF-Trap treatment restores the intactness of BBB with low
permeability to macromolecules. We then tested if the TfR-
targeted VEGF-Trap/moAb4 bispecific antibody can enhance
the inhibition of angiogenesis by the increased brain access of
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VEGF-Trap. The angiogenesis in the tumor was characterized
by immunostaining of the endothelial cell marker CD31.**
VEGF-Trap/moAb4 bispecific antibody treatment showed sig-
nificantly reduced CD31 intensity in the tumor in comparison
to Ctrl/moAb4 and the VEGF-Trap/Ctrl, and no difference of
CD31 intensity between Ctrl/moAb4 and VEGF-Trap/Ctrl was
observed (Figure 4(c)). Collectively, the data suggest enhanced
VEGEF-Trap/moAb4 bispecific brain entry translated into

improved anti-angiogenesis efficacy.

Discussion

Although T1R has been exploited in facilitating the delivery of
antibody and protein therapeutics into the brain for neurode-
generative diseases such as Alzheimer’s disease,”” a similar
strategy has not been used in improving the delivery of anti-
angiogenic protein therapies for brain cancer. In this study, we
validated the reduced BBB permeability after VEGF-Trap
treatment, which limits the delivery of proteins through the
BBB. We, therefore, engineered a bispecific antibody strategy
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to enable VEGF-Trap brain access through the BBB. To obtain
a suitable aTfR antibody for the bispecific constructs, we
panned our phage-displayed human scFv library. During the
screening process, we have noticed that antibody clones show-
ing positive binding in ELISA or BLI assays against TfR ECD
have a higher rate of failure in binding cell surface TfR.
Therefore, we included cell surface receptor binding as a key
parameter in the screening protocol to avoid false positives.
Since TfR exists as a homodimer, we did not use BLI to
measure the antibody affinity to avoid complications from the
avidity effect. Therefore, we choose to detect the amount of

available TfR using a low concentration of biotinylated Ab4.
The concentration is too low to pose significant competition to
the antibodies. A similar approach has been used in previous
studies that characterize the binding affinity of antibodies
against TfR and CD98.'®** The avidity effects from bivalent
aTfR resulted in a significantly stronger occupation of TR than
the monovalent aTfR. The stronger binding to TfR by the
bivalent antibody may explain the fact that the bivalent TfR
VEGEF-Trap antibody was trapped inside blood vessels instead
of crossing the BBB into the brain parenchyma. In addition, the
lack of dissociation between bivalent anti-TfR and TfR may
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lead to more lysosomal degradation of the TfR/antibody com-
plex. Future work is warranted to validate this hypothesis to
provide insights on the impact of antibody valency and dis-
sociation on TfR degradation.

After a single IP injection in mice, we observed that brain
concentration of the monovalent aTfR bispecific molecule
(VEGF-Trap/moAb4) was 10-fold higher that of the control
(VEGEF-Trap/Ctrl). Immunofluorescent imaging validated that
VEGF-Trap/moAb4 indeed crossed the BBB and showed
a broad distribution inside the brain parenchyma. Although
the bivalent aTfR (VEGF-Trap/biAb4) also showed increased
brain concentration over the control as determined by ELISA,
immunofluorescence imaging revealed that VEGF-Trap/biAb4
was trapped inside the vasculature instead of entering the brain
parenchyma. The increased concentration of bivalent aT1R is
the result of antibody binding to the vasculature, which is
consistent with previous reports."*'® Our finding is also con-
sistent with a previous study that showed monovalent aT{R
crossed the vasculature while the bivalent aTfRs were trapped
inside the vasculature."*

The preference of TfR-based transcytosis toward monova-
lent aTfR over bivalent aTfR could be also explained by the fact
that bivalent a TR induces lysosomal degradation of T{R, redu-
cing both the cell surface and overall cellular TfR levels. The
reduced TfR level in turn limits bivalent aTfR crossing the
BBB. In addition, bivalent aTfR binds 100-fold stronger to
TfR than monovalent aTfR due to avidity effects and the
stronger binding limits the efficient dissociation of bivalent
aTfR after being transported through the luminal side of
endothelial cells. Although both formats bind equally well in
BLI assay and showed similar levels of endocytosis, the combi-
nation of slower dissociation from TfR and induction of TfR
degradation results in the suboptimal brain distribution of the
bivalent aTfR. It has been reported previously that affinity and
avidity are the key criteria in developing TfR antibody-based
brain delivery platforms.'*'® The ideal TfR antibody should
not have too high affinity, which will limit the release of
transported antibodies, and monovalent TfR antibody is pre-
ferred over bivalent.

Bivalent TfR binding is expected to have a faster internali-
zation rate. In this study, we quantified the antibody endocy-
tosis 2 hours after adding the antibody to cells, and no
differences were observed for VEGF-Trap/moAb4 and VEGF-
Trap-biAb4, which suggests that an endocytosis plateau has
reached at 2 hours. The reason that we did not measure the
antibody endocytosis at shorter time intervals is that the in vivo
exposure time was beyond 2 hours. In addition, endocytosis
may be affected by the cell surface availability of TfR available
for uptake. The fact that bivalent TfR binding induces TfR
lysosomal degradation also complicates the comparison of
endocytosis rate.

We showed that the VEGF-Trap/aTfR has a significantly
quicker clearance than Ctrl IgG in the sera, which may be
explained by the broad distribution of TfR in the BBB and
accumulation of the VEGF-Trap/aT1R in the brain. Our find-
ings are consistent to other bispecific antibodies targeting the
TR, which exhibit a quicker serum clearance than the antibody
without aTfR.'>'° It was reported that bevacizumab treatment
restored BBB integrity in the U-87 MG GBM mouse model.””

We observed a similar phenomenon that VEGF-Trap treat-
ment alone significantly restored the integrity of BBB in the
U-87 MG GBM mouse model. The reduced BBB permeability
could further restrict the amount of VEGF-Trap from entering
the brain, and therefore limiting the therapeutic effect.

We found that the VEGF-Trap showed minimal differences
in tumor blood vessel density while the VEGF-Trap delivered
by the monovalent aTfR showed significant inhibition of
angiogenesis, which is likely due to enhanced brain entry of
the monovalent VEGF-Trap/aTfR bispecific antibody.
Although with significant inhibition of tumor angiogenesis,
we did not observe any benefits in the survival rate or the
tumor growth inhibition. It has been previously reported that
the anti-angiogenic therapy bevacizumab demonstrated only
marginal tumor growth inhibition in a GBM rat model.*’
Although bevacizumab showed inhibition of angiogenesis, it
induced a more hypoxic tumor microenvironment as indicated
the upregulation of the HIF1a, PI3K, and Wnt pathways.*’ The
shifted tumor metabolism to glycolysis in the hypoxic tumor
microenvironment underlines the need to combine anti-
angiogenic therapies with therapeutics that can overcome the
metabolic adaptions, which warrants future studies.

Materials and methods
Cell lines

HEK293T, U-87 MG, and BEnd.3 cell lines were acquired from
the American Type Culture Collection (ATCC) and cultured in
DMEM+10% fetal bovine serum (FBS). HUVEC was also
acquired from the ATCC and maintained in F-12 K medium
supplemented with 0.1 mg/mL heparin, 10% FBS, 30 pug/mL
Endothelial Cell Growth Supplement.

Panning of phage-displayed antibody library

A phage-displayed scFv antibody library was prepared
previously.”® Panning of the library for muTfR specific anti-
bodies was carried out as described previously with
modifications.”® Briefly, MaxiSorp Nunc-Immuno tubes
(Thermo Fisher Scientific) were coated with 20 pg/mL muTfR-
His (Sino Biological 50741-M07H) in DPBS overnight at 4°C.
Unbound antigen was removed after washing with DPBS. After
blocking the surface with 5% milk in DPBS, the phage library
was incubated with the coated-muTfR for 2 hours at room
temperature in 5% milk. After washing with PBS+0.05%
tween-20 to remove unbound phage, captured phage was
eluted by incubating with 100 mM triethylamine for 20 min.
Eluted phage-infected log-phase growing E. coli TG1 were
amplified on 2x YTAG agar 500 cm® square plate (Corning)
at 30°C overnight. The amplified phage-infected TG1 was used
to prepare the phage for the next round of panning using the
M13 KO7 helper phage. The enrichment process was done in
three rounds using the output from the previous round as the
input for the next round.

After three rounds of panning, the output titer was mea-
sured and single colonies were used to prepare phage for
ELISA. High-binding ELISA plates (Corning) were coated
with muTfR-His (Sino Biological 50741-M07H) at 2 pg/mL



overnight at 4°C. After blocking with 5% milk in PBS, phage
prepared from single TG1 colonies in 5% milk PBS was incu-
bated with coated muTfR for 1 hour at room temperature.
After washing with PBS+0.05% Tween-20, anti-M13-HRP
(Santa Cruz Biotechnology sc-53004) was added at 1:2000
concentration and incubated for 1 hour at room temperature.
After washing with PBS+0.05% Tween-20, TMB substrate
(Thermo Fisher Scientific) was added and incubated for
5 min before stopping by 1 N H,SO,. OD values were read at
450 nm. Top 20% high-binding clones were selected.
Phagemids were extracted using Qiagen BioRobot Universal
System in 96-well format. After DNA sequencing, sequences
were analyzed using the IMGT V-quest service to identify
antibody sequences with unique CDR3 regions.

Conversion of phage scFv to IgG

Unique scFv clones were converted into human IgGl using
mixed universal primers with degeneracy as reported
previously.” Individual heavy and light variable chains were
amplified using PrimeStar GXL polymerase (Takara Bio). Gel-
purified variable chain fragments were cloned into digested vec-
tors using In-Fusion HD cloning enzyme mix (Takara Bio). After
the converted plasmid was sequenced, sequences of verified IgG
plasmids were transfected into Expi293 cells at the 2-mL scale.
After culturing for 5 days, cells were removed and antibody-
containing supernatant was collected for screening assay.

For milligram-scale antibody purification, Expi293-
produced antibodies were purified using CaptivA Protein
A affinity resin (Repligen) and eluted with 0.1 M glycine
(pH = 2.5) and then neutralized with 1/20 volume 1 M Tris-
HCI (pH = 9). Buffer exchange to DPBS was done using
Amicon Ultra-15 ultrafiltration units (Mw cutoff = 30k)
(MilliporeSigma).

TfR-expressing 293 T generation

HEK293T expressing full-length mouse and human TfR or the
chimeric receptor were generated using lentivirus. Briefly, the
receptor genes were cloned into the pPCDH-CMV-MCS-EF1a-
Puro vector downstream of the CMV promoter. The 293 T cell
lines were generated by transducing with packaged lentivirus
(generated using the transfer plasmid, pCMV-VSV-G
(Addgene 8454), pCMV delta R8.2 (Addgene 12263)). Cells
expressing the transgene were selected by 1 pg/mL puromycin
until a sufficient number of cells with transgene emerged.

Bispecific antibody validation by BLI

tStreptavidin sensors (Fortebio) were used to capture biotiny-
lated VEGFA proteins (Sino Biological 11066-H27H-B).
During all incubation steps, samples were kept at room tem-
perature with 1000 rpm shaking. In the VEGFA loading step,
100 nM biotinylated VEGFA proteins were incubated with the
sensors for the designated time. In the bispecific antibody
interaction steps, 200 nM antibodies were used. In the
muTfR incubation step, 100 nM muTfR-His (Sino Biological
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50741-MO07H) were used. Between incubations, the sensors
were dipped into blank kinetic buffers to allow the free dis-
sociation of proteins.

Antibody endocytosis

A total of 5 x 10* BEnd.3 cells were incubated with antibodies
at designated concentrations and temperature for 2 hours. The
antibodies were pre-labeled with Alexa Fluor 488 NHS
(Thermo Fisher). After incubation, unbound antibodies were
removed by centrifugation at 500 g for 5 min. Trypan blue
solution (0.2%) was incubated with cells for 5 min to quench
the cell surface-bound antibody fluorescence. Cells were then
transferred into a V-bottom 96-well plate and washed twice by
350 g 5 min centrifugation. The endocytosis was quantified
using the iQue3 high throughput flow cytometer (Sartorius)
with at least 10,000 live cells collected.

Immunoblotting

Cell lysate or brain lysates were obtained by lysing cells or
brain tissues using NP-40 lysis buffer (1% NP40, 50 mM
Tris-HCl, pH = 8, 150 mM NaCl) with Halt™ Protease and
Phosphatase Inhibitor Cocktail (100X) (Thermo Fisher) for
1 hour with shaking. After removing debris by centrifuga-
tion, the total protein amount was normalized by Pierce BCA
Protein Assay Kit (Thermo Fisher). Protein samples were
resolved by 10% sodium dodecyl sulfate-polyacrylamide
gels (Biorad) and later transferred onto Immun-Blot PVDF
membranes (Biorad). Proteins were probed with specific
primary antibodies and secondary antibodies diluted in 5%
bovine serum albumin (BSA) TBST.**"*® Antibodies used
were TfR (Santa Cruz, 1:1000, sc-59112) and actin-beta
(Santa Cruz, 1:1000, sc-8432). The immunoreactive bands
were  visualized with the West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher). The immu-
noreactive bands were quantified using Image]. Three inde-
pendent treatment replicates were conducted with the
representative immunoblot shown.

HUVEC cell growth assay

HUVEC cells maintained in the full growth medium were
seeded 1d before the assay into 96-well plates at the density
of 1 x 10* per well in assay medium (F12K+ 2% FBS) with 50
ng/puL human VEGFA (Sino Biological 11066-HNAH) but
without the growth factor supplement. To start the assay, the
medium was replaced with assay medium with designated
antibodies and cultured for another 2 days. The cell viability
was quantified using MTS assay (Promega) according to the
manufacturer’s protocol.

TfR occupation assay

High-binding ELISA plates (Corning) were coated with
muTfR-His (Sino Biological 50741-M07H) at 2 ug/mL over-
night at 4°C. After blocking with 1% BSA PBS, individual
antibodies (at designated concentrations) and 1 nM biotiny-
lated TfR Ab4 in 1% BSA PBS were incubated with coated
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muTfR for 2 hours at room temperature. After washing with
PBS+0.05%  Tween-20,  streptavidin-HRP  (Jackson
ImmunoResearch 016-030-084) was added at 1:5000 concen-
tration and incubated for 1 hour at room temperature. After
washing with PBS+0.05% Tween-20, TMB substrate (Thermo
Fisher Scientific) was added and incubated for 5 min before
being stopped by 1 N H,SO,4. OD values were read at 450 nm.

Antibody brain distribution study

The animal experiments were conducted according to the
institutional guidelines with approved protocol AWC-19-
0051. BALB/C mice (female, 8-week-old, Jackson Laboratory)
were randomly grouped into five mice per group. Mice
received IP injections of antibodies (20 mg/kg) in 0.1 mL
DPBS. At the designated time points, blood was collected via
tail vein and mice then received transcardial perfusion at 2 mL/
min by DPBS for 10 min. Brains were collected with half flash-
frozen in liquid nitrogen and another half prepared for cryo-
sectioning. For immunofluorescence, the half mouse brains
were dipped into 4% paraformaldehyde for 1d, then 30%
sucrose for 2d before being embedded into OCT medium
(Sakura) and sectioned using Leica Cryostat CM1950 into
40 um floating sections. The floating sections were stored at
4°C in PBS with 0.01% sodium azide until use.

Measurement of antibody concentration in brain and
serum

High-binding ELISA plates (Corning) were coated with human
VEGFA (Sino Biological 11066-HNAH) at 2 pug/mL overnight
at 4°C. After blocking with 1% BSA PBS, individual brain
lysates were incubated with coated VEGFA for 2 hours at
room temperature. After washing with PBS+0.05% Tween-20,
anti-human Fc-HRP (Jackson ImmunoResearch, 109-035-
088) was added at 1:5000 concentration and incubated for
1 hour at room temperature. After washing with PBS+0.05%
Tween-20, TMB substrate (Thermo Fisher Scientific) was
added and incubated for 5 min before being stopped by
1 N H,SO,. OD values were read at 450 nm. Standard curves
were established using purified corresponding bispecific anti-
bodies following the same method described above.

Immunofluorescence staining of mouse brains

Floating sections were first blocked in 1% BSA PBS with 0.3%
Triton X-100 for 2 hours, then stained with corresponding
antibodies: CD31 (1:500, R&D system AF3628), human Fc
(1:1000, Jackson ImmunoResearch 109-035-190), or streptavi-
din-Alexa Fluor 488 (1:500, Jackson ImmunoResearch 016-
540-084) in 1% BSA PBS with 0.3% Triton X-100 for overnight
at 4°C with gentle rocking. After washing in PBS 0.3% Triton
X-100, corresponding secondary antibodies with fluorescent
labeling were incubated with brain slices for 2 hours at 4°C
with gentle rocking. The nucleus was stained with TO-PRO-3
(2 pM) in DPBS for 30 min. Brains slices were imaged using
a Leica confocal microscope.

U-87 MG xenograft model

NSG mice (female, 8-week-old, Jackson Laboratory) were ran-
domly grouped into three mice per group. The mice were
implanted with 5 x 10° U-87 MG cells in the caudate nucleus
using a stereotaxic injection frame. Five days after tumor
implantation, mice received an IP injection with designated
antibodies at 20 mg/kg in 0.2 mL sterile PBS. Four days after
injection, all mice were sacrificed and the brains were pre-
served and cryo-sectioned as described above. For observing
mouse survival, the body weight was recorded daily. Any
mouse that reaches a 20% bodyweight decrease is considered
reaching the experiment endpoint and was euthanized.

Protein sequence analysis

Protein sequence alignment was performed using the T-Coffee
multiple sequence alignment server and the alignment figures
were generated in ESPript — http://espript.ibcp.fr.*’ The crystal
structure was visualized using DeepView-Swiss-PdbViewer,
ver 4.1.

Statistical analysis

GraphPad Prism (v8, GraphPad Software) was used to generate
plots and perform statistical analysis. Statistical differences
were determined to be significant at p < .05 using a two-
tailed Student t-test. Data are presented as mean + SD.
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