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Abstract

Anti-HER2 monoclonal antibodies (mAb) have been shown
to reduce tumor size and increase survival in patients with
breast cancer, but they are ineffective against brain metastases
due to poor brain penetration. In previous studies, we identi-
fied a peptide, known as Angiopep-2 (An2), which crosses the
blood–brain barrier (BBB) efficiently via receptor-mediated
transcytosis, and, when conjugated, endows small molecules
and peptides with this property. Extending this strategy to
higher molecular weight biologics, we now demonstrate that
a conjugate between An2 and an anti-HER2 mAb results in a
new chemical entity, ANG4043, which retains in vitro binding
affinity for the HER2 receptor and antiproliferative potency
against HER2-positive BT-474 breast ductal carcinoma cells.
Unlike the native mAb, ANG4043 binds LRP1 clusters and is

taken up by LRP1-expressing cells. Measuring brain exposure
after intracarotid delivery, we demonstrate that the new An2–
mAb conjugate penetrates the BBB with a rate of brain entry
(Kin) of 1.6 � 10�3 mL/g/s. Finally, in mice with intracranially
implanted BT-474 xenografts, systemically administered
ANG4043 increases survival. Overall, this study demonstrates
that the incorporation of An2 to the anti-HER2 mAb confers
properties of increased uptake in brain endothelial cells as well
as BBB permeability. These characteristics of ANG4043 result in
higher exposure levels in BT-474 brain tumors and prolonged
survival following systemic treatment. Moreover, the data fur-
ther validate the An2–drug conjugation strategy as a way to
create brain-penetrant biologics for neuro-oncology and other
CNS indications. Mol Cancer Ther; 14(1); 129–40. �2014 AACR.

Introduction
Breast cancer is the most common malignancy in women

worldwide, accounting for more than 25% of new cancer cases
reported and 14% of cancer deaths (1). Genotypic analysis of
individual breast tumors led to the discovery that 25% of breast
tumors and 60% of intraductal tumors overexpress the gene
encoding the human epidermal growth factor receptor2 (HER2,
Neu, ErbB-2, CD340); these tumors are associated with poor
prognosis and a higher rate of metastasis (2, 3). The develop-
ment of trastuzumab (Herceptin, Genentech), a monoclonal
antibody (mAb) targeting the extracellular domain of HER2,
has dramatically improved survival in patients with HER2-
positive breast cancer (4, 5). Routinely administered in combi-
nation with a cytotoxic chemotherapeutic agent, trastuzumab

has successfully reduced primary and metastatic HER2-positive
tumors, with the exception of brain metastases. In fact, a higher
incidence of brain metastases in HER2-positive breast cancer
patients treated with trastuzumab has been observed (6). The
observation that the majority of patients with HER2-positive
tumors die of brain metastases has led to the theory that under
treatment with a regimen that includes trastuzumab, migrating
HER2-positive cells find the brain to be a "sanctuary site" (7). A
potential explanation for trastuzumab's lack of efficacy in brain
metastases is that HER2-positive status is not retained when
cancer cells migrate to brain; however, a concordance between
primary tumor genotype and CNS metastasic tumor genotype
has been reported (8).

Further studies have established that the difficulty in treating
brain metastases from HER2-positive brain tumors reflects a
failure of trastuzumab to attain therapeutic exposure levels in
the brain, primarily as a result of the obstacle imposed by the
blood–brain barrier (BBB). Comprised of brain capillary endo-
thelial cells with tight junctions, unfenestrated cells, and efflux
pumps, the BBB limits the entry of most small-molecule and
biologic therapeutics into the brain parenchyma from the circu-
lation, preventing them from achieving therapeutic concentra-
tions. Poor brain penetration appears to be a common feature of
many mAbs (9). Even bevacizumab (Avastin, Genentech),
approved in the United States for treatment of primary brain
tumors, achieves only minimal exposure levels in the brain when
dosed systemically (10). The efficacy of bevacizumab has been
shown to result from antiangiogenic activity in the vasculature
rather than brain parenchyma (11).
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A variety of methods to increase brain levels of mAbs have
been tested, including coadministration with PDE5 inhibitors,
coadministration with potassium channel agonists, and dis-
ruption of the BBB with mannitol or ultrasound (12–16).
Modifications that enable mAbs to utilize receptor-mediated
transcytosis pathways in brain capillary endothelial cells,
most recently via insulin and transferrin receptors, have also
been demonstrated to increase brain permeability in animals
(17–19). Our approach is distinguished by the selected BBB
receptor, the low density lipoprotein-like receptor-1 (LRP1).
LRP1 is a member of the LDL receptor family that is highly
expressed on BBB capillary endothelial cells and has been
shown to transport a variety of ligands, including lactoferrin,
ApoE, and b-amyloid peptide, across brain capillary endothe-
lial cells (20–22). We have previously described a 19-amino
acid peptide, derived from the Kunitz domain of multiple LRP1
ligands, which binds LRP1 and efficiently penetrates the BBB by
receptor-mediated transcytosis (23, 24). Conjugation of this
peptide, known as Angiopep-2 (An2), to small-molecule anti-
neoplastic drugs like paclitaxel, doxorubicin, and etoposide,
dramatically augments their uptake through the BBB following
systemic administration (25, 26). One of these new agents,
ANG1005, is currently undergoing phase II clinical trials in
humans as a potential agent to treat primary and secondary
brain tumors and has shown encouraging activity (27–29).

Here, we extend our prior studies on small-molecule An2
conjugates by examining whether incorporation of this peptide
to a mAb can increase its BBB permeability and efficacy in
a murine intracranial tumor model. In light of the impact of
trastuzumab on HER2-positive breast cancer outside of the brain
and the urgent need for a treatment for metastatic HER2-positive
brain tumors, we chose to design a brain-penetrant mAb directed
against HER2.

Materials and Methods
Animals

Animals were obtained from Charles River Laboratories, Inc.
(St-Constant) and allowed to acclimate for 5 days before
experiments. Brain perfusion studies were performed on adult
male Crl: CD-1 mice (25–30 g, 6–8 weeks old). Female athymic
nude mice (Crl:Nu/Nu-nuBR; 20–25 g, 4–6 weeks old) were
used for tumor models and were maintained in a pathogen-free
environment. All animals used in these studies were handled
and maintained in accordance to the Guidelines of the Cana-
dian Council on Animal Care. Animal protocols were approved
by the Institutional Animal Care and Use Committee of Uni-
versit�e du Qu�ebec �a Montr�eal.

Reagents
BT-474 (ATCC HTB-20; 2012), SKBR3 (ATCC HTB-30; 2011),

U87-MG (ATCC HTB-14; 2013), MCF-7 (ATCC HTB-22; 2001),
MEF-1 (ATCC CRL-2214; 2001), and PEA-13 (ATCC CRL-2216;
2006) cells were purchased from ATCC. Cell lines were charac-
terized for antigenic expression, DNA profile, cytogenic analysis,
and isoenzyme profile by the provider. Human brain vascular
endothelial cells (HBMEC) were purchased from ScienCell
Research Laboratories. HBMECs are characterized by the provider
by immunofluorescent methods with antibodies to vWF/Factor
VIII and CD-31 (PECAM) and by uptake of DiI-Ac-LDL. Upon
receipt, cells were allowed to proliferate for 1 to 2 passages to

obtain aliquots for cryopreservation. For experiments, cells from
frozen aliquots were resuscitated and were subcultured for no
more than 5 to 10 passages according to provider instructions.
Expression status of HER2 in BT-474, SKBR3, U87-MG, andMCF-
7 lines and LRP1 in HBMEC was verified byWestern blot analysis
and immunodetection within 6months of conducting the experi-
ments described herein (Supplementary Fig. S1). Anti-HER2mAb
was from Eureka Therapeutics. Cross-linked dextran and D-salt
dextrandesalting columns and iodinationbeadswere fromPierce.
Na125I was from Perkin Elmer. Cyto750-NHS-ester was from
Cytodiagnostics. Receptor-associated protein (RAP) from Oxford
Biomedical Research and the Coomassie Plus Protein assay
reagent from Thermo Scientific. Anti-human IgG (Fc-specific)-
agarose antibody beads were purchased from Sigma-Aldrich.

Iodination of proteins
Anti-HER2 mAb, ANG4043 and activated a2-macroglobulin

(a2M; EMD Millipore) were radiolabeled with standard proce-
dures using an iodo-bead kit and D-Salt Dextran desalting
columns. Two iodo-beadswere used for the iodination of protein.
Briefly, beads were washed twice with 3mL of PBS on aWhatman
filter and resuspended in 60 mL of 20 mmol/L phosphate buffer,
pH 6.6. Na125I (1 mCi) was added to the bead suspension for 5
minutes at room temperature. Iodination of each protein was
initiated by the addition of 100 mg of protein (80–100 mL of a
solution in 0.1 mol/L phosphate buffer solution), pH 6.5. After
incubation for 10minutes at room temperature, iodo-beads were
removed. Supernatants were applied to a desalting column
prepacked with 5 mL of cross-linked dextran to remove free
iodine. [125I]-proteins were eluted with 5 mL of PBS. Fractions
of 0.5 mL were collected, and the radioactivity in 5 mL of each
fraction wasmeasured. Fractions corresponding to [125I]-proteins
were pooled and further dialyzed (cut-off 10 kDa) against Ringer/
HEPES, pH 7.4. Radiolabeled proteins were measured using the
Bradford assay with the anti-HER2 mAb as standard.

Conjugation of anti-HER2 with Angiopep-2
Angiopep-2 was conjugated to anti-HER2 mAb using copper-

free click chemistry (Fig. 1A). A two-stepprocedurewas employed,
with "Step 1" defined as the anti-HER2modification step inwhich
the linker moiety is incorporated onto the mAb. To a solution of
anti-HER2 mAb (1) (3 mg/mL) in aqueous buffer (20 mmol/L
sodium phosphate) at pH 8 was added a DMSO solution of
MFCO-N-hydroxysuccinimide ester (2) (12 equiv, 7.6 mg/mL
concentration) and incubated at RT for 6 hours with occasional
shaking. The modified anti-HER2 mAb (3) was purified from
excess reagent by gel filtration with a HiPrep 26/10 desalting
column (GE Healthcare) using 20 mmol/L sodium phosphate
buffer as eluent. To the modified octyne derivative (3), a DMSO
solution of An2N3 (4) (8 equiv, 8 mg/mL) was added. The
solution was vortexed, wrapped with aluminum foil, and incu-
bated overnight at room temperature. The conjugate was purified
by passage through a Protein A column using a citrate-phosphate
(C/P) buffer (25 mmol/L citric acid, 50 mmol/L sodium phos-
phate) at pH5 for binding andaC/Pbuffer (40mmol/L citric acid,
20mmol/L sodium phosphate) at pH 3 for elution. The pH of the
eluent was immediately increased to 5 with basic sodium phos-
phate (0.2 mol/L) solution and then dialyzed with Spectra/Por
dialysis membrane (MWCO: 50,000; Spectrum Laboratories)
against C/P buffer pH 5 and filtered sterile (Millipore) to obtain
the anti-HER2 mAb–Angiopep-2 conjugate (5) (yield: 80%, 2–3
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mg/mL). Angiopep-2 incorporation was confirmed by matrix-
assisted laser desorption/ionization—time-of-flight (MALDI-
TOF), SDS-PAGE, and Western blot analysis.

Electrophoresis and Western blot analysis
Anti-HER2, ANG4043, and 15 mg of whole cell lysates were

separated by precast SDS-PAGE gel (Bio-Rad) and blotted onto a
polyvinylidene difluoride membrane (Millipore). After transfer,
immunodetection of Angiopep-2 was performed using either a
mouse or rabbit mAb raised against Angiopep-2. Immunodetec-
tion of HER2 and GAPDH was performed using an anti-HER2/
ErbB2 (44E7) mAb from Cell Signaling Technology and anti-
GAPDH (6C5) mAb from Advanced ImmunoChemical Inc..
Horseradish peroxidase (HRP)–conjugated antibodies (Jackson
ImmunoResearch Laboratories Inc.) were used as secondary anti-
bodies and immunoreactivematerial was visualized withHyGLO
Chemiluminescent HRP Antibody Detection Reagent (Denville
Scientific Inc.).

Binding of anti-HER2 and ANG4043 conjugate
In vitro binding of anti-HER2 and ANG4043 to HER2 was

determined using Herceptin (trastuzumab) ELISA kit from Alpha
Diagnostic International as described by the manufacturer. Cel-
lular binding of anti-HER2 and ANG4043 to HER2-positive BT-
474 breast cancer cells was also determined. Confluent BT-474
cells were detached from flasks with PBS-citrate nonenzymatic
dissociating buffer. Cells in suspension were washed in ice-cold
binding buffer (BB: HEPES 10mmol/L, NaCl 150mmol/L, CaCl2
2.5 mmol/L, pH: 7.3), counted, and separated into individual
polypropylene tubes (106 cells per tube). Binding of anti-HER2
mAb and ANG4043 was performed with increasing concentra-
tions in ice-cold BB for 30minutes at 4�C. Cells were thenwashed
and incubated with an anti-Human-AlexaFluor488 secondary
antibody (Life Technologies) in ice-cold BB for 30 minutes at
4�C. Cells were extensively washed with ice-cold BB and analyzed
by flow cytometry (10,000 gated events per condition).

Cell proliferation using [3H]-thymidine incorporation assay
HER2-positive cells (BT-474 and SKBR3) and HER2-negative

cells (MCF-7 and U87) were cultured in 96-well white plates
(Perkin Elmer) at a density of 10,000, 6,000, 10,000, and 4,000
cells per well, respectively. First, cells were synchronized for
24 hours in serum-deprived medium. After incubation of cells
with unconjugated anti-HER2 mAb or ANG4043 for 5 days, all
media was aspirated and cells were pulse-labeled for 4 hours
at 37�C/95%O2/5%CO2 with media containing 2.5 mCi/mL
[methyl-3H] thymidine (Perkin Elmer). Cells were washed, fixed,
anddriedbeforeadditionof scintillationfluid (Microscint 0, Perkin
Elmer). After 24 hours, cell-associated tritium was quantified
by counting on a plate reader (TopCount, Perkin Elmer). Incor-
porated [3H] thymidine was plotted for each drug concentration.

Surface plasmon resonance assay
Both LRP1 clusters II and IVwere purchased fromR&D Systems

and were covalently coupled to a BIAcore CM5 sensor chip via
primary amine groups using theN-hydroxysuccinimide (NHS)/1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling
agents as described by the manufacturer. LRP1 clusters to be
immobilized were diluted in 10 mmol/L sodium acetate buffer
at pH 4.5, followed by standard EDC/NHS coupling chemistry.
Routinely, 300 to 1,000 relative units of LRP1 clusters were

immobilized onto the sensor chip surface. All experiments were
performed at 25�C.

Direct binding to the covalently immobilized LRP1 clusterswas
performed by injecting increasing concentrations (25–3,000
nmol/L) of ANG4043 or anti-HER2 mAb diluted in HBS-Pþ
(HEPES 10 mmol/L, NaCl 150 mmol/L, surfactant p20 0.05%,
CaCl2 5 mmol/L) buffer at a flow rate of 20 mL/min, with a
contact time of 120 seconds and a dissociation time of 600
seconds. The surface plasmon resonance (SPR) profile obtained
for ANG4043 was compared with that of the unconjugated anti-
HER2 mAb, and ANG4043 affinity for both LRP1 clusters were
evaluated using BIAevaluation software.

Cellular uptake
Inhibition of [125I] activated a2M cellular uptake in MEF-1 and

PEA-13cellswas evaluated as follows.Cellswere seededontoplates
and incubated with 2.5 nmol/L of radiolabeled [125I] a2Mwith or
without anti-HER2 mAb (5 mmol/L). ANG4043 (5 mmol/L), unla-
beled a2M (1 mmol/L), or RAP (2 mmol/L for 30 minutes at 37�C.
In another experiment, uptake of [125I] anti-HER2 and [125I]-
ANG4043 was measured in HBMEC and BT-474 cells. Cells were
treated with various concentrations (50, 100, or 200 nmol/L) of
radiolabeled [125I]-anti-HER2 and [125I]-ANG4043, alone or in
combination with 1 mmol/L of RAP in Ringer/HEPES buffer for
1 hour at 37�C. In both experiments, after incubation with radi-
olabeled mAbs, cells were washed 3 times, lysed with 0.3 mol/L
NaOH for 30 minutes with shaking, and radioactivity incorpo-
ration was analyzed using a Wizard2 2470 Automatic Gamma
counter (Perkin Elmer). A Bradford assay was performed on sam-
ples for protein quantitation.

Confocal microscopy
BT-474 cells were seeded onto micro cover glasses (Electron

Microscopy Sciences) in 60mm dishes. Cells were treated with or
without anti-HER2 mAb or ANG4043 for 1 hour at 1 mg/mL in
complete culture media (ATCC). After incubation, cells were
washed and fixed with 4% paraformaldehyde in PBS for 30
minutes at 4�C. Cells were then permeabilized and blocked with
0.3% Triton X-100/1% BSA/10% FBS in PBS for 1 hour at room
temperature. For HER2/ErbB2 labeling, BT-474 cells were incu-
bated with primary antibody (#2248, Cell Signaling Technology)
for 1 hour at room temperature, washed, and incubatedwith anti-
Mouse-Alexa594 secondary antibody (Life Technologies) for 1
hour at room temperature. Detection of anti-HER2 andANG4043
was performed by incubating anti-Human-Alexa488 secondary
antibody (Life Technologies) for 1 hour at room temperature.
Nuclei were stained with Hoechst 33342 (Life Technologies) at
1mg/mL for 30 minutes at room temperature. Finally, cells were
washed and mounted with Prolong Gold anti-fade reagent (Life
Technologies) and stored at for least 48 hours at 4�C before
confocal microscopy analysis (Nikon A1).

In situ brain perfusion
Brain uptake of [125I]-anti-HER2mAband [125I]-ANG4043was

measured using a mouse in situ brain perfusion technique based
on the protocol described by Dagenais and colleagues (30).
Briefly, mice were sedated before surgery with intraperitoneal
ketamine/xylazine (140/8 mg/kg). The right common carotid
artery was exposed and ligated at the level of the bifurcation. The
common carotid was then catheterized rostrally with polyethyl-
ene tubing (0.30 mm inner diameter� 0.70 mm outer diameter)
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filled with saline/heparin (25 U/mL) mounted on a 26-gauge
needle.

Before surgery, perfusion buffer consisting of KREBS-bicarbon-
ate buffer with 9 mmol/L glucose was prepared, incubated at
37�C, pH 7.4, and stabilized with 95%O2:5%CO2. A syringe
containing a 2 nmol/L solution of radiolabeled compound dis-
solved in perfusion buffer was placed on an infusion pump
(Harvard pump PHD2000; Harvard apparatus) and connected
to the catheter. Immediately before the perfusion, the heart was
severed and the brain was perfused for 0 to 4 minutes at a flow
rate of 2.5 mL/minute. Following administration of test mAb, the
brain was briefly perfused with tracer-free solution to rinse
the blood vessels for 30 seconds. At the end of the perfusion,
the mice were immediately sacrificed by decapitation and brains
were removed. The right hemisphere was isolated on ice and
homogenized in Ringer/HEPES buffer for capillary depletion
(2-minute time-point samples) and 125I quantitation.

Capillary depletion
The capillary depletionmethodwasanadaptationof themethod

of Triguero and colleagues (31). A solution of dextran (35%) was
added to the brain homogenate to give a final concentration of
17.5%.After thoroughmixingbyhand, themixturewas centrifuged
for 10 minutes at 5,500 � g. The resulting pellet contains mainly
the capillaries, whereas the supernatant contains brain parenchy-
mal tissue. Aliquots of homogenates, supernatants, pellets, and
perfusates were collected for measurement of radioactivity. [125I]-
sampleswere counted in aWizard 2470AutomaticGammaCount-
er (Perkin-Elmer Inc). All aliquots were precipitated with tri-
chloroacetic acid (TCA) to obtain the radiolabeled precipitated
protein fractions. Results were expressed in terms of volume dis-
tribution (mL/100g) for the different brain compartments.

Tissue distribution
Brain biodistribution of anti-HER2 and ANG4043 was quan-

tified in healthy mouse brain after intravenous (i.v.) bolus injec-
tion. Tissue distribution in mouse brain was measured in normal
CD-1 mice. One hour after injection of [125I]-anti-HER2 or [125I]-
ANG4043, 10 mg/kg mAb equivalent, blood was collected and
micewere cardiac-perfusedwith saline (5mL/minute, 8minutes).
Brains were dissected and weighed, and radioactivity was quan-
tified in a gamma counter. Test mAbs in serum were quantified
using a Herceptin (trastuzumab) ELISA kit (Alpha International).
Data were compiled and results were expressed as concentration
in tissue and tissue/serum ratio. Data are presented as themean�
SD of three individual mice.

In vivo imaging offluorescent Cyto750-anti-HER2 andCyto750-
ANG4043

In vivo imaging was performed using the Xtreme Near Infrared
Imaging system (Bruker Optics). Both anti-HER2 and ANG4043
mAbs were labeled with the NHS-Cyto750 near infrared (NiR)
probe as recommended by the manufacturer (Cytodiagnostics).
Briefly, mAbs (2 mg) were incubated at room temperature with a
2-fold molar equivalent of Cyto750 and incubated overnight at
4�C on a rotating mixer. Free Cyto750 was removed using a
desalting column followed by extensive dialysis. The protein
concentrations of labeled molecules were determined using the
Bradford assay with anti-HER2 mAb as the standard. SDS-PAGE
andWestern blot analysis was performed to demonstrate that NiR
fluorescence was associated with antibody bands.

Semiquantitative analysis was performed using MI Software
version 5.0.5.29 (Bruker BioSpin). Identical illumination settings
(exposure time, f/stop, filters, field of view, and binning) were
used throughout image acquisition. All images were displayed in
the same scale of fluorescence intensity. Fluorescence intensities
were quantified using free-formmanual region of interests (ROI)
of equivalent sized areas. Data are presented as the mean� SD of
three individual mice.

Treatment of BT-474 brain tumor–bearing mice
Intracerebral BT-474 tumors were initiated via stereotactic

inoculation of 1 � 106 BT-474 cells unilaterally into the brains
of mice. One hour before surgery, mice received a subcutaneous
injection of buprenorphine (0.1 mg/kg). For tumor cell inocula-
tion, mice were placed in a stereotactic apparatus (Kopf) and
maintained under anesthesia with isoflurane. A burr hole was
drilled 1.5 mm anterior and 2.5 mm lateral to bregma. Cells
suspended in 5 mL of serum-free cell culture medium containing
0.5%methylcellulose were injected over a 5-minute period using
a Hamilton syringe at a depth of 3.5 mm. Drug treatments began
12 days after tumor cell inoculation. After dialysis, both uncon-
jugated anti-HER2 mAb and ANG4043 were administered in
sodium acetate buffer (150 mmol/L NaCl, 5 mmol/L NaOAc,
pH 5). The concentration of both mAbs was adjusted to allow a 5
to 6mL/kg injection volume for all doses. Clinical signs of disease
progression and body weights were monitored daily. When mice
reached terminal endpoints (20% body weight loss, mobility
impairment), theywere sacrificedby carbondioxide asphyxiation.

Statistical analysis
Data are expressed as mean � SD or SEM. Statistical analyses

were performed using student t tests when one group was com-
pared with the control group. For two or more groups, ANOVA
with post hocDunnett test was used. For the survival study, log rank
(Mantel–Cox) test was used for statistical analysis. All statistical
analyses were performed using GraphPad Prism 5 for Windows
(GraphPad Software Inc.) with the exception of survival studies,
where MedCalc Software (Ostend) was used. Significance was
assumed for P < 0.05.

Results
Synthesis and in vitro characterization of ANG4043

Multiple peptide–mAb conjugates were produced using vari-
ous linkers, conjugation reactions, and Angiopeps, leading to
selection of ANG4043. This conjugate is prepared by attaching
An2 to free amines present on an anti-HER2 mAb using copper-
free click chemistry (Fig. 1A). Incorporation of An2was confirmed
by MALDI-TOF mass spectrometry, SDS-PAGE, and Western blot
analysis using an antibody directed against An2. The change in
mass from 148,041 to 159,626 Da indicates that four An2 pep-
tides are conjugated to the mAb (Fig. 1B). SDS-PAGE under
nonreducing conditions followed by Coomassie blue staining
shows ANG4043 migration at a higher molecular weight than
native anti-HER2, and Western blot analysis with immunodetec-
tion of the An2 peptide further confirms the presence of An2 on
ANG4043 (Fig. 1C). An2 was detected on both heavy and light
chains of ANG4043 when Western blot analysis was performed
under reducing conditions (Supplementary Fig. S2).

HER2 binding and antiproliferative activity of ANG4043
Evaluation of HER2 binding was conducted with mAbs to

determine the impact of An2 conjugation on antigen targeting
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(Fig. 2). First, binding site localization for ANG4043 and anti-
HER2 was visualized in live cells using confocal microscopy (Fig.
2A). HER2 receptors were detected on the BT-474 cell surface
using a mouse anti-human HER2 primary antibody and an
Alexa594 (red)-labeled anti-mouse IgG secondary antibody. After
a 1-hour incubation, bothmAbswere similarly detected at the cell
surface of BT-474 cells using an Alexa488 (green)-labeled anti-
human IgG antibody. Colocalization of this binding with red
fluorescence-marked HER2 receptors (resulting in a merged yel-
low signal) indicates that ANG4043 targets the HER2 antigen
expressed on the cell surface of tumor cells as well as the native
mAb. To determine the affinity of the mAbs for HER2, cellular
binding to HER2-positive BT-474 breast ductal carcinoma cells
was performed and analyzed by flow cytometry. Kd values were
1.7 � 0.2 nmol/L for ANG4043 and 1.5 � 0.2 nmol/L for anti-
HER2 control (Fig. 2B). Similar in vitro binding to the HER2/Fc
chimera protein was observed for conjugated and native mAbs
(Supplementary Fig. S3A). These results demonstrate that
ANG4043 retains its affinity for the HER2 antigen, either in
purified form or expressed on the surface of cancer cells.

Having confirmed the interaction between ANG4043 and
HER2, we next assessed the functionality of ANG4043 by mea-
suring its effects on cell proliferation in vitro using a [3H] thymi-
dine incorporation assay. Antiproliferative activity of each mAb
was evaluated in HER2-positive and HER2-negative cell lines.
ANG4043 and the anti-HER2 mAb exhibited equipotent inhibi-
tion of BT-474 cell proliferation with IC50 values of 3.7 � 1.7
nmol/L for ANG4043 and 3.6 � 1.6 nmol/L for the native mAb

(Fig. 2C). In SKBR3 cells, which are also HER2-positive, IC50

values were 0.9 � 0.7 and 0.4 � 0.1 nmol/L for ANG4043 and
anti-HER2, respectively (Fig. 2D). For both antibodies, the anti-
proliferative effects on BT-474 and SKBR3 appear to be due to
HER2 targeting, as neither inhibited proliferation of HER2-neg-
ative MCF-7 breast adenocarcinoma cells, which have been pre-
viously shown to be insensitive to anti-HER2 effects in vitro (5) or
U-87 glioma cells (Supplementary Figs. S3B and S3C).

LRP1 binding and cellular uptake of ANG4043
To demonstrate the interaction between ANG4043 and LRP1, a

series of binding and uptake experiments were conducted. LRP1
contains four extracellular binding domains referred to as clusters
I–IV; these are routinely used for affinity measurements andmost
LRP1 ligands are reported to bind to clusters II and IV (32). First,
SPR was used to monitor the potential real-time interaction of
both mAbs with these two LRP1 clusters. In this approach, LRP1
cluster II and LRP1 cluster IVwere immobilized on a BIAcore CM5
sensor chip using standard amine chemistry. Increasing concen-
trations ofANG4043 andanti-HER2were applied to immobilized
LRP1 clusters. As shown in Fig. 3A, only ANG4043 generated a
concentration-dependent increase in SPR signal when injected
over LRP1 clusters. Affinity constants were estimated by plotting
the SPR signal as a function of ANG4043 concentration. The Kd

values obtained for cluster II and cluster IV for ANG4043 were 1.0
and 1.3 mmol/L, respectively.

To demonstrate the interaction between ANG4043 and full-
length LRP1 expressed in mammalian cells, [125I]-activated a2M

Figure 1.
Synthesis and characterization of ANG4043. A, schematic representation of the two-step synthesis of ANG4043. B, MALDI-TOF analysis of ANG4043 compared
with unconjugated anti-HER2 mAb. C, characterization of anti-HER2 mAbs with SDS-PAGE and Western blot analysis with anti-An2 detection. SDS-PAGE was
performed on anti-HER2 and ANG4043 under nonreducing conditions followed by staining with Coomassie blue or Western blot analysis with immunodetection
of An2 to demonstrate An2 incorporation.
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binding assays were conducted using LRP1-positive MEF1 cells
and LRP1-negative PEA-13 cells (Fig. 3B). In the LRP1-positive
cells, [125I]-a2M binding was observed and was reduced in the
presence of ANG4043 (5 mmol/L) or LRP1 ligands receptor-
associated protein (RAP, 2 mmol/L) and unlabeled a2M
(1 mmol/L). ANG4043 also reduced radioligand binding by
60%, whereas the unconjugated anti-HER2 mAb did not com-
pete with [125I]-a2M. As expected, binding of [125I]-a2M to
LRP1-negative cells was much lower and unaffected by LRP1
ligands or mAbs, illustrating the specificity of ANG4043 inhi-
bition on LRP1-positive MEF-1 cells. We next examined wheth-
er ANG4043 could be taken up by HBMEC, which express
LRP1. At increasing concentrations of mAb, HBMEC uptake is
significantly higher for ANG4043 than for native mAb (Fig.
3C). The LRP1 ligand, RAP (1 mmol/L), inhibits ANG4043
uptake, whereas the minor uptake of anti-HER2 is unaffected
by RAP (Fig. 3D). As these endothelial cells are HER2-negative,
these results demonstrate LRP1-dependent uptake of ANG4043
that is conferred by the An2 moiety.

Brain penetration of ANG4043
The cerebrovascular permeability of ANG4043 was analyzed

using an established in situ brain perfusion assay (33). To perform

this protocol, radiolabeled mAbs were administered to sedated
mice via the carotid artery, thereby avoidingfirst passmetabolism.
Saline was perfused before sacrifice to eliminate anymAb remain-
ing in the intracranial circulation or associated with capillary
endothelial cells. Quantitation of radioactivity in the brains of
mice sacrificed at various time points following mAb adminis-
tration was used to calculate the Kin, the rate constant for brain
entry. Using this approach, the Kin for anti-HER2 was found to be
2.4� 10�4 mL/g/s, whereas the Kin for ANG4043 was 1.6� 10�3

mL/g/s (Fig. 4A). Using the same species and method, Dagenais
and colleagues reported Kin values for a variety of compounds
(34). For comparison, the Kin for the unconjugated anti-HER2
mAb is close to that of the antiviral drug ritonavir Kin (3.0� 10�4

mL/g/s), which is classified having low CNS penetration (35). In
contrast, the Kin for ANG4043 is close to that of the CNS-active
anticonvulsant drug gabapentin, 2.5 � 10�3 mL/g/s.

Theoretically, association of ANG4043 with brain tissue fol-
lowing saline perfusion might result from the agent trapped
within or affixed to the BBB capillary endothelial cells, rather
than truly passing through them into brain parenchyma. To
examine this issue, we used a capillary depletion protocol that
separates brain capillaries from parenchymal tissue. Following
this procedure, approximately 60% of the ANG4043-associated
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Figure 2.
Binding and antiproliferative effects of ANG4043 and anti-HER2mAbs on tumor cells. A, confocal microscopy showing cellular localization ofmAbs on BT-474 cells.
After a 1-hour incubation of BT-474 cells with anti-HER2 or ANG4043 (1 mg/mL), confocal microscopy was performed to visualize localization of HER2
receptor and mAbs. Cell surface localization of HER2 receptor is shown in red (a, e) and native anti-HER2 (b) or ANG4043 (f) in green. Nuclei were Hoechst-stained
blue (c, g). A merge of the three signals shows overlapping cell surface distribution between the antibodies and the HER2 receptor in yellow (d, h). Representative
images from three experiments are shown. B, binding of mAbs to HER2-positive BT-474 breast cancer cells (n ¼ 3 experiments performed in duplicate). C,
antiproliferative effect of anti-HER2 andANG4043 onHER2-positive BT-474 cells. D, antiproliferative effect ofmAbs onHER2-positive SKBR3 cells. Antiproliferative
evaluation on cancer cells was performed using [3H] thymidine incorporation assays two times in quadruplicate. Data represent the mean � SD.
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signal was localized to the parenchymal fraction rather than
capillary fraction (Fig. 4B), thus demonstrating the ability of
ANG4043 to cross the BBB. The efficiency of passage of ANG4043
into brain parenchyma exceeds than that of the nativemAb by 16-
fold. The potential influence of antibody–antigen interaction on
brain exposure was avoided, as these studies were conducted in
healthymice which do not express theHER2 receptor target of the
mAb.

Mice without tumors were also used for pharmacokinetic and
brain distribution studies. Serum levels at times between 15
minutes and 30 days following i.v. administration of ANG4043
or native mAb (10 mg/kg equivalent) were measured using an
ELISA (Fig. 4C). Serum concentrations of ANG4043 are lower
than those of native mAb at all times measured, indicative of a

higher volumeofdistribution forANG4043 thananti-HER2 (11.8
vs. 7.3 mL, respectively). This result is expected, as LRP1 expres-
sion in numerous organs including liver is likely to contribute to
increased distribution to those tissues as well as brain. The
terminal half-life of ANG4043, 8.5 days, is similar to that of
anti-HER2, 11.4 days, suggesting that a similar dose regimen
would be appropriate.

Determination of the amount of ANG4043 in brain following a
10 mg/kg i.v. dose was performed using [125I]-radiolabeled mAb,
as the presence of brain tissue interfereswith ELISAdetection.One
hour after administration, serum was collected and a whole body
saline perfusion was conducted to eliminate circulating mAb
before harvesting brains. Concentrations of ANG4043 and
anti-HER2 in brain were 6.43 and 1.86 nmol/L (1.03 and 0.29
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mg/g), respectively. As serum levels for ANG4043 were slightly
lower, these brain concentrations correspond to a brain/serum
ratio of 0.012 (1:80) forANG4043,which is 6-foldhigher than the
brain/serum ratio for anti-HER2, 0.002 (1:500, Fig. 4D). In a
separate experiment in which mice with intracranial BT-474 cell
tumors were administered 10mg/kg ANG4043, i.v. 1 hour before
sacrifice, An2 was immunodetected on both heavy and light
chains of ANG4043 immunoprecipitated from brain tumor
homogenates. These results indicate that the An2 peptide remains
attached to ANG4043 following its entry into tumoral brain.
(Supplementary Fig. S4).

In vivo accumulation of ANG043 in BT-474 brain tumors
To visualize mAbs in brains of tumor-bearing mice, BT-474

cells were implanted intracerebrally via unilateral stereotactic
inoculation, and the human tumor xenografts were allowed to
expand for 40 days. Following this time period, fluorescent
Cyto750-labeledmAbs were administered systemically in a single
intravenous bolus dose of 10 mg/kg. NiR imaging performed 24
hours later showed little accumulation of fluorescent signal in the
head region of mice dosed with the native mAb, consistent with
low passage through the BBB (Fig. 5A). Images taken from mice
treated with Cyto750-ANG4043 showed a stronger fluorescent

signal in theoverall brain region thanwasobservedwithCyto750-
anti-HER2 administration. Furthermore, the highest fluorescence
intensity was localized within the brain hemisphere that received
intracranial BT-474 cell implantation. Corresponding fluores-
cence intensity measurements are shown in Fig. 5B. Following
sacrifice and removal of brains from mice, large tumors were
observed in this brain region, confirming that the BT-474 cells had
matured into a tumor mass. In a sham study where mice were
subject to stereotactic implantation of buffer without cells, sys-
temic administration of fluorescent mAbs generated a very faint
and homogenous fluorescent signal without fluorescent hot
spots, indicating that the increase in fluorescent signal with
Cyto750-ANG4043 was not associated with the intracranial
surgery.

In vivo efficacy in mice bearing BT-474 brain tumors
If the level of BBB transport is sufficient to drive therapeutic

concentrations of the mAb to the brain, ANG4043 treatment to
mice with intracranial tumors would be expected to confer a
survival advantage. To assess this possibility, mice were intracra-
nially implanted with BT-474 cells and were then treated with
vehicle, anti-HER2, or ANG4043 twice weekly at dose of 5 mg/kg
initiated 12 days after tumor cell implantation. The twice weekly
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regimen in this studywas selected to be consistent with numerous
trastuzumab mouse survival studies reported in the literature,
including those evaluating effects in brain (15, 36–40). Before
starting survival studies, tolerability was confirmed in separate
groups of mice with doses as high as the limit of solubility; 50
mg/kg. At this dose, ANG4043waswell tolerated.Mice (n¼10) in
the survival studiesweremonitored daily for bodyweight loss and
were euthanized if a reduction of 20% or greater from the
maximum weight was observed. For the native mAb, median
survival was somewhat higher than for vehicle (6%, P ¼ 0.028),
with vehicle and anti-HER2 median survival of 47 days [95%
confidence interval (CI), 40–50] and 50 days (95% CI, 45–56),
respectively (Fig. 6A). A pronounced increase in survival was
noted for ANG4043 compared with both the vehicle (28%
increase; P¼ 0.0012) and the unconjugated mAb (20% increase;
P ¼ 0.019). Median survival in the ANG4043 group was 60 days
(95% CI, 50–63). In a follow-up study to determine the effect of
increasing dose, intravenous treatment with 15 mg/kg ANG4043
increased median survival by 78% (P ¼ 0.0003), with survival of
45 days (95% CI, 40–49) in the vehicle group and 80 days (95%
CI, 62–89) in the ANG4043 group (Fig. 6B). One mouse in the
ANG4043 group survived well beyond the others in the cohort
and was terminated on day 127 to end the study.

Discussion
Conjugation with the 19–amino acid peptide An2 has been

reported to confer brain permeability to small molecules (41) and
peptides (42). Interestingly, studies independent of our laboratory
demonstrated that An2 can also be used in drug delivery systems
such as liposomes and nanoparticles to transport a wide variety of
molecules including anticancer and antifungal drugs (43–45). The
current study objective was to determine whether incorporation of
this peptide to mAbs would result in BBB penetration sufficient to

achieve therapeutic brain concentrations. Conjugation of An2 to
anti-HER2 was performed using copper-free click chemistry, pro-
ducing a new chemical entity called ANG4043, which retains high
HER2 receptor affinity and antiproliferative potency in HER2-
positive BT-474 and SKBR3 cells. Confocal microscopy demon-
strated colocalization of ANG4043 and HER2 on the BT-474 cell
surface after a 1-hour incubation. Taken together, these results
confirm that the pharmacologic properties of ANG4043 with
respect to HER2 targeting are intact. By conjugating An2 to the
anti-HER2 mAb, we have created a bifunctional molecule that
interacts with LRP1 as well as HER2. In previous studies, we
reported colocalization between Alexa488-An2 and LRP1 in an in
vitro bovine brain endothelial cell BBB model (23). In the current
study, we demonstrate that ANG4043 uptake by HBMEC is pro-
nounced and is attenuated in the presence of the LRP1 ligand, RAP.
At a concentration similar to that achieved in mouse brain follow-
ing a single systemic dose, ANG4043 competes for [125I] a2M
binding in cells that express LRP1, but not in LRP1-negative cells.
Finally, ANG4043 binds to LRP1 clusters II and IV with affinities of
1.0 and 1.3 mmol/L. These values are in agreement with the Km for
uptake of the An2 peptide (1.2 mmol/L) from U87 cells, which
express LRP1 (27). Clearly, an An2 and LRP1-dependent mecha-
nism of uptake into endothelial cells is utilized by ANG4043 but
not by unconjugated mAb. ANG4043's moderate affinity for the
LRP1 receptor may be advantageous to receptor-mediated transcy-
tosis. Yu and colleagues (18) reported that an antibody with high
affinity (20 nmol/L) to transferrin receptors (TfR) remained asso-
ciatedwith theBBB,while a lower affinity variant (600nmol/L)was
able to disassociate from the BBB and achieve higher parenchymal
concentrations.

A critical objective for any new CNS therapeutic is to demon-
strate entry into brain parenchyma, where the target resides. As
some agents exhibit high association with brain capillary endo-
thelial cells, assessment of total brain homogenates following
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dosing is insufficient to determine whether this goal has been
achieved. In the current study, multiple methods were used to
confirm that ANG4043 reached the brain parenchyma, even in the
absence of HER2 target expression, using healthy, non–tumor-
bearing mice. First, saline perfusion was performed following all
in situbrain perfusion experiments to clear anymAb thatmayhave
associated nonspecifically with brain capillaries. Second, a cap-
illary depletion protocol was used to separate vessel-associated
mAb from parenchymal mAb. In these experiments, significantly
greater signal was associated with parenchymal fractions in mice
that received ANG4043 compared with those that received anti-
HER2. Finally, in vivo NiR imaging demonstrated a more dense
localization of signal within the tumoral brain hemisphere fol-
lowing treatment with Cyto750-ANG4043, suggesting associa-
tion of the peptide–mAb conjugate with HER2 receptors on
intracranial BT-474 xenografts. In comparison, the signal associ-
ated with Cyto750-anti-HER2 was much weaker and more dif-
fuse, suggestive of low brain permeability.

Theobserved increase in brainpenetration ofANG4043 adds to
the body of evidence supporting receptor-mediated transcytosis
as a means to create brain-penetrant macromolecules. Further-
more, this work is thefirst demonstration of an antibody rendered
brain penetrant by conjugation with a small (19 AA) peptide.
Other recent advances using receptor-mediated transcytosis have
been based on a strategy that requires modification of the anti-
body with a large protein moiety. This approach may be difficult
to translate to other types of molecules, such as peptides and
enzymes, without altering target binding or function. An2 has
been conjugated to peptides such as the tridecapeptide neuro-
tensin (ANG2002) without loss of receptor-binding affinity,
resulting in an agent that demonstrates efficacy in rodent pain
models on systemic dosing (42).

Targeting LRP1 as opposed to other receptors that mediate
transcytosis, such as TfR, may also be advantageous. Prolonged in
vitro exposure to an anti-TfR antibody was reported to cause TfR

downregulation,which could affect safety and tolerability (19). In
a separate study using a different TfR targeting mAb, a decrease in
reticulocyte count inmousewas reported (46). In contrast, the use
of An2 to target LRP1 for brain penetration has been tested in
humans. An An2–paclitaxel conjugate in phase II studies for
primary and secondary brain tumors, ANG1005, has been dosed
to more than 200 patients, and no adverse events beyond those
associated with paclitaxel have been reported (28, 29). The
majority of these patients received multiple cycles of the drug,
with the longest treatment duration being 87 weeks.

ANG4043 retains its pharmacologic properties after crossing the
BBB, indicated by the localization of fluorescent ANG4043 to BT-
474 xenografts in brain. Moreover, in a survival study, ANG4043
treatment was associated with a significantly greater improvement
in survival than anti-HER2. The small increase in median survival
for the native mAb is consistent with the low concentrations
observed in brain, while the increased survival conferred by
ANG4043 suggests that the higher brain concentrations provide
additional benefit. In previous studies in mice with intracranial
tumors, trastuzumab was reported to have no significant effect on
survival atdoses between4and10mg/kg, administered eitherdaily
or twice weekly (15, 16, 47). In our study, we did observe a slight
increase in survivalwithunconjugatedanti-HER2,but theeffectwas
significantly smaller than that observed with ANG4043.

This demonstration of dose-dependent efficacy encourages
further development of ANG4043 as an investigational agent
indicated for human breast cancer brain metastases, a common
end stage of breast cancer that is characterized by a particularly
poorprognosis. Interestingly, increased survivalwith trastuzumab
treatment has been reported in studies conducted in patients who
have had whole brain radiotherapy (WBR) for breast cancer brain
metastases (48). Overall survival for WBR-treated breast cancer
patients with brain metastasis was 21 months for trastuzumab
treated, compared with 9months for chemotherapy treated and 3
months without treatment. The effects reported may be the result
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of some degree of brain trastuzumab exposure, asWBR is believed
to compromise the BBB. The CSF:plasma ratio of trastuzumab in
patients with breast cancer is reported to increase 5- to 6-fold after
WBR (49). Conjugationof ourmAbwithAn2 increases brainmAb
concentrationswith the BBB intact, and therefore has potential for
efficacy even in patients who have not received WBR.

Even for tumors outside of the brain, anti-HER2 treatment
alone is insufficient to completely eradicate the disease. In the
clinic, trastuzumab is coadministered with a cytotoxic antican-
cer therapeutic such as paclitaxel. Similar to the case for
peripheral disease, treatment of metastatic breast cancer in the
brain with mAb therapy will probably require coadministration
with a brain-penetrant cytotoxic agent to achieve optimal
response. Paclitaxel is commonly administered as an early-line
therapy in breast cancer, but this small-molecule agent has
shown little to no effect on brain metastases due to its poor
penetration of the BBB (50). ANG1005 has been shown to cross
the BBB efficiently. As this molecule has been shown to have
promising antitumor activity in patients (28, 29), it is of
significant interest to ascertain whether ANG4043 in combi-
nation with ANG1005 might have synergistic effects on breast
cancer xenografts in preclinical models. Beyond coadministra-
tion, the next generation anti-HER2 therapy is adotrastuzumab
emtansine, an antibody–drug conjugate (ADC) in which a
highly potent cytotoxic maytansinoid drug is conjugated to
trastuzumab and thereby targets HER2-positive tumor cells
specifically (51). The An2 conjugation strategy is applicable to
ADCs and is currently under investigation in our laboratory.

The An2 conjugation methodology described here can be
applied to mAbs beyond anti-HER2 as well as to other classes of
therapeutic proteins. Numerous tumor-targeting mAbs are in
clinical use or clinical development, many of these for tumors
that metastasize to brain. The preclinical efficacy of ANG4043
not only demonstrates that a treatment for HER2-positive brain
metastasis is possible, but also offers a strategy for creation of

brain-penetrant mAbs for a variety of brain tumors and other
CNS disease.
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