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ABSTRACT: Monoclonal antibodies (mAbs) are changing cancer treatments.
However, the presence of the blood—brain barrier (BBB) and the blood—tumor
barrier (BTB) limits the use of mAbs to treat brain cancer or brain metastasis.
Molecules that hijack endogenous transport mechanisms on the brain endothelium
(brain shuttles) have been shown to increase the transport of large molecules and
nanoparticles across the BBB. Among these shuttles, protease-resistant peptides such
as MiniAp-4 are particularly efficient. Here, we report the synthesis, characterization,
and evaluation of site-specific mAb—brainshuttle antibody conjugates (ASC) based
on the anti-HER2 mAb trastuzumab (Tz) and four molecules of MiniAp-4. The ASCs
preserve the binding and cell cycle arrest capacity of Tz. MiniAp-4 ASC displays
enhanced transport across an in vitro BBB cellular model with respect to Tz and Tz
conjugated to Angiopep-2, the brain shuttle that has advanced the most in clinical
trials. More importantly, evaluation of Tz-MiniAp4 in a murine brain metastasis
model demonstrated that the protease-resistant peptide showed preferential transport

across the BBB/BTB, displaying a marked therapeutic effect and protecting against metastasis development. The technology
described herein could be applied to any antibody of interest to treat central nervous system-related diseases. MiniAp-4 enhances the
brain transport of the monoclonal antibody trastuzumab, preventing brain metastasis.

KEYWORDS: brain shuttle peptide, trastuzumab, brain metastasis

B INTRODUCTION

Monoclonal antibodies (mAbs) have revolutionized the
treatment of several diseases, in particular cancer. Antibody-
based treatments target leukemia and solid tumors in many
organs. However, brain tumors remain practically intractable
with biotherapeutics and most small molecules. One of the
main challenges in treating brain tumors is overcoming the
blood—brain barrier (BBB) and the blood—tumor barrier
(BTB) in therapeutic amounts,”” since only 0.1—0.2% of
peripherally injected doses of mAbs reach the brain
parenchyma.”* The BBB consists of specialized endothelial
cells, which are tightly connected and surrounded by astrocyte
end-feet and pericytes and ensure brain isolation.” ™ Although
the BBB is replaced by the leaky BTB, it may be intact at the
tumor margins and in small brain metastases, hampering drug
access.

Brain metastasis (BM) is a major complication in several
types of cancers, particularly in lung, melanoma, and breast
cancer.””"" Breast cancer BM is especially prevalent, affecting
24% of women with stage IV breast cancer.'” Breast tumors
overexpressing human epidermal growth factor receptor
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(HER2) and triple-negative breast tumors show a higher
incidence of BM,'*'* which is the major contribution to
reduced survival."> The application of mAbs or antibody—drug
conjugates (ADCs) has proven highly efficacious in these types
of cancer with limited efficacy in the treatment of BM.'® Anti-
Her2 antibody—drug conjugates based on trastuzumab (Tz)
(herceptin), an FDA-approved antibody against HER2, have
been evaluated in clinical settings with partially positive results.
Treatment of Her2-positive metastatic breast cancer with
trastuzumab-emtansine (NCT01702571) resulted in a > 30%
reduction of the sum of the diameters of the BMs in almost
50% of BM-positive patients.'” Trastuzumab-deruxtecan
(NCTO03248492) therapy led to a median duration of
progression-free survival of 16.4 months, indicating no
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differences between patients with and without previously
developed BM.'® However, more trials are needed to be able
to compare with the results obtained with small molecules,
such as tucatinib, a brain-penetrant tyrosine kinase inhibitor."’
Indeed, current clinical trials are evaluating the effect of
trastuzumab-emtansine (NCT03975647) or trastuzumab-der-
uxtecan (NCT04539938) in combination with tucatinib'® to
prevent HER2+ breast cancer BM. Despite the encouraging
results from antibody—drug conjugates, the lack of antibody
penetration across the BBB and BTB is still a major issue.'®

Several approaches have been explored to increase the brain
penetration capacity of antibodies. In this regard, methods like
direct injection and temporal disruption of the BBB may entail
high risks for the patient.20 Consequently, considerable efforts
have been devoted to the development of ligands that hijack
endogenous transport mechanisms across the brain endothe-
lium. These li§ands, dubbed brain shuttles, include antibody
derivatives,” =’ endogenous proteins,”* peptides,””~** and
small molecules. In this context, peptides stand out because
they can combine the high selectivity of biologics and the
chemical accessibility, small size, and low immunogenicity of
small molecules. Furthermore, the lower affinity of peptides for
their targets than that shown by antibodies may be beneficial
for brain delivery as it may enable bypassing the endolysosomal
pathway, 222529,%0

Our laboratories have worked extensively on the generation
of BBB-shuttle peptides from different sources, ranging from
venoms to chemical and phage display libraries.”' ° One of
our main contributions is the demonstration that high
resistance to serum proteases is relevant to producing
efficacious BBB shuttles. One of the BBB shuttles with most
potential is MiniAp-4.”> Derived from bee venom, this cyclic
peptidomimetic shows a high resistance to proteolysis and
negligible toxicity and immunogenicity. In mice, MiniAp-4 was
demonstrated to cross the BBB and reach the brain
parenchyma. Given that this brain shuttle was shown to
increase the BBB transport of a wide variety of cargos,
including model proteins and nanoparticles, we hypothesized
that it might also increase the transport of large and
therapeutically relevant proteins such as antibodies.

In this work, we have addressed the long-standing challenge
of increasing antibody transport across the BBB for the
treatment of BM. To this end, we conjugated MiniAp-4 to Tz,
which is widely used to treat breast cancer.””** Although some
reports describe a limited degree of brain penetration for
Tz,*”* its low efficacy in the treatment of HER2+ BM is most
likely related to the poor brain penetration. An antibody—brain
shuttle conjugate (ASC) of Tz and Angiopep-2, a brain shuttle
that has reached advanced stages of clinical development, has
been reported previously.""** However, the limited efficacy of
the conjugated shuttle could be due to the low protease
resistance of the peptide and the heterogeneous mixture
obtained by randomly conjugating the peptide to surface lysine
residues.

The generation of homogeneous constructs by site-specific
modification of the antibody in antibody—drug conjugates, a
class of cancer therapeutics that has surged in the past decade,
has proven key to improving pharmacokinetics and binding,
thereby enhancing their therapeutic index. Recently, a
homogeneous ASC of angiopep-2, prepared by enzymatically
incorporating reactive handles on an anti-EGFR2 antibody, has
been shown to have improved transport in a BBB model.*”
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Here, we prepared a homogeneous ASC of Tz with four
copies of MiniAp-4 (Tz-MiniAp4) or the control peptide
Angiopep-2 (Tz-Ang2). The conjugation was achieved by
reducing interchain disulfide bridges and rebridging them using
dibromomaleimide (DBM), which allows high control over the
number of peptides anchored to each antibody molecule. The
new constructs were fully characterized by gel electrophoresis
(SDS-PAGE) and mass spectrometry (MS), and their binding
and functional properties were evaluated in vitro. In addition, a
human BBB cell-based model was used to determine the
capacity of these constructs to penetrate the brain. Although
both ASCs crossed the endothelial cell monolayer, Tz-
MiniAp4 showed a significantly greater penetration than Tz-
Ang2. Following the experiments on cells, we studied the
conjugates in vivo. Accumulation of Tz in mouse brain
parenchyma was 60% higher for Tz-MiniAp4 and the brain-
to-plasma ratio 40% higher than the reference conjugate.
Finally, after these promising results, Tz-MiniAp4 was studied
in a mouse model of HER2+ BM and was found to be
protective against BM.

B EXPERIMENTAL SECTION

Materials. Protected amino acids were supplied by Iris
Biotech (Marktredwitz, Germany). ChemMatrix resin was
purchased from PCAS BioMatrix (QC, Canada). Diisopropy-
lethylamine (DIEA), N,N’-diisopropylcarbodiimide (DIC),
and ninhydrin were supplied by Fluka Chemika (Buchs,
Switzerland). Solvents for peptide synthesis and liquid
chromatography were provided by SDS (Barcelona, Spain).
Trifluoroacetic acid (TFA) was purchased from Scharlau
(Barcelona, Spain). The other chemicals used were obtained
from Aldrich (Milwaukee, Wisconsin) and were of the highest
purity commercially available. All compounds are >95% pure
by HPLC or UPLC analysis.

Cell culture-treated plates and flasks were purchased from
Corning Costar. Culture medium was acquired from Lonza.
The XTT cell proliferation kit was purchased from Biological
Industries (Cromwell, Connecticut). Pierce iodination beads
were obtained from Pierce. Desalting columns (MiniTrap and
MidiTrap G-25) were obtained from GE Healthcare.

Synthesis of (3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyr-
rol-1-yl)acetic Acid. 3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)acetic acid was prepared as described in Behrens et
al.** In brief, glycine (0.294 mg, 3.91 mmol) was added to a
solution of 3,4-dibromofuran-2,5-dione (1 g, 3.91 mmol) in
acetic acid (20 mL), and the solution was stirred at room
temperature for 10 min until all of the solids dissolved. The
reaction mixture was heated to 100 °C overnight. The solution
was concentrated under a vacuum and purified by silica gel
chromatography (eluent DCM/MeOH 9:1). The concen-
tration of pure fractions afforded 1.08 g (3.4 mmol, 89% yield)
of the DBM derivative 2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)acetic acid.

'"H NMR (400 MHz, CD;0D): § 4.32 (s, 2H) ppm.

C NMR (101 MHz, CD,0D): § 170, 164, 129, 40 ppm.

m/z: 309.81, 311.84, 313.87 [M- H] .

Peptide Synthesis and Chromatography. Angiopep-2
(DBM-TTDS-TFFYGGSRGKRNNFKTEEY-OH) and Mini-
Ap4 (DBM-TTDS-[Dap](&)KAPETALD(&)-NH,) were pre-
pared manually using Fmoc/tBu solid-phase synthesis. They
were prepared on a 250 umol scale on Rink Amide
ChemMatrix resin. Between the coupling and deprotection
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steps, three washes with S mL of DMF for 30 s were
performed.

Initial Conditioning of the Resin. ChemMatrix resin with a
substitution of 0.49 mmol/g was conditioned by washing with
MeOH (5 X 30's), DMF (5 X 30 s), DCM (5 X 30's), and 1%
trifluoroacetic acid (TFA) in DCM (2 X 10 min), followed by
DCM (5 X 30 s), DMF (5 X 30 s), and DCM (5 X 30 s). It
was then washed with 5% DIEA in DCM (2 X 30 s) and finally
with DCM (S X 30 s) and DMF (S X 30 s).

Identification Test. The Kaiser™ colorimetric test was used
to detect primary amines bound to the resin.

Fmoc Group Removal. The Fmoc group was removed by
treating the resin with 20% (v/v) piperidine in DMF. The resin
was then washed with DMF (3 X 30 s).

Coupling Methods. Coupling reactions were performed
using 3 eq. Fmoc-(Amino Acid)—OH, 3 eq. Oxyma, and 3 eq.
DIC all in 1:1 DMF:DCM for 30—45 min. Washing with
DME/DCM was followed by a ninhydrin test to check for
successful coupling. Next, 20% piperidine in DMF was added
(1 X 1, 2 X 10 min), followed by washing and another
ninhydrin test. This cycle was repeated until all the amino acids
had been added, including the dibromomaleimide moiety (3
equiv of all coupling reagents).

Cleavage and Deprotection of Side Chains. After
completion of the peptide chain, the resin was washed with
DCM (5 x 30 s) and dried by suction for 15 min. The
peptides were cleaved from the resin with the concomitant
removal of the side-chain protecting groups using the following
cleavage cocktail: TFA, H,O, and triisopropylsilane (TIS)
(95:2.5:2.5). After 2 h of cleavage, the solvent was evaporated
by applying a stream of N,. The residue was washed three
times by suspension in cold tert-butyl methyl ether and
subsequent centrifugation. Finally, the cleaved peptides were
dissolved in H,0/MeCN (1:1) and lyophilized.

Peptide Purification. Peptides were purified on a Teledyne
Isco flash system using a 30 g prepacked RediSep C18 column
with a H,O (0.1% TFA)—MeCN (0.1% TFA) gradient.
Fractions were collected by monitoring their absorbance at 254
nm. The fractions were evaluated by LC-ESI-MS. The fractions
with enough purity were collected together and freeze-dried.
The identity of the peptides synthesized was confirmed by
UPLC-MS, while their purity was assessed by UPLC.

UPLC Analysis. UPLC chromatograms were obtained on an
Acquity high-class system (PDA detector, sample manager
ENT, and Quaternary solvent manager) using an Acquity BEH
C18 (50 X 2 mm X 1.7 ym) column. The flow rate was 0.61
mL/min, and MeCN (0.036% TFA) and H,O (0.045% TFA)
were used as solvents. In all cases, 2 min linear gradients were
used.

UPLC-MS Analysis. Chromatograms and spectra were
recorded on a Waters high-class system (PDA detector,
sample manager FNT, and quaternary solvent manager)
coupled to an electrospray ion source ESI-MS Micromass
ZQ using MassLynx 4.1 software (Waters, Milford, Massachu-
setts). Using a BEH C3 column (50 x 2.1 mm X 1.7 um,
Waters). The flow rate was 0.6 mL/min, and MeCN (0.07%
formic acid) and H,0 (0.1% formic acid) were used as
solvents. Samples were analyzed with positive ionization: the
ion spay voltage was 30 V, and the capillary temperature was 1
kv.

Amino Acid Analysis. Amino acid analysis was performed to
assess the amino acids present and the amounts obtained for
each peptide. To this end, ion exchange chromatographic
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analysis after acid hydrolysis was performed. The samples were
hydrolyzed with 6 M HCl at 110 °C for 16 h. They were then
evaporated to dryness at reduced pressure and dissolved in 20
mM aqueous HCL. Finally, the amino acids were modified
using the AccQ-Tag protocol from Waters and analyzed by ion
exchange HPLC.

For amino acid analysis, 100 uL of peptide (1 mg/mL) was
added to 100 uL of HCI (12 M) and 20 uL of aminoquinolyl-
N-hydroxysuccinimidyl carbamate derivatization reagent. This
mixture was left overnight at 110 °C. The liquid was fully
evaporated, and 200 uL of 20 mM HCI was added before the
Waters AccQ-Tag protocol was performed.

Trastuzumab Modification. All protein experiments were
performed in microcentrifuge tubes (1.5, 2, or S mL) at rt with
mixing. All buffer solutions were prepared with Milli-Q water.
Borate buffered saline (BBS) stands for S0 mM sodium borate,
50 mM NaCl, and 5 mM ethylenediaminetetraacetic acid
(EDTA) at pH 8.5. Phosphate-buffered saline (PBS) stands for
10 mM sodium phosphate, 137 mM sodium chloride, and 2.7
mM potassium chloride at pH 7.4.

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) sol-
utions of 10 mM (2.87 mgmL™') were prepared in BBS
immediately before use.

The concentration was measured out in Amicon Ultra-15
low binding cellulose filters with 10 kDa MWCO.
Centrifugation was carried out on a Beckman Coulter Allegra
21K centrifuge operating at 3500 rcf at 4 °C.

Trastuzumab was obtained in its clinical form (Roche,
lyophilized), suspended in 7.2 mL of sterile water, and the
buffer exchanged completely for BBS pH 8.5 with PD10 G-25
columns (GE Healthcare). The concentration was determined
by UV/vis absorbance (using €280 = 215,380 M™' cm™' for
trastuzumab mAb), and the protein was stored in flash frozen
aliquots at —20 °C. For experiments, aliquots were thawed and
used immediately. The ADC concentration was determined
using the same extinction coefficient for MiniAp-4 since DBM-
TTDS-MiniAp4 were found to have negligible absorbance at
280 nm and €280 = 227,300 M~! cm™" for DBM-TTDS-Ang2
since each molecule of Ang2 is estimated to contribute with
€280 = 2980 M™' cm™' (by the Expasy ParamTool online
tool).*

The following acronyms are used to describe antibody
fragments based on their constituent heavy and light chains:
heavy—heavy—light (HHL), heavy—heavy (HH), heavy—light
(HL), heavy chain (HC), and light chain (LC).

Expected mass was calculated according to MS data
observed for trastuzumab subunits and full antibody (LC:
23,440 kDa; HC: 50,584 kDa; HL: 74,024 kDa; HHLL:
148,048 kDa).

Conjugation of DBM Peptide Trastuzumab at pH 8.5. The
conjugation protocol was adapted from Morais et al.*” In brief,
trastuzumab (111 uM, 4.9 mL, 544 nmol) was diluted with
BBS (pH 8.5) to a final concentration of 22.9 yM. A fresh
solution of TCEP was added (10 mM, 332.2 uL, 3.26 umol, 6
equiv), and the reaction was incubated at 37 °C for 2 h under
mild agitation. TCEP was removed by SEC using PD10 G-25
columns with BBS as buffer, following the manufacturer’s
instructions. Next, the DBM peptide in dry DMF (10 mM, 247
uL, 4.35 umol, 8 equiv) was added to the reduced trastuzamab
and the reaction was left at rt for 30 min. Afterward, excess
reagents were removed by SEC using PD10 G-25 columns
with PBS. The final conjugates were characterized by LC-MS.

https://doi.org/10.1021/acs.molpharmaceut.4c01091
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mAb MS Analysis—Description. The LC-MS system setup
was as follows. 8 L of sample was injected automatically to a
BioSuite Phenyl 1000 (Waters, 10 ym RPC 2.0 X 75 mm)
column at a flow rate of 100 yL/min using an Acquity UPLC
system (Waters Corporation) provided with a binary solvent
manager and an automatic autosampler. Intact protein was
eluted using a linear gradient from S to 80% B in 60 min (A =
0.1% formic acid (FA) in water, B = 0.1% FA in CH;CN). The
column outlet was directly introduced into the electrospray
ionization (ESI) source of a Waters LCT-Premier XE mass
spectrometer (TOF). Capillary voltage and cone voltage were
set to 3000 and 100 V, respectively. Desolvation and source
temperatures were set to 350 and 120 °C, respectively. Cone
and desolvation gas flow were set to S0 and 600 L/h,
respectively.

The mass spectrometer acquired full MS scans (400—4000
m/z) working in the positive polarity mode.

Data Processing. Data were acquired with MassLynx
software V4.1.SCN704 (Waters Inc.). MS spectra correspond-
ing to the chromatographic peak were summed. Charged
protein species in the resulting spectrum were deconvoluted to
their zero charged average masses by using the integrated
MaxEnt] (maximum entropy) algorithm.

Output parameters were as follows: mass range 5000—
70,000 and resolution 1 Da/channel. A uniform Gaussian
model was used with the corresponding peak widths at half
height.

Binding of Herceptin and Ang2 and MiniAp4 Conjugates.
In vitro binding of Herceptin, Ang2, and MiniAp-4 conjugates
to HER2-positive BT-474 and SK-BR-3 breast cancer cells was
determined by flow cytometry. Confluent cells were detached
from flasks with trypsin, which was neutralized with FBS-
supplemented DMEM. Cells in suspension were washed in ice-
cold PBS, counted, and separated into individual 1.5 mL tubes
(10° cells per tube). Binding of Herceptin and Ang2 and
MiniAp-4 conjugates was performed with increasing concen-
trations in ice-cold PBS for 30 min at 4 °C. Cells were then
washed and incubated with an anti-human-DyLight 650
secondary antibody (Abcam plc) in ice-cold PBS for 30 min
at 4 °C. Cells were washed with ice-cold PBS and analyzed by
flow cytometry (10,000 gated events per condition).

Cell Cycle Arrest. HER2-positive BT-474 and SK-BR-3
breast cancer cells and HER2-negative breast cancer cells MD-
MB-231 were grown in 12-well plates in the monolayer up to
50% confluence and serum-starved overnight. Then, the cells
were treated with Tz, Tz-Ang2, and Tz-MiniAp4 (100 nM) in
complete media. 24 h after stimulation, the cells were
trypsinized, washed twice with ice-cold PBS, fixed in 70%
ethanol at 20 °C for 15 min, resuspended in RNaseA 1 mg/mL
(EURx Ltd., Gdansk, Poland), and stained with propidium
iodide (2.5 ug/mL). The cell cycle was analyzed with a BD
LSR II flow cytometer (BD Biosciences).

12| Protein Labeling and Quantification. Pierce Iodination
Beads (Life Technologies) were used to radiolabel the mAb
and its conjugates. Briefly, two beads per protein were washed
with 500 uL of reaction buffer (50 mM NaPj, pH 6.5) and
dried on a filter paper. In a glass vial, the beads were added
with the calculated amount of carrier-free Na'*I (1 mCi/mg
protein) in 200 uL of reaction buffer. The reaction mixture was
incubated for 5 min. The proteins were then added, and the
reaction was carried out for 15 min with occasional mixing,
The reaction was stopped by removing the solution from the
reaction vessel and adding it to a PD MiniTrap G-25 column
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(GE Healthcare) previously equilibrated with PBS. The
iodinated protein was dialyzed (Slide-A-Lyzer mini-dialysis
devices, 20 kDa, 0.5 mL) overnight against PBS to further
remove the unincorporated '**I. The radioactivity of 10 uL
fractions was measured for 2 min using a Packard Cobra II
Gamma Counter, and the protein concentration was
determined using BCA (Thermo Scientific). The samples
were diluted with Ringer Hepes to a final concentration of 100
nM.

Permeability Assays in the In Vitro Human BBB Cellular
Model. These experiments were performed usin§ the model
developed in Prof. R. Cecchelli’s laboratory.” In brief,
endothelial cells derived from pluripotent stem cells and
bovine pericytes were defrosted in gelatin-coated Petri dishes
(Corning). Pericytes were cultured in DMEM pH 6.8 while
endothelial cells were cultured in supplemented endothelial
cell growth medium (sECM) (ScienCell). After 48 h,
endothelial cells were seeded in 12-well Transwell inserts
(8000 cell/well) and pericytes were plated in 12-well plates
(50,000 cells/well) previously coated with Matrigel and
gelatin, respectively. sSECM medium was used for both cell
lines and changed every 2—3 days. The assays were performed
7—8 days after seeding by placing inserts containing the
endothelial cells into new wells without pericytes. In all
experiments, Lucifer Yellow (25 uM) was added as a control of
barrier integrity (Papp <15 X 107 cm/s).

To perform the transport assay (Figure 3a), 500 uL of
labeled versions of Tz, Tz-Ang2, and Tz-MiniAp4 (100 nM) in
Ringer HEPES was added to the donor compartment and 1500
uL of Ringer HEPES was introduced into the acceptor
compartment. The plates were incubated for 2 h at 37 °C, and
the solutions from both compartments were recovered and
analyzed.

The samples were evaluated in triplicates. The amount of
protein was quantified using a gamma counter and the
apparent permeability using the following formula:

Papp = (Q,(t) X Vp)/(t X A X Qp(to))

where Papp is obtained in cm/s, Q,(t) is the amount of
compound at time f in the acceptor well, Vy, is the volume in
the donor well, ¢ is time in seconds, A is the area of the
membrane in cm, and QD(%,) is the amount of compound in
the donor compartment at the beginning of the experiment.

To analyze the integrity of the mAb after BBB crossing, 500
uL of Tz, Tz-Ang2, and Tz-MiniAp4 (5 ¢M) in ECM media
was added to the donor compartment and 1500 yL of ECM
media was introduced into the acceptor compartment. The
plates were incubated for 16 h, but after 2 h, 500 uL of the
acceptor compartment was removed for analysis and replaced
with fresh media.

For MS analysis, proteins from the acceptor compartment
were purified by immunoprecipitation with Protein A magnetic
beads following the manufacturer’s instructions. In brief, 25 yL
of beads was placed into a 1.5 mL microcentrifuge tube,
diluted with PBST, and gently mixed. The tube was placed into
a magnetic stand to facilitate the supernatant removal. 500 L
of PBS solution was added to the tube to wash the beads. After
mixing, the solution was removed after collecting the beads
with the magnetic stand. This operation was repeated three
times. 1 mL of acceptor solution was added and left mixing
with the beads o/n at 4 °C. Then, the supernatant was
discarded and the beads were washed (3 X 500 uL PBST and 3
X 500 uL PBS). mAbs were eluted with S0 L of 0.1 M glycine
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pH 2, and the solution was neutralized with 8 yL of 3 M Tris,
pH 8.5. Samples were analyzed by LCT-MS.

Cell Culture. H2030-BrM and HCC1954-BrMla were
cultured in RPMI 1640 media supplemented with 10% FBS,
2 mM L-glutamine, 100 IU/mL penicillin/streptomycin, and 1
pg/mL amphotericin B.

Animal Studies. Biodistribution studies in mice were
performed by ChemPartner animal facility according to
protocols approved by the ChemPartner Institutional Animal
Care and Use Committee (IACUC) following Assessment and
Accreditation of Laboratory Animal Care (AAALAC) guide-
lines. CD-1 male mice (6—8 weeks) were injected with Tz, Tz-
Ang2, or Tz-MiniAp4 (10 mg/kg) via tail vein injection. 8 h
after injection, blood was collected for serum generation and
brains were terminally collected. The amount of antibodies in
brain tissue and serum was determined by ELISA (goat anti-
human IgG F(c) Antibody, Sigma, Cat#609-101-017, Anti-
Human IgG (Fab specific)-Peroxidase, Sigma, Cat#A0293).

All other animal experiments were performed in accordance
with a protocol approved by the CNIO (IACUC.001-2020),
Instituto de Salud Carlos III (CBAOS 2020) and Comunidad
de Madrid Institutional Animal Care and Use Committee
(PROEX130.7/20). Athymic nu/nu (Harlan) 5—6 weeks of
age were used. Brain colonization assays were performed by
injecting 100 uL of PBS into the left ventricle containing
100,000 cancer cells. Brain colonization was analyzed in vivo
and ex vivo by BLL Anesthetized mice (isoflurane) were
injected retro-orbitally with p-luciferin (150 mg/kg; Syd
Laboratories) and imaged with an IVIS machine (PerkinElm-
er). Bioluminescence analysis was performed using Living
Image software, version 4.5.

For the ASC accumulation in the metastatic brain
experiment, mice were administered with Tz, Tz-Ang2, or
Tz-MiniAp4 in PBS, as depicted in Figure 4a. For the
reduction and prevention of breast cancer BM experiment,
mice were administered with vehicle (10 mM NaOAc, 150
mM NaCl, and Tween 20 (86 uL/L) pH S, Tz, or Tz-
MiniAp4) following the protocol depicted in Figure Sa.

Organotypic Cultures. Organotypic cultures from adult
mouse brain organs were dissected in HBSS supplemented
with HEPES (pH 7.4, 2.5 mM), p-glucose (30 mM), CaCl, (1
mM), MgCl, (1 mM), and NaHCO; (4 mM) and embedded
in 4% low-melting agarose (Lonza) preheated at 42 °C. The
embedded organs were cut into 250 um slices using a
vibratome (Leica). Brain slices were divided in the hemisphere
into two pieces. Slices were placed with flat spatulas on top of
0.8 ym pore membranes (Sigma-Aldrich) floating on slice
culture media (DMEM, supplemented HBSS, FBS 5%, L-
glutamine (1 mM), and 100 IU/mL penicillin/streptomycin).
Brain slices were imaged to confirm the presence of established
metastases using BLI (day 0) and were cultured in the
presence of the antibodies. Brain slices were imaged 3 days
after (day 3).

Immunofluorescence. Tissue for immunofluorescence was
obtained after overnight fixation with 4% PFA at 4 °C. Slicing
of the brain was done by using a sliding microtome (Thermo
Fisher Scientific). 80 um was blocked in 10% NGS, 2% BSA,
and 0.25% Triton X-100 in PBS for 2 h at room temperature
(RT). Primary antibodies were incubated overnight at 4 °C in
the blocking solution and the following day for 30 min at RT.
After extensive washing in PBS—Triton 0.25%, the secondary
antibody was added in the blocking solution and incubated for
2 h. After extensive washing in PBS—Triton 0.25%, nuclei were
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stained with bis-benzamide (1 mg/mL; Sigma-Aldrich) for 7
min at RT. Primary antibodies: GFP (1:1000; GFP-1020, Aves
Laboratories). Secondary antibodies: Alexa-Fluor anti-chicken
488 (dilution 1:300; Invitrogen).

Image Acquisition and Analysis. Immunofluorescence
images were acquired with a Leica SPS upright confocal
microscope at X10 and X20 objectives and analyzed with
Image] software. Whole slides were acquired with a slide
scanner (Axio Scan Z1, Zeiss).

Statistical Analysis. Data are represented as the mean =+ the
SEM unless otherwise indicated. Comparisons between two
experimental groups were analyzed with unpaired, two-tailed
Student’s ¢ test.

B RESULTS AND DISCUSSION

Site-Specific Conjugation of the BBB-Shuttle Pep-
tides to Trastuzumab. Given that the production of defined

79537
b 12‘0 , Tz-Ang2
S0
| 159396
o 5 I A AN M sttt MASS
50000 100000 150000 200000
76918
190 Tz-MiniAp4
50
153678
0 - -~ l mass
50000 100000 150000 200000

Figure 1. (a) ASC synthetic scheme. (b) Mass characterization of Tz-
Ang2 (top) and Tz-MiniAp4 (bottom) by LCT-Premier. Deconvo-
luted spectra are shown. Mcal for Tz-Ang2 = 159,244; Mfound:
79,537, 159,396; Mcal for Tz-MiniAp4= 153,684; Mfound: 76,918,
153,678.

ADCs has been shown to maximize the therapeutic index, our
first aim was to conjugate BBB shuttles to Tz in a site-specific
manner. To this end, we set up an efficient chemical
modification strategy that can be applied to full-length
antibodies without genetic alterations. Modification of the
interchain disulfide bridges with DBMs, also known as next-
generation maleimides (NGMs), was selected due to the high
serum stability of these compounds. Here, we broaden the
scope of the reaction to peptides capable of mediating
transport across biological barriers. The selected modification
site does not alter the Fc structure of Tz in ADCs, minimizing
the risk of affecting its effector fanctions.””* In addition, since
the selected peptides are hydrophilic and do not contribute
substantially to the charge or size of the antibodies, no
difference between the aggregation propensity or clearance rate
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Figure 2. Binding of Tz, Tz-Ang2, or Tz-MiniAp4 to HER2-overexpressing cells: (a) BT-474; (b) SK-BR-3. Error bars represent the standard
deviation (n = 3). Cell cycle arrest analysis of Tz-, Tz-Ang2-, or Tz-MiniAp4-treated cells: (c) SK-BR-3, (d) BT-474, and (e) MDA-MB-231. Error
bars represent the standard deviation (n = 3). **p < 0.00S; **¥p < 0.000S.

Incorporation of four peptides per antibody was confirmed
by LC-MS and SDS-PAGE analyses, both for MiniA-p4 and for
the control peptide Angiopep-2 (Figure 1 and Figure S4). The
formation of only two isomers was observed, as previously
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Figure 3. (a) Permeability of Tz, Tz-Ang2, and Tz-MiniAp4 (100
nM) in the human in vitro BBB cellular model. (b) Brain
concentration of Tz, Tz-Ang2, and Tz-MiniAp4 after iv. bolus
injection. Results are expressed in terms of nmol/g of tissue. Error
bars represent the standard deviation (n = 3). (c) Brain-to-plasma
ratio. Results are expressed in terms of brain/serum ratio for mAbs. In
all graphs, error bars represent the standard deviation (1 = 3). P value
was calculated using one-way ANOVA test. ****p < 0.001; *<0.0S.

of Tz and Tz ASCs is expected.”’ NGM was incorporated on
the solid phase at the N-termini of the peptides (Scheme S1,
Figures S1—S3, and Table S1). NGM-bearing brain shuttles
were incorporated into the cysteines of the interchain disulfide
bridges of trastuzumab upon reduction. Peptides were
covalently linked by alkylation with the DBM peptides
followed by incubation at pH 8.5, which led to hydrolysis of
the maleimide group to yield the serum-stable maleamic acid
(Figure 1 and Figures S4 and S5).
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reported,”” corresponding to the “full antibody” and “half
antibody” resulting from the rebridging of the hinge cysteines
in an intrachain mode (Figure 1 and Figure SS). Therefore, in
contrast to previously reported ASCs,* those prepared in this
work are homogeneous, a highly desirable feature for a
pharmacological product, enhancing the therapeutic index and
facilitating product manufacturing and profiling. In addition,
the incorporation of the selected peptide shuttles was achieved
by taking advantage of the higher reactivity of the cysteines of
the interchain disulfide bridges, thereby overcoming the need
for genetic engineering to introduce a reactive tag and enabling
the facile transfer of this strategy to other mAbs.

In Vitro Functional Assessment of the Tz—BBB-
Shuttle Conjugate. We next verified that the antibody
conjugates were fully functional upon modification. To this
end, we first assessed their binding capacity and their ability to
induce cell cycle arrest (Figure 2 and Figure $6). To determine
affinity, we studied the binding to cells expressing high levels of
the HER2/neu antigen. BT-474 breast ductal carcinoma and
SK-BR-3 breast adenocarcinoma cells were incubated with
different concentrations of modified and unmodified Tz at 4
°C, followed by flow cytometry analysis. This experiment
showed that the binding capacity of Tz-Ang2 and Tz-MiniAp4
was identical to unmodified Tz in both cell lines (Figure 2a).
In addition, confocal microscopy confirmed that the binding of
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Figure 4. BBB-shuttle peptides allow for higher brain accumulation of
Tz in metastatic mouse brains. (a) Schema of experimental design.
Upon intracardial injection of the brain metastatic H2030-BrM cancer
cell line expressing GFP and luciferase, the indicated compounds,
labeled with NIR antibodies, were administered systemically and mice
were killed 4 h later. (b) Representative ex vivo images of
bioluminescence (cancer cells) and fluorescence (antibodies) in the
brains of inoculated mice. (c) Three anterior-posterior levels of the
cerebral cortex were analyzed by histology to measure fluorescence
derived from antibody accumulation in areas affected by metastases.
(d) Representative low and high magnifications of metastatic cells
(green, GFP) and the various therapeutic antibodies (red, NIR
antibodies). Blue, bis-benzamide. Scale bars: 100 um, low
magnification; 50 pm, high magnification.

modified and unmodified Tz was confirmed in BT-474 live
cells. To this end, Tz was modified with a N-hydroxysuccini-
mide-modified far-red fluorophore (AF647) by the reaction of
the solvent-exposed lysines. MS analysis confirmed the
incorporation of and average of two fluorophores per antibody
(Figure S4). MiniAp-4 or Angiopep-2 was then incorporated
into the partially reduced antibody as previously detailed. After
1 h incubation with BT-474 cells at 4 °C, both modified and
unmodified Tz was located at the cell membrane (Figure S8),
as expected. These results confirm that the modification of Tz
with the brain shuttles does not affect antibody binding.
Subsequently, we evaluated the basis for the therapeutic
properties of the Tz conjugates by measuring their ability to
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induce cell cycle arrest in vitro. The two BBB-shuttle-modified
antibodies displayed cell cycle arrest properties similar to those
of trastuzumab in HER2/neu+ cells (BT-474 and SK-BR-3)
and had no effect on HER2/neu- MDA-MB-231 breast
adenocarcinoma cells (Figure 2b and Figure S6).

BBB Permeability in a Human-Cell-Based BBB Model.
Having confirmed that the conjugates were functional, we
sought to assess whether the brain shuttle peptides increased
the transport of Tz in a human-cell-based BBB model.*® To
this end, antibodies were radiolabeled with '*I and assayed at
a low concentration (100 nM) to avoid receptor saturation.”*
In this assay, MiniAp-4 improved Tz apparent permeability
3.4-fold, while Angiopep-2 enhanced transport only 2.5-fold
(3a). In addition, evaluation of the stability of this peptide
revealed a half-life of roughly 30 min (Figure S11).

Since proteolytic activity at the BBB is very high, the
integrity of the antibody conjugates was evaluated in the
model, this time using a higher concentration of unlabeled
conjugates (S uM).* The LC-MS confirmed that the main
peaks corresponded to the intact constructs (Figure S9).
However, upon closer examination, the mass spectra revealed
for Tz-Ang2 was of lower quality and displayed additional
peaks. These data suggest that Angiopep-2 might be partly
degraded since it is a linear peptide composed by natural
amino acids. Indeed, MALDI analysis of the acceptor revealed
the proteolytic degradation of Ang2 after transport evaluation
of the unmodified peptide in the BBB model (Figure S10).

While MiniAp-4 is also formed by L-amino acids, it has a
cyclic structure with a lactam bridge that protects it from
proteolysis, conferring it a half-life over 24 h.*>** This property
should have an even greater impact in in vivo experiments.

ASC Accumulation in Healthy Mouse Brain. Encour-
aged by the BBB permeability results in vitro, we set out to
confirm whether MiniAp-4 substantially enhanced the BBB
transport of antibodies in vivo. To this end, mice were
intravenously injected with a 10 mg/kg dose of each construct.
After 8 h, saline was perfused to eliminate the antibodies in the
blood or bound to the capillary lumen. The antibody
concentration in serum and brain was measured by ELISA.
The concentration of Tz in mouse brain was 225 + 63 ng/g,
and the brain/serum ratio was 1:400. These figures are
consistent with previous reports.*” MiniAp-4 provided a
twofold increase in both brain concentration and brain/
serum ratio, while a small but nonsignificant increase was
observed for Angiopep-2 (Figure 3b,c). The low efficiency of
the latter in increasing the transport of Tz across the BBB
transport might be attributable to its protease sensitivity and is
in agreement with transport assays in vitro.”

ASC Accumulation in Metastatic Mouse Brain.
Subsequently, we sought to verify whether ASCs modified
with BBB shuttles also increased the level of Tz accumulation
in mice bearing brain metastases, which would be expected if
the BBB was partly intact. To this end, athymic nude mice
were inoculated intracardially with the model brain metastatic
cell line H2030-BrM, leading to the development of metastasis.
On day 25 postinoculation, once metastases were fully
established as detected by noninvasive bioluminescence,
AF647-labeled Tz, Tz-Ang2, and Tz-MiniAp4 antibodies
were administered systemically (10 mg/kg, IC) and mice
were sacrificed 4 h later. Brain accumulation of ASCs was
assessed by near-infrared (NIR) imaging. The fluorescent
intensity of mice treated with Tz-Ang2 and Tz-MiniAp4 was
visibly higher than the one treated with Tz alone, suggesting a
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Figure S. (a) Schema of the experimental design. (b) Representative images of brains obtained from mice at the end point of the experiment
showing their bioluminescence signal. (c) Quantification of ex vivo bioluminescent images (BLI) of brains at the end point of the experiment
(vehicle n = 7; Tz n = 16; Tz-MiniAp4 n = 16 mice per experimental condition). (d) Representative images of thorax obtained from mice at the end
point of the experiment showing their bioluminescence signal. (e) Quantification of ex vivo BLI of thoracic regions at the end point of the
experiment. (f) Representative sections of brains from vehicle-, Tz-, and Tz-Miniap4-treated mice. Scale bar, 1000 ym. (g) Quantification of the
number of established metastases found in vehicle-, Tz-, and Tz-Miniap4-treated brains (vehicle n = 4; Tz n = S; Tz-MiniAp4 n = 4 mice per
experimental condition). (h) Representative images showing established metastases with different sizes (big, >50,000 ym? medium, 10,000—
50,000 um?%; and small, <10,000 #m?) at the end point of the experiment. Scale bars, 200 ym. (i) Quantification of the number of established
metastases according to the size (big, medium, and small) in each experimental condition (vehicle, Tz, Tz-MiniAp4). In vehicle slices (n = 4), 3.4%
were big, 27.6% were medium, and 69% were small. In Tz slices (n = S), 2% were big, 28% were medium, and 70% were small. In Tz-MiniAp4-
slices (n = 4), 0% were big, 11.5% were medium, and 88.5% were small. (j) Quantification of the accumulative area of established metastases found
in vehicle-, Tz-, and Tz-Miniap4-treated brains (vehicle n = 4; Tz n = S; Tz-MiniAp4 n = 4 mice per experimental condition). P value was
calculated using two-tailed ¢ test (vehicle vs Tz p = 0.0213; vehicle vs Tz-MiniAp4 p = 0.02; Tz vs Tz-MiniAp4 p = 0.0315).

greater brain penetration of the BBB-shuttle-modified mAbs (4 BM encouraged us to study the potential of Tz-MiniAp4 to

and Figure S12). reduce and prevent metastasis, first ex vivo and then in vivo.
In addition, confocal analysis of various regions of the brain We first analyzed the effect of Tz and the ASC in
(Bregma 1.70 mm-anterior-, —1.06 mm -medium-, —7.08 mm METPlatform, an ex vivo drug-screening tool used to evaluate
-posterior-) of treated mice revealed variation in the potential drugs for the treatment of metastases growing in the
accumulation of fluorescent signals for each construct, with organs being colonized.”>** In brief, athymic nude mice were
Tz-MiniAp4 showing the greatest capacity to enter the brain injected intracardially with the HER2+ breast ductal
(Figure 4). carcinoma-brain metastatic cell line HCC1954-BrM1a™ until
Reduction and Prevention of Breast Cancer Brain brain metastases were established. At that moment (25 days
Metastasis. The preliminary study in the murine model of after injection), the brains including the metastases were
1391 https://doi.org/10.1021/acs.molpharmaceut.4c01091
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obtained and processed into organotypic cultures.””>* Next,
Tz and Tz-MiniAp4 were added to the media at 10 and 100
ugmL™" and after 3 days, their impact on the viability of
metastases was measured by evaluating cancer-cell-derived
bioluminescence, which was normalized by the specific
bioluminescence levels present in each slice before addition
of ASCs. As anticipated, treatment with both compounds
reduced metastasis-derived bioluminescence in comparison
with the control condition. Since the BBB does not limit the
access of the mAb in METPlatform, no substantial differences
in efficacy were observed between the naked Tz and the brain
shuttle-modified Tz-MiniAp4 (Figure S12), thereby confirm-
ing that the evaluated ASCs are fully functional, as previously
tested in vitro (Figure 2b).%° In addition, since modification of
Tz did not affect its therapeutic performance, the ability of
targeting circulating tumor cells in HER2-positive breast
cancer reported for Tz would also be maintained for the
newly prepared ASCs.””>*

Once we had confirmed that the ASC has the same capacity
to reduce metastasis ex vivo, we addressed the final challenge,
namely, preventing the development of brain metastases in vivo
(5). To this end, mice inoculated with the HCC1954-BrM1la
cell line were treated with 2 mg kg™"' Tz and Tz-MiniAp4 twice
a week once metastatic cells have completed extravasated
across the BBB (Figure 5a).”” Treatment was maintained for 2
weeks. After the fifth dose, the mice were sacrificed.®’

This protocol was designed to mimic the clinical situation,
thus aiming to treat brain metastases while still being not
detectable. Ex vivo analysis of brains with bioluminescence
showed a tendency of decreases metastases in both treatments
(Figure Sb,c). The same tendency was observed after ex vivo
analysis of the thoracic regions, as expected (Figure Sd,e). A
detailed histological analysis offered a more accurate evaluation
of metastatic colonization. Although both antibodies signifi-
cantly decreased the total number of metastases (Figure 5fg),
only Tz-MiniAp4 reduced the formation of large metastases,
including those 10,000 ym?” and larger, and fully prevented the
presence of those above 50,000 ym* (Figure Sh—j), which are
the ones with immediate clinical interest. Overall, these data
show that the conjugation of BBB-shuttle peptide MiniAp-4 to
Tz provided a more eflicacious preventive treatment for breast
cancer metastasis to the brain.

B CONCLUSIONS

In summary, here, we developed a homogeneous antibody—
brain shuttle conjugate capable of crossing the BBB and
reducing the number and size of cancer metastases to the
brain. We set up a simple and efficient conjugation method to
covalently link DBM-bearing peptides with the reduced
interchain disulfide bridges of a mAb. We applied this method
to anchor MiniAp-4, a protease-resistant cyclic BBB-shuttle
previously developed by our group, and Angiopep-2, a
reference lineal BBB-shuttle peptide, to the anti-HER2
antibody Tz. Both conjugates are homogeneous and preserve
a high affinity for the antigen. Although both MiniAp-4 and
Angiopep-2 enhanced the transport of Tz in a human-cell-
based model, the former increased permeability 3.5-fold while
the second achieved only a 2.4-fold increase. Moreover, under
the conditions assayed, only MiniAp-4 showed capacity to
enhance the transport of Tz in vivo. Evaluation of the MiniAp4
ASC in a murine model of BM demonstrated that the higher
brain accumulation of this conjugate resulted in an improved
therapeutic effect with respect to the unmodified Tz, fully
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preventing the development of clinically relevant metastases.
Since HER2+ breast cancer patients are in the highest risk
group for developing BM,"/ ™" it is crucial to explore
preventative strategies using new therapeutic agents. In this
context, we propose that MiniAp-4 could significantly increase
the therapeutic benefits of trastuzumab-based therapies. The
preventive effect reported here would enable turning brain
metastases from a terminal condition to a chronic disease.
Large and medium metastases correlated with the poorest
prognosis. The decrease in the number of these metastases
observed under the treatment with Tz-MiniAp4 would enable
controlling disease progression, thereby prolonging patients’
lifespans and improving their quality of life. Furthermore, this
ASC technology has the potential to be extended to any
antibody intended to treat CNS-related diseases, ranging from
metastatic and primary brain cancers to neurodegenerative
diseases.
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Bl ABBREVIATIONS

ADC antibody—drug conjugate

ASC antibody—brain shuttle conjugate

Ang2 Angiopep-2

BM brain metastasis

BBB blood—brain barrier

BTB blood—tumor barrier

DBM dibromomaleimide

LC-MS liquid chromatography coupled to mass spectrom-
etry

mAbs monoclonal antibodies

NIR near infrared

NGM next-generation maleimides

SDS-PAGE sodium dodecyl sulfate polyacrylamide electro-
phoresis

Tz trastuzumab
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