Journal of Controlled Release 291 (2018) 80–89

Contents lists available at ScienceDirect

Journal of Controlled Release
journal homepage: www.elsevier.com/locate/jconrel

Successful intracranial delivery of trastuzumab by gene-therapy for
treatment of HER2-positive breast cancer brain metastases

T

⁎

Inbal Zaﬁr-Laviea,c, , Shay Sherboa, Haim Goltsmana, Felix Badintera, Eilam Yeinib, Paula Ofekb,
Reem Miaria, Osnat Tala, Atar Lirana, Tamar Shatila, Simi Krispela, Nir Shapira, Garry A. Neilc,
Itai Benhard, Amos Panete, Ronit Satchi-Fainarob
a

Medgenics Medical Israel, Ltd., Misgav, Israel
Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Room 607, Tel Aviv University, Tel-Aviv 69978, Israel
c
Aevi Genomic Medicine, Inc., Wayne, PA, USA
d
School of Molecular Cell Biology and Biotechnology, Green Building, Room 202, The George S. Wise Faculty of Life Sciences, Tel Aviv University, Ramat Aviv 69978,
Israel
e
Department of Biochemistry (IMRIC), The Hebrew University-Hadassah Medical School, Jerusalem, Israel
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Gene-therapy
Brain drug-delivery
Brain-metastasis
Viral-vector
Immunotherapy
HER2

Background: Trastuzumab is a monoclonal antibody which demonstrates eﬃcacy for HER2 positive breast
cancer patients. Recently, an increased incidence of brain metastasis in trastuzumab-treated patients has been
reported. The reason for this may be the eﬀectiveness of systemic trastuzumab allowing patients to survive
longer thus providing time for brain metastases to develop, along with the lack of penetration of systemic
therapies through the blood brain barrier. In recent years, several administration routes to the brain have been
evaluated. Albeit advances in the ﬁeld, there is still a need for improved delivery of therapeutic antibodies to the
brain. To address this challenge, we have developed two gene therapy-based methods enabling continuous
secretion of active trastuzumab in the brain.
Methods: We have developed two gene therapy approaches for the delivery of the therapeutic anti-HER2
monoclonal antibody, trastuzumab, to the brain. We utilized the helper dependent adenovirus vector, containing
trastuzumab light and heavy chains coding sequences (HDAd-trastuzumab). In the ﬁrst approach, we used the
Transduced Autologous Restorative Gene Therapy (TARGT) platform, in which dermal ﬁbroblasts of human and
mouse origin, are ex-vivo transduced with HDAd-trastuzumab vector, rendering continuous secretion of active
trastuzumab from the cells locally. These genetically engineered cells were subsequently implanted intracranially to mice, contralateral to HER2 positive breast carcinoma cells inoculation site, enabling continuous
secretion of trastuzumab in the brain. In the second approach, we used the same HDAd-trastuzumab viral vector,
directly injected intracranially, contralateral to the HER2 positive breast carcinoma cells inoculation site. Both
methods enabled therapeutic concentrations of local in-vivo production of active trastuzumab in a mouse model
of brain metastatic breast cancer.
Results: Trastuzumab secreted from the TARGT platform demonstrated in-vitro aﬃnity and immune recruitment
activity (ADCC) similar to recombinant trastuzumab (Herceptin, Genentech). When implanted in the brain of
HER2 positive tumor-bearing mice, both the TARGT platform of dermal ﬁbroblasts engineered to secrete trastuzumab and direct injection of HDAd-trastuzumab demonstrated remarkable intracranial tumor growth inhibitory eﬀect.
Conclusions: This work presents two gene therapy approaches for the administration of therapeutic antibodies to
the brain. The TARGT platform of dermal ﬁbroblasts engineered to secrete active trastuzumab, and the direct
injection of HDAd-trastuzumab viral vector, both rendered continuous in-vivo secretion of active trastuzumab in
the brain and demonstrated high eﬃcacy. These two approaches present a proof of concept for promising gene
therapy based administration methods for intracranial tumors as well as other brain diseases.
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1. Introduction

recently optimized the TARGT platform for the administration of
therapeutic antibodies [24].
Here we report the eﬃcacy of intracranially implanted TARGT in
mice bearing HER2 positive breast cancer metastases in the brain.
Dermal ﬁbroblasts were transduced with a HDAd viral vector bearing a
unique expression cassette enabling them to secrete the therapeutic
mAb trastuzumab. The engineered cells could be detected in the brains
of non-tumor bearing mice 9 days post implantation. We have demonstrated that TARGT secreted trastuzumab is properly assembled and
exhibits aﬃnity and immune recruiting activity which is similar to recombinant trastuzumab. Moreover, TARGT-secreted trastuzumab inhibited tumor growth in a mouse model of HER2-positive breast cancer
brain metastases. We further assessed the eﬃcacy of direct intracranial
injection of a single dose of the HDAd bearing the trastuzumab gene,
which elicited a remarkable growth inhibition of HER2-positive breast
cancer brain metastases. To the best of our knowledge, this is the ﬁrst
report of the use of an HDAd viral vector for administration of antibodies into the CNS. This methodology, upon further development,
presents two diﬀerent approaches for the administration of therapeutic
proteins into the CNS.

One of the most exciting approaches for the treatment of cancer,
autoimmunity and other disorders is the use of therapeutic monoclonal
antibodies. Demonstrating high speciﬁcity and aﬃnity, as well as relatively long serum half-life, antibodies exert eﬃcient therapeutic effects. Numerous antibodies were approved for clinical use and are now
routinely used for prolonging and improving patiens' lives [1].
Trastuzumab (Herceptin, Genentech) has revolutionized the management of HER2 positive breast cancers, with 44% reduction in the
risk for death versus HER2 negative breast cancer patients [2] and improvement of overall survival when compared to patients treated with
chemotherapy alone [3]. Interestingly, 10–30% of HER2 positive breast
cancer patients who respond to trastuzumab eventually present central
nervous system (CNS) metastasis [4–6]. The main reason for this phenomenon, besides trastuzumab-induced prolonged survival, is suspected to be the sub-optimal doses of trastuzumab reaching the brain,
attributed to the impermeability of the blood-brain-barrier (BBB) [7,8].
Comprised of unique endothelial cells that create tight junctions, the
BBB hinders the penetration of macromolecules such as therapeutic
antibodies into the CNS. It has been shown that only 0.1–0.2% of circulating antibodies can be detected in the CSF [9]. Speciﬁcally, trastuzumab concentrations were proven to be lower in the CSF compared
to serum, even when administered directly into the brain [10], hampering the achievement of an eﬀective therapeutic dose.
In recent years, there has been a remarkable progress in the ﬁeld of
gene and cell therapy. Genes inserted to replace missing or inactive
enzymes by implantation of gene-modiﬁed hematopoietic autologous
stem cells in adenosine deaminase–deﬁcient severe combined immune
deﬁciency (ADA-SCID) patients demonstrated eﬀective outcomes in
clinical trials [11]. In addition, marking a new era in the treatment of
inherited diseases, recombinant adeno-associated virus (AAV)-based
gene therapy voretigene neparvovec-rzyl (Luxturna) has been recently
approved by the food and drug administration (FDA) for the treatment
of congenital blindness caused by a mutation in the RPE65 gene
[12,13]. Recently, allogeneic transplantation of genetically-modiﬁed
hematopoietic stem cells has shown promising results in a recent phase
II-III study for the treatment of Adrenoleukodystrophy (ALD) [14]. Exvivo modiﬁed Chimeric antigen receptor (CAR) T-cells, which have
shown revolutionary clinical results in several tumor types is another
successful implementation of a gene therapy approach [15]. Two CAR
T-cell therapies were recently approved by the FDA for the treatment of
hematological malignancies [16–18].
Recent progress in gene therapy is partly attributed to the development of more sophisticated vectors, which present a safer proﬁle
[19]. The use of “gutless” Helper dependent adeno (HDAd) viral vector,
in which all viral coding sequences are deleted demonstrates a signiﬁcant advantage since it does not elicit an immune response against
the transduced cell. Moreover, because this vector lacks all viral genes,
it is possible to package large genes, multiple genes and cis-acting
elements which enable the expression of high molecular weight proteins, and to generate high secretion levels. In addition, being an episomal vector, HDAd eliminates the risk for insertion related tumorigenesis [20–22]. Therefore, antibodies are an excellent match for
HDAd vectors, bearing large DNA sequences and requiring relatively
high secretion levels.
In this study, we utilize an HDAd gene therapy approach to address
the challenge of administering therapeutic mAbs into the CNS. As
previously described, we have developed a an ex-vivo gene therapy
approach named “Transduced Autologous Restorative Gene Therapy”,
TARGT, in which autologous dermal ﬁbroblast cells are transduced exvivo with HDAd vector bearing a unique expression cassette which
enables continuous secretion of the therapeutic protein by the engineered cells upon implantation into the patient. We have reported this
approach to be safe in a phase I-II clinical trial for the administration of
Erythropoietin (Epo) in end-stage renal failure patients [23]. We have

2. Materials and methods
2.1. Expression vector construction
DNA sequences encoding the trastuzumab light and heavy chains
were inserted in the same open reading frame into the previously described HDAd-MAR-EF1α cassette in helper dependent adeno virus
DNA [25,26] (Fig. 1). The IgG DNA coding sequences were codon optimized for expression in human cells. To reduce the risk of anti-vector
innate immune response, all CpG sequences in the expression cassette
excluding the trastuzumab gene were changed. A furin enzyme cleavage site adjacent to the ribosome skipping 2A (FMDV) element [27]
was inserted between the two mAb light and heavy chain sequences in
order to produce two separate chains and enable correct antibody
folding, while avoiding possible 2A associated immunogenicity. The
expression cassette was cloned in the helper-dependent (HD) adenoviral
DNA, and viral vectors were produced and puriﬁed as previously described [28]. Helper-dependent adenoviral-trastuzumab vector DNA
(Fig. 1) was packaged into HD adenovirus vector as previously described [29]. Viral vector was puriﬁed on cesium chloride gradients and
concentrated. S tock virus contained 1012–1013 HD adenovirus particles
(VP) and < 1% of the helper adenovirus, used in the encapsidation
process. The ratio of Adeno infectious unit to virus particles was approximately 1:8.

2.2. Mouse dermal ﬁbroblasts preparation
Mouse dermal ﬁbroblasts were produced as previously described
[30], with several modiﬁcations as detailed in the following paragraphs. 6–8 weeks old BALB/c mice were euthanized, and ears were
isolated, disinfected with 70% ethanol and cut to 1cm2 fragments.
Following enzymatic digestion of the ear fragments in collagenase
(Serva electrophoresis, GmBH) at concentration of 2 U/ml for 20 h,
single cell suspension was obtained by gentle pipetting and transfer
through cell strainer. Cells were washed three times in DMEM growth
media supplemented with 10% Bovine Calf Serum (Thermo Scientiﬁc),
10 mU/ml Penicillin G, 10 μg/ml Streptomycin Sulfate and 25 ng/ml
amphotericin B (Biological Industries) and were plated in 100 mm cell
culture plates (Greiner), precoated with 5 μg Fibronectin (Merck Millipore). For transduction, primary mouse dermal ﬁbroblasts were cultured to reach 80% conﬂuence. Next, ﬁbroblasts were transduced for
24 h with HD adenovirus, at titer of 1.5 × 1010 viral particles (vp)/plate
in culture medium.
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Fig. 1. HDAd trastuzumab expression vectors. (A) Schematic
description of HDAd expression cassette. (B) Trastuzumab
gene constructs, where light chain is followed by furin cleavage site and the FMDV 2A element inserted between the light
and heavy chains to facilitate expression of two separate antibody chains. HC: heavy chain. FMDV 2A: Foot and Mouth
Disease Virus 2A ribosome skip element.

2.3. Human dermal ﬁbroblasts preparation and transduction

blocked with PBS containing 0.2% Tween (PBST) and 10% skim milk
solution. Next, membranes were incubated for 1 h at room temperature
with HRP conjugated anti-Human H + L Ab (Jackson Laboratories).
Post blotting the membrane was washed three times with PBS 0.2%
Tween, and incubated with ECL western blotting chemiluminescent
substrate (BioRad Laboratories). Signal intensity was measured using
Amersham 600 chemiluminescent imager (General Electric).

Primary human dermal ﬁbroblasts were isolated and expanded from
biopsies taken from human “tummy tuck” skin by dissociation of dermis
tissue using collagenases. Fibroblasts in culture were maintained in
DMEM supplemented with 10% Bovine Calf Serum (Thermo Scientiﬁc),
10 mU/ml Penicillin G, 10 μg/ml Streptomycin Sulfate and 25 ng/ml
amphotericin B (Biological Industries). For transduction, primary
human dermal ﬁbroblasts were cultured to reach 80% conﬂuence. Next,
ﬁbroblasts were transduced for 24 h with HD adenovirus, at titer of
1.5 × 1010 viral particles (vp)/plate in culture medium.

2.6. Growth inhibition assay
Conditioned media from primary human ﬁbroblasts transduced
with HD adenovirus (TARGT-trastuzumab or TARGT-GFP) or nontransduced control (naïve conditioned media) was collected following
48 h of cells growth.
Human mammary adenocarcinoma SKBR3 cells were plated into 24well tissue culture plates at 1 × 104 cells/well (day 0). Twenty-four
hours later (day 1), cells media was changed to media containing
TARGT-trastuzumab, TARGT-GFP or naïve conditioned media.
Standard curves of naïve media supplemented with serial dilutions (1,
3, 10, 30, 100 μg/ml) of recombinant Herceptin (Genentech, Roche)
were used as positive controls. Two days later (day 3), medium was
replaced by fresh treatments with identically-supplemented conditioned media. Following an additional day (day 4), cells were trypsinized and counted by Coulter counter (Beckman coulter). The data
presented are from at least three separate independent experiments, all
performed in triplicate.

2.4. Trastuzumab detection by ELISA
An in-house ELISA was established for the detection of total human
IgG kappa in samples. Brieﬂy, a maxisorb 96 well plate was coated with
1 μg/ml capture anti-human Fc Ab (Jackson ImmunoResearch).
Detection was performed using secondary horse radish peroxidase
(HRP) conjugated anti-human kappa chain Ab (AbCam). For the detection of total IgG kappa in serum samples collected in vivo, biotinylated secondary antibody was used (AbCam) followed by HRP conjugated streptavidin (Jackson ImmunoResearch). Assay quantiﬁcation
was performed by optical measurement at 450 nm, using Tecan plate
reader post addition of 3,3′,5,5′-Tetramethylbenzidine (TMB). Assay
buﬀer used was 3% bovine serum albumin (BSA) diluted in PBS. All
incubation steps were performed for 1 h at room temperature. Active
Trastuzumab concentrations were measured using an in-house established ELISA. Brieﬂy, maxisorb 96 well plate was coated with human
ErbB2 extracellular domain protein (Sino biological Inc.), 0.25 μg/ml in
PBS. For the detection of active antibody, biotinylated secondary antibody was used (Abcam) followed by HRP conjugated streptavidin
(Jackson ImmunoResearch). Assay quantiﬁcation was performed by
optical measurement at 450 nm, using Tecan plate reader post addition
of 3,3′,5,5’-Tetramethylbenzidine (TMB). Assay buﬀer used for blocking
was 3% BSA (Merck), diluted in TBS + 0.05% Tween (TBST) and for
the sample diluent, 0.1% BSA in TBST was used. All incubations steps
were performed for 1 h at room temperature.

2.7. Aﬃnity measurement by SPR
Measurements were performed using ProteOn XPR36 system
(BioRad Laboratories). Immobilization of capture antibody Fab goat
anti-human IgG Fab speciﬁc (Jackson ImmunoResearch, West Grove,
PA, USA) was performed on a general layer medium (GLM) chip (BioRad Laboratories) as described elsewhere [31]. Brieﬂy, six channels
were activated with 50 μl of a mixture of 0.04 M N-ethyl-N 0 -(3-dimethylaminopropyl) carbodiimide (EDC) and 0.01 M sulfo-N-hydroxysuccinimide (sulfo-NHS) at a ﬂow rate of 30 μl/min. The capture
antibody was diluted in 10 mM sodium acetate buﬀer (pH 4.5) to a ﬁnal
concentration of 25 μg/ml, and 150 μl were injected followed by an
injection of 150 μl of 1 M ethanolamine–HCl (pH 8.5). The immobilization level was approximately 9000 resonance units (RU). Next,
400 μl of three diﬀerent TARGT-trastuzumab conditioned media as well
as recombinant trastuzumab and recombinant adalimumab, as positive
and negative controls, respectively, were injected in the vertical

2.5. Western blot analysis
TARGT-trastuzumab conditioned media samples were separated by
SDS-PAGE under reducing (4–12% Bis-Tris gel) and non-reducing (12%
Bis-Tris gel) conditions, followed by electro blotting onto a nitrocellulose membrane using a semi dry transfer system. The blots were
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orientation in ﬁve diﬀerent channels to allow their capture. The sixth
channel was injected with conditioned media from naïve non-transduced TARGT, to serve as a reference. As trastuzumab's antigen, recombinant human HER2 extracellular domain protein (Sino biological
Inc.) was injected (100 μl at 100 μl/min) in the horizontal orientation of
the ProteOn XPR36 system using ﬁve diﬀerent concentrations (42, 21,
10.5, 5.25, and 2.625 nM). Running buﬀer was injected simultaneously
in the sixth channel for double referencing to correct for loss of the
captured antibody from the chip sensor surface during the experiment.
Eventually, the antibody–antigen complex was removed from the immobilized anti-human antibody by injecting 50 μl of a regeneration
solution of 0.85% phosphoric acid (pH 1.5) in the vertical orientation.
This allowed the chip regeneration and capture of additional supernatants. Continuous running buﬀer was PBST (10 mM Na–phosphate,
150 mM NaCl, and 0.005% Tween 20, pH 7.4). Analysis was performed
by Langmuir model for 1:1 interaction model [32] using ProteOn
Manager software.

inoculated using a stereotaxic apparatus (RWD Life Science co LTD.) as
previously described [39,40]. Brieﬂy, mice were anesthetized using
ketamine (100 mg/kg) and xylazine (12 mg/kg). A burr hole of 1 mm
diameter was drilled 0.5 mm posterior and 1.5 mm lateral to the
bregma. 1 × 107 cells were suspended in 500 μl PBS and Matrigel (BD
Bioscience, NJ, USA) 1:1 v/v ratio. A total volume of 10 μl was injected
(2 × 105 cells) over 10 min using a Hamilton syringe with a 26G needle
at 3 mm depth from the skull surface.
For implantation of transduced dermal ﬁbroblast cells (TARGT), a
burr hole of 1 mm diameter was drilled 0.5 mm posterior and 1.5 mm
lateral to the bregma, contra-lateral to the tumor inoculation site. Three
days post transduction with HDAd-trastuzumab viral vector, cells were
trypsinized and suspended 1:1 v/v ratio in Matrigel, at concentration of
0.5 × 106 cells per 10 μl. A total volume of 10 μl (0.5 × 106 cells) was
injected over 10 min using a Hamilton syringe with a 26G needle at
3 mm depth from the skull surface.
For injection of the HDAd viral vector, a burr hole of 1 mm diameter
was drilled 0.5 mm posterior and 1.5 mm lateral to bregma, contralateral to the tumor inoculation site. The viral vector (HDAd-trastuzumab or HDAd -GFP) was prepared for injection by diluting the viral
stock in PBS to a ﬁnal concentration of 1.3 × 1010 vp/10 μl. A total
volume of 10 μl (1.3 × 1010 vp) was injected over 10 min using a
Hamilton syringe with a 26G needle at 3 mm depth from the skull
surface.

2.8. Antibody dependent cell-mediated cytotoxicity (ADCC) assay
ADCC was measured using a calcein release assay. BT474 HER2positive cells were stained using calcein- acetyoxymethyl (calcein-AM,
Molecular probes). Cells were concentrated and incubated with 5 μM
calcein–AM for 30 min. Next, cells were washed and seeded in a 96
wells plate at a density of 4 × 105 cells/well. Trastuzumab or adalimumab from TARGT conditioned media and recombinant trastuzumab
were added and incubated for 1 h to allow binding. Following washing,
peripheral blood mononuclear cells (PBMCs) were added at 16:1 effector to target ratio. The plates were incubated for 6 h at 37 °C and
supernatants were analyzed for calcein-AM release using inﬁnite f200
pro Tecan ﬂuorescent plate reader (TECAN, Männedorf Switzerland).
Spontaneous release was measured using wells added with target cells
and PBMCs. Maximal release was measured using a group treated with
2% Triton X-100. Percent lysis was calculated by normalization to
spontaneous and maximal release groups.
PBMCs were collected from buﬀy coats of healthy donors using
Ficoll gradient (GE healthcare) according to the manufacturer's manual,
and added to target cells 48 h post preparation.
Statistical signiﬁcance was assessed by 1-way ANOVA followed by
Dunnett's range statistical test using GraphPad Prism 7 software.
Diﬀerences between treatment groups were compared to TARGT secreted adalimumab negative control group, and were considered signiﬁcant at values of 0.05 > *p > 0.01, **p < 0.01, ***p < 0.001
and ****p < 0.0001.

2.10. Frozen OCT tissue ﬁxation
Tumor-bearing mice were anesthetized using ketamine (100 mg/kg)
and xylazine (12 mg/kg) and perfused with PBS followed by 4%
Paraformaldehyde (PFA). Brains were resected, incubated in 4% PFA
for 4 h followed by 0.5 M of D-Sucrose (BioLab) for 1 h and 1 M Sucrose
O.N. Brains were then embedded in OCT (Scigen) on dry ice and stored
in −80 °C.
2.11. Immunohistochemistry
Immunohistochemistry of non-tumor bearing mice brains was performed using 5 μm thick OCT frozen tissue sections. Histology was
performed using the BOND RX autostainer (Leica). Sections were
stained by hematoxylin and eosin (H&E) and immunohistochemistry
was performed for Alpha smooth muscle actin (SMA) (Sigma Aldrich)
using
HRP-Goat
anti-mouse
secondary
antibody
(Jackson
ImmunoResearch)
and
biotin-anti-human
IgG
(Jackson
ImmunoResearch). Prior to antibodies incubation, slides were incubated with Peroxidase Block (Leica) for 5 min to quench endogenous
peroxidase activity, followed by incubation with 10% of goat serum in
PBS + 0.02% Tween-20 + 0.02% Gelatin, for 30 min to block nonspeciﬁc binding sites. Post antibodies incubation, slides were applied
with streptavidin-HRP followed by 3,3′-diaminobenzidine (DAB) for
10 min (Leica).

2.9. Treatment of intracranial SKBR3 tumors with TARGT-trastuzumab
2.9.1. Ethical statement
All animal procedures were approved and performed in compliance
with the standards of Tel Aviv University, Sackler School of Medicine
Institutional Animal Care and Use Committee (IACUC).

3. Results
2.9.2. Cell line
As a model cell line, we chose the human breast cancer cell line
SKBR3. SKBR3 cells express high levels of HER2 [33], have been extensively studied as trastuzumab-sensitive cells and were used to
compare biosimilars such as the FDA approved Ogivri [34], Pertuzumab
[35] and additional HER2-speciﬁc therapeutic agents to trastuzumab
[36] SKBR3 cells were used to study breast cancer metastasis to the
central nervous system in rodent models [37].

3.1. Construction of HDAd-trastuzumab expression cassette
To construct helper-dependent adeno viral (HDAd) vector enabling
secretion of high trastuzumab levels, we used our previously reported
expression cassette, which utilizes the EF1α promoter as well as βglobin MAR and IFNβ S/MAR elements to enhance transcription
[41,42]. As we have previously reported, design of a bi-cistronic expression cassette with the antibody light chain placed before the heavy
chain yields high secretion levels in the TARGT platform [24]. The foot
and mouth disease virus (FMDV) 2A ribosome skipping element introduced between the DNA sequences of the light and heavy chains of
the trastuzumab gene, enabled the use of a single open reading frame
for the expression of the two separate antibody chain polypeptides. A

2.9.3. Animal model
For establishment of an intracranial xenograft model, human
mammary adenocarcinoma SKBR3 cells were infected with a Lentiviral
vector to express the red ﬂuorescent protein mCherry and were maintained as previously described [38]. mCherry-labeled SKBR3 cells were
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Fig. 2. Trastuzumab secretion levels from HDAd transduced dermal ﬁbroblasts
in culture. Dermal ﬁbroblasts from a healthy donor were maintained in culture
and transduced with HDAd-Trastuzumab cassette. Secretion levels were measured in the production media. Values are mean + STDEV, n = 4 in each group.

furin cleavage site was introduced between the upstream located light
chain and the 2A element to facilitate cleavage of the 2A element derived peptide from the carboxy end of the light chain upon translation.
This expression cassette design was proven eﬃcient in the production
of fully assembled recombinant mAbs [24,43]. To enable secretion from
the cell, a human antibody heavy chain signal peptide was used for the
two antibody chains (Fig. 1).
To evaluate the secretion levels of the trastuzumab construct in
culture, primary human dermal ﬁbroblasts were isolated from biopsies,
expanded and maintained in cell culture as previously reported [44].
HDAd viral vector containing trastuzumab gene (HDAd-trastuzumab)
was used to transduce the primary dermal ﬁbroblasts cells, termed
TARGT-trastuzumab. Trastuzumab secreted from TARGT in culture
displayed high secretion levels to the conditioned media of 1–2 μg/day
per 106 cells (Fig. 2). The secretion proﬁle of trastuzumab from TARGT
reached a peak at days 7–11 post transduction, in agreement with
previous studies [24,44]. In order to evaluate trastuzumab processing
and folding of the heavy and light chains polypeptides into a fully assembled IgG, conditioned media from ﬁbroblasts secreting trastuzumab
were subjected to Western blot analysis. The results shown in Fig. 3A
demonstrate eﬀective assembly of TARGT secreted trastuzumab into a
full 150 kDa IgG, exhibiting molecular weight on SDS-PAGE similar to
that of recombinant trastuzumab spiked in naïve cells conditioned
media. Further analysis of the conditioned media from in-vitro secretion
of TARGT-trastuzumab under reducing conditions revealed the two
antibody chains: a band of 50 kDa corresponding to the heavy chain
similar to that of recombinant trastuzumab, and a band of a slightly
larger size than the light chain of recombinant trastuzumab (25 kDa).
The diﬀerence in the molecular weight of the light chain, between
TARGT secreted trastuzumab and recombinant trastuzumab is attributed to partial proteolytic activity of the furin enzyme in-vitro, which
results in 24 amino acids of 2A element still present as the C-terminal
sequence of the light chain. Further analysis of in-situ gel proteolysis of
SDS-PAGE protein bands followed by mass spectrometry showed that
the 2A peptide is, indeed detected as a part of the light chain band of
TARGT secreted trastuzumab and not in the heavy chain of TARGT
trastuzumab (Supplementary Fig. 1). Similar results were obtained for
the mAb adalimumab, secreted from the TARGT platform, as previously
reported [24]. To examine the processing of TARGT secreted trastuzumab in-vivo, primary mouse dermal ﬁbroblasts were isolated, expanded and maintained in culture as previously described [45]. Next,
mouse primary dermal ﬁbroblasts were transduced with HDAd–trastuzumab (mTARGT-trastuzumab) and subcutaneously implanted
into non-tumor bearing BALB/c mice. Six days post implantation, the

Fig. 3. Processing analysis of Trastuzumab secreted from dermal ﬁbroblasts in
culture and in mouse serum after implantation. (A) Western blot analysis of invitro TARGT secreted trastuzumab was conducted under non-reducing conditions, and (B) under reducing conditions. Lane 1, Negative control: Naïve cells
conditioned media. Lane 2, Positive control: recombinant trastuzumab standard
spiked in naïve cells conditioned media. Lane 3, conditioned media from dermal
ﬁbroblasts secreting trastuzumab (TARGT-trastuzumab). (C) In-vivo processing
analysis of TARGT secreted trastuzumab subcutaneously implanted into nontumor bearing BALB/c mice. Western blot analysis was conducted under reducing conditions. Lane1, negative control: naïve BALB/c serum. Lane 2, serum
from BALB/c mice implanted with TARGT-trastuzumab, 6 days post implantation. Lane 3, positive control: recombinant trastuzumab standard spiked in
naïve BALB/c serum.

mice were bled, serum was prepared from blood samples and subjected
to Western blot analysis. Trastuzumab heavy chain was detected at
50 kDa, similar to recombinant trastuzumab spiked in naïve mouse
serum and similar to the results obtained in-vitro (Fig. 3C). Trastuzumab
light chain is detected at molecular weight of 25 kDa, similar to recombinant trastuzumab spiked in naïve mice serum (Fig. 3C),
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Table 1
Kinetic binding constants of TARGT-secreted trastuzumab interacting with
HER2 extracellular domain antigen. One shot kinetic analysis of trastuzumab
secreted from TARGT platform. TARGT secreted trastuzumab and recombinant
trastuzumab were captured using anti-human antibody immobilized on a GLM
surface (BioRad laboratories). HER2 extracellular domain was injected at descending concentrations. Analysis was performed by Langmuir model for 1:1
interaction model using ProteOn Manager software. n = 3 in all experiments.
Ligand

Ka (104M−1s−1)

Kd (10−4 s−1)

KD (10−10 M)

TARGT-secreted
trastuzumab
Recombinant trastuzumab

3.08 ± 0.26

4.9 ± 1.73

1.59 ± 0.25

5.39 ± 0.09

6.26 ± 0.08

1.16 ± 0.17

suggesting that furin activity in the mouse is more eﬀective than in the
cultured cells and yields a fully processed light chain. Still, bands of
higher molecular weight are detected which may correspond to noncleaved light chain variants. These variants are at lower amount compared to the fully processed 25 kDa light chain.
In order to characterize trastuzumab binding kinetics to the extracellular domain of HER2, we applied a SPR based platform for measurement of protein-protein interactions. The results (Table 1 and
Supplementary Fig. S2) demonstrate a binding aﬃnity of 0.11 nM for
recombinant trastuzumab, which is in agreement with previous studies
[46]. TARGT secreted trastuzumab demonstrated an aﬃnity of
0.15 nM. These results clearly demonstrate that the binding kinetics of
TARGT-secreted trastuzumab is similar to that of recombinant trastuzumab. When analyzed by ﬂow cytometry, TARGT-secreted trastuzumab demonstrated similar speciﬁc binding to HER2-positive breast
cancer cell lines BT474 and no binding to HER2-negative cell line
(Supplementary Fig. S3), similar to recombinant trastuzumab.
Upon binding to HER2 positive breast cancer cells, trastuzumab
exerts anti-tumor function via two mechanisms. It causes HER2-positive
tumor cells' growth arrest and attenuation of their proliferation in
culture. In addition, being an IgG1, trastuzumab is capable of recruiting
the immune system to attack cancer cells resulting in antibody mediated cell cytotoxicity (ADCC) [47]. Therefore, after demonstrating relatively high secretion levels and correct in-vitro and in-vivo assembly of
trastuzumab secreted from the TARGT platform, as well as high aﬃnity
binding which is in agreement with the literature, we aimed to assess
trastuzumab activity. The growth inhibitory eﬀect of TARGT-secreted
trastuzumab compared to recombinant trastuzumab was evaluated
using HER2 positive tumor cells in culture. As clearly demonstrated in
Fig. 4A, growth inhibitory eﬀect of TARGT-secreted trastuzumab is similar to the inhibitory eﬀect of recombinant trastuzumab spiked in nontransduced (naïve) dermal ﬁbroblasts' conditioned media (Fig. 4A).
Trastuzumab concentration of 100 ng/ml demonstrated cell growth
inhibition of 29–35% compared to conditioned media from non-transduced (naïve) cells, in agreement with previous reports [48]. A dose
dependent trend was observed for TARGT-secreted trastuzumab concentrations, indicating speciﬁc eﬀect. No signiﬁcant diﬀerence was
observed between the growth inhibitory eﬀect of the diﬀerent TARGT
trastuzumab and recombinant trastuzumab (p value 0.678). To evaluate
the capacity of TARGT-secreted trastuzumab to mediate ADCC, a cellbased cytotoxicity assay was performed. Peripheral blood mononuclear
cells (PBMCs) isolated from healthy donors were used as eﬀector cells.
Target tumor cells were BT474 HER2-positive breast carcinoma cells
pre-stained with calcein AM. Lysis was measured by ﬂuorescence detection in supernatants of lysed cells. The results presented (Fig. 4B)
clearly demonstrate that TARGT-secreted trastuzumab mediates ADCC
to a similar extent as recombinant trastuzumab spiked in conditioned
media from non-transduced (naïve) dermal ﬁbroblasts and higher than
irrelevant antibody (adalimumab) secreted from TARGT platform, or
conditioned media from non-transduced (naïve) dermal ﬁbroblasts.
These results demonstrate that TARGT-secreted trastuzumab exhibit a
mode of action that is similar to recombinant trastuzumab.

Fig. 4. In-vitro activity of TARGT secreted trastuzumab. (A) Tumor growth inhibition assay. HER2 positive SKBR3 breast carcinoma cells were preincubated
with conditioned media from dermal ﬁbroblasts engineered to secrete trastuzumab (TARGT-trastuzumab), at diﬀerent concentrations ranging from 3 to
100 ng/ml. Recombinant trastuzumab was used as positive control. Viable cells
were counted 24 h post treatment. (n = 3). (B) Cell based ADCC assay. BT474
HER2 positive breast carcinoma cells were preincubated with conditioned
media from dermal ﬁbroblasts engineered to secrete trastuzumab (TARGTtrastuzumab). BT474 cells preincubated with recombinant trastuzumab were
used as positive control. BT474 cells preincubated with conditioned media from
non-transduced dermal ﬁbroblasts (naïve TARGT) or conditioned media from
dermal ﬁbroblasts engineered to secrete adalimumab (TARGT-adalimumab),
were used as negative controls. Human PBMCs from healthy donors were used
as a source of eﬀector cells. TARGT-trastuzumab, TARGT-adalimumab and recombinant trastuzumab concentrations were 5μg/ml each. Target cell lysis was
measured using Calcein-AM release assay. Data was normalized to the
minimum and maximum ﬂuorescent signal provided by PBMCs alone and
Triton x-100, respectively (n = 6).
Statistical signiﬁcance of diﬀerences was assessed by 1-way ANOVA followed
by Dunnett's range statistical test using GraphPad Prism 7 software. Diﬀerences
between treatment groups were compared to TARGT HUMIRA negative control
group, and were considered signiﬁcant at values of 0.05 > *p > 0.01,
**p < 0.01, ***p < 0.001 and ****p < 0.0001.

To assess the anti-tumor therapeutic potential of the TARGT platform, we ﬁrst assessed the viability of transduced dermal ﬁbroblasts
injected in the mouse striatum. To visualize dermal ﬁbroblasts in the
mouse striatum, primary mouse dermal ﬁbroblasts were produced as
previously described [45,49] to avoid graft rejection by immunocompetent BALB/c mice. Mouse dermal ﬁbroblasts (0.5 × 106
cells) transduced with HDAd-trastuzumab (mTARGT-trastuzumab)
embedded in Matrigel were implanted in the striatum of non-tumor
bearing BALB/c mice. Mice implanted with Matrigel only were used as
negative control. Nine days post implantation, mice were euthanized
and brains were resected. Brain tissue sections were stained for α-SMA
and for human IgG1 to visualize mouse dermal ﬁbroblasts and
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Fig. 5. Immunohistochemistry of non-tumor bearing
mice implanted with dermal ﬁbroblasts engineered
to secrete trastuzumab. Non-tumor bearing BALB/c
mice were implanted with mouse dermal ﬁbroblasts
engineered to secrete trastuzumab (mTARGT-trastuzumab, upper panel) or Matrigel only as negative
control (lower panel). Brains were harvested 9 days
post implantation and stained for human IgG (hIgG,
left panel), ﬁbroblasts (α-SMA, middle panel) and H
&E (right panel). Black arrow indicates dermal ﬁbroblasts implantation site.

trastuzumab, respectively. α-SMA staining clearly detected mouse
dermal ﬁbroblasts in mTARGT-trastuzumab implanted groups and not
in mice implanted with Matrigel only (Fig. 5, middle panel). Furthermore, trastuzumab secreted from mTARGT was detected when staining
for human IgG1 (Fig. 5, left panel). H&E staining enabled visualization
of dermal ﬁbroblasts implantation site (Fig. 5, right panel, black arrow).
These results demonstrate that even 9 days post implantation, mouse
dermal ﬁbroblasts are present and secrete trastuzumab in the mouse
striatum.
Following demonstration of transduced dermal ﬁbroblast survival
and secretion of trastuzumab in mouse brain, we performed an antitumor eﬃcacy study in BALB/c nude mice. Lacking T and B-cells hindering human tumor cells and human dermal ﬁbroblast cells rejection,
BALB/c nude mice were used as a model for trastuzumab eﬃcacy studies in brain metastasis of breast cancer. To assess eﬃcacy of TARGTsecreted trastuzumab, human dermal ﬁbroblasts (0.5 × 106 cells)
transduced with HDAd-trastuzumab and embedded in Matrigel were
intracranially implanted contralateral to HER2-positive mCherry-labeled SKBR3 cells. For negative control, a similar number (0.5 × 106
cells per mouse) of non-transduced human dermal ﬁbroblasts (naïve
TARGT) were embedded in Matrigel and implanted, contra-lateral to
the SKBR3 inoculation site. Tumor growth was monitored using intravital non-invasive ﬂuorescent imaging. Mice implanted with human
dermal ﬁbroblasts secreting trastuzumab demonstrated statistically
signiﬁcant inhibition of tumor growth compared to control mice treated
with non-transduced human dermal ﬁbroblasts (naïve TARGT), as early
as day 11 from implantation (Fig. 6A). Moreover, TARGT-trastuzumab
treated group demonstrated median survival of 58 days compared to
30.5 days in naïve TARGT treated group (Fig. 6C). The results presented
herein demonstrate the therapeutic potential of intracranial implantation of autologous cells secreting trastuzumab as a treatment for breast
cancer brain metastasis.
We next evaluated the anti-tumor therapeutic potential of HDAd
gene therapy in a BALB/c nude mouse model for brain metastasis of
breast cancer. 2 × 105 mCherry–labeled HER2-positive SKBR3 cells
were inoculated into the striatum of mice, followed by contra-lateral
injection of 1.3 × 1010 viral particles bearing trastuzumab expression
cassette (HDAd-trastuzumab). Tumor growth was monitored using intravital non-invasive ﬂuorescence imaging. Mice treated with the HDAd
vector producing trastuzumab exhibited signiﬁcant inhibition of tumor
growth, compared to mice treated with HDAd vector expressing GFP as
a control, up to 62 days post implantation (Fig. 6B). When examining
median survival, the HADd-trastuzumab treated group demonstrated
62 days compared to 51.5 days for HDAd-GFP group. These results demonstrate that injection of HDAd vector rendering in-vivo secretion of
trastuzumab inhibits intracranial tumor growth in a model for breast
cancer brain metastases-targeted gene therapy.
These results clearly demonstrate the potential of the “traditional”

gene therapy approach for the treatment of brain metastases of breast
cancer, in which a viral vector is intracranially injected in order to
facilitate in-vivo secretion of a therapeutic agent into the CNS. In addition, these results establish the use of ex-vivo transduced cells as additional therapeutic alternative for administration of mAb to the brain
in breast cancer brain metastasis.

4. Discussion
Administering antibodies into the brain has long posted a challenge.
The BBB hinders the transfer of high molecular weight molecules into
the CNS [50]. Studies to overcome the hurdle of low concentrations of
therapeutic antibodies in the CSF were reported in the literature.
Generation of a bi-speciﬁc antibody in which one arm binds to transferrin receptor and the other arm is the therapeutic arm binding and
inhibiting β-secretase was proven eﬃcient for the treatment of Alzheimer's disease in a mouse model [51] and is in pre-clinical development for additional indications [52]. These bi-speciﬁc antibodies have
also been shown to accumulate in the CSF in an in-vivo model of primates [53]. Additional biological strategies such as peptide conjugates
[54] and cationized antibodies [55,56] have been reported, demonstrating promising pre-clinical results. Physical, osmotic and biochemical disruption of the BBB have been also investigated. Focused ultrasound (FUS) has been studied for enhanced administration of
trastuzumab into the brain and has demonstrated advantage for the
treatment of breast cancer brain metastasis in a pre-clinical study [57].
Treatment of HER2-positive brain metastasis using intraventricular
catheter systems such as Ommaya reservoir for administration of trastuzumab to the CNS has been reported [58]. Although limited positive
clinical outcomes were achieved [59], complications such as infections
are not rare events [60]. Additional studies are required for assessment
of the eﬃciency of intrathecal administration of therapeutic antibodies,
and additional methods for administration of therapeutic proteins to
the CNS are required.
In recent years, we are witnessing a major progression in gene and
cell therapy technologies. FDA-approved CAR T-cells for hematological
malignancies [61] and Voretigene neparvovec for the treatment of
congenital blindness [62] have demonstrated major breakthroughs in
the way malignancies and genetic diseases are being treated. In this
work, we assessed two gene therapy approaches for continuous administration of the therapeutic antibody trastuzumab to the brain in a
mouse model for brain metastases of HER2-positive breast cancer, using
a HDAd viral vector, bearing an expression cassette for trastuzumab
(HDAd-trastuzumab). In the ﬁrst approach, we utilized an ex-vivo gene
therapy technology, TARGT, in which dermal ﬁbroblasts are transduced
in culture with HDAd-trastuzumab viral vector that enables them to
secrete trastuzumab. Following transduction, the dermal ﬁbroblasts are
implanted near the tumor inoculation site to introduce the therapeutic
86

Journal of Controlled Release 291 (2018) 80–89

I. Zaﬁr-Lavie et al.

agent. The brain milieu, circulated with low protein CSF is a challenging environment for peripheral non-CNS cells. Nevertheless, we have
demonstrated by immunostaining that dermal ﬁbroblasts can be visualized in the brain 9 days post implantation. These results are in
agreement with a previous study demonstrating that a dermal microorgan, transduced with HDAd vector enabling it to secrete a therapeutic
protein (Erythropoietin) can be implanted in rat cisterna magna and
remain viable for at least 21 days [63]. An additional study showed
implantation and survival of dermal ﬁbroblasts in diﬀerent regions of
the brain in non-human primates [64]. In order to demonstrate ex-vivo
gene therapy eﬃcacy, we inoculated HER2-positive breast cancer cells
into the mouse striatum. Primary dermal ﬁbroblasts transduced with
HDAd-trastuzumab (TARGT-trastuzumab) were implanted contra-lateral to tumor implantation site. This treatment clearly showed inhibition of tumor growth up to 32 days from inoculation, and median survival of 58 days compared to 30.5 days for mice implanted with naïve
TARGT. Overall, the data presented herein demonstrate that in-vivo
active trastuzumab is secreted from primary human dermal ﬁbroblasts
implanted intracranially and it inhibits the growth of intracerebral
HER2-positive tumors.
In the second approach, we used conventional gene therapy, injecting the HDAd-trastuzumab viral vector directly into the brain,
contra-lateral to the HER2-positive tumor inoculation site. This approach demonstrated a remarkable anti-tumor eﬀect, and median survival of 62 days compared to 51.5 days of the control group injected
with a HDAd viral vector bearing a GFP expression cassette.
Overall, these two innovative approaches demonstrate the potential
of using viral vectors for sustained delivery of therapeutic antibodies
into the brain, using the patient's own cells manufacturing capability.
When comparing median survival, it seems that HDAd-trastuzumab
virus injection is slightly more eﬃcient compared to TARGT-trastuzumab. This diﬀerence may be attributed to several diﬀerences between
the treatment regimens. Dosage diﬀerence between the treatment
groups may cause diﬀerent median survival. TARGT-trastuzumab
treated group is dosed ex-vivo prior to implantation whereas HDAd
virus injection dose is not known, and is limited by the titer of virus due
to potential toxicity [65]. The diﬀerence between TARGT and HDAd
direct viral injection groups may also be attributed to the anti-tumor
activity demonstrated by AAV viral vectors [13,66]. Indeed, median
survival of 30.5 days for naïve TARGT group compared to 51.5 days for
HDAd-GFP direct viral injection group reﬂect the eﬀect of HDAd virus
on tumor growth in-vivo. In this case, it may be that HDAd-trastuzumab
dose was sub-optimal and a part of the eﬀect is due to the contribution
of activation of anti-viral innate immune response by HDAd vector,
which in turn synergized with trastuzumab in the brain to produce similar survival rates compared to TARGT-trastuzumab treated group. In
this case, using higher dose can demonstrate even better anti-tumor
eﬀect.
When comparing TARGT vs. direct viral injection treatment there
are several advantages for each treatment approach. A single injection
of a viral vector displayed a promising prolonged anti-tumor eﬀect, but
may display severe toxicity [65]. TARGT ex-vivo gene therapy approach
demonstrates safety advantages, as the viral vector is washed prior to
injection and is restricted to the implanted engineered cells, therefore,
lowering the risk for the vector to spread all over the body. In addition,
the TARGT system may present an advantage when compared to direct
viral injection, when assessing the ability to control the administered
dose of the therapeutic agent. By preimplantation ex-vivo measurement
of the amount of therapeutic protein secreted per cell, adjustment of the
number of cells implanted per each patient can enable a better dose
control. In both approaches, the sustained production of the therapeutic
protein by the patient's own cells may reduce the chances for anti-drug
antibodies production compared to recombinant proteins produced in
non-human production systems, such as CHO, which may introduce
new epitopes due to diﬀerent folding, glycosylation, etc. [67]. Using
these two approaches, we have demonstrated the eﬃcacy of continuous

Fig. 6. Eﬃcacy of trastuzumab secreted from TARGT platform and from gene
therapy platform in a mouse model of brain metastatic breast cancer. Human
SKBR3 HER2+ breast carcinoma cells were inoculated into BALB/c nude mice
striatum. (A) Anti tumor activity of intracranially implanted dermal ﬁbroblasts
engineered to secrete trastuzumab (TARGT-Trastuzumab). Intracranial implantation of non transduced dermal ﬁbroblasts (naïve TARGT) was used as
negative control. (B) Anti tumor activity of direct, single dose, intracranial
injection of 1.3 × 1010 HDAd vp/mouse bearing trastuzumab expression cassette (HDAd trastuzumab). Intracranial injection of HDAd vector bearing GFP
cassette was used as negative control (HDAd GFP). (C) Kaplan-Meier survival
graphs of HDAd-trastuzumab and HDAd-GFP (upper panel) vs. TARGT-trastuzumab and naïve TARGT (lower panel). Median survival was 62 and 51.5 days
for HDAd-trastuzumab and HDAd-GFP respectively and 58 and 30.5 days for
TARGT-trastuzumab and naïve TARGT, respectively.
Statistical signiﬁcance determined by paired t-test, Kaplan-Meier graph and
median survival calculation using GraphPad Prism 7 software. Diﬀerences between treatment groups were compared to negative control group, and were
considered signiﬁcant at values of 0.05 > *p > 0.01, **p < 0.01.
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administration of trastuzumab into the brain in a mouse model for brain
metastatic breast cancer. Our data suggest innovative administration
methods of therapeutic antibodies into the CNS, using HDAd viral
vector. When comparing these two methods, one should consider
safety, required dose and duration of secretion and the potential need to
re-treatment. The potential of each method for the use in brain metastatic breast cancer patients requires further study.

[17] G.M. Blumenthal, R. Pazdur, Approvals in 2017: gene therapies and site-agnostic
indications, Nat. Rev. Clin. Oncol. 15 (2018) 127–128.
[18] Z.J. Roberts, M. Better, A. Bot, M.R. Roberts, A. Ribas, Axicabtagene ciloleucel, a
ﬁrst-in-class CAR T cell therapy for aggressive NHL, Leuk. Lymphoma (2017) 1–12.
[19] A.M. Keeler, M.K. Elmallah, T.R. Flotte, Gene therapy 2017: progress and future
directions, Clin. Transl. Sci. 10 (2017) 242–248.
[20] A. Rosewell, F. Vetrini, P. Ng, Helper-dependent adenoviral vectors, J. Gen. Syndr.
Gene Therap. (Suppl. 5) (2011) 001.
[21] F. Vetrini, P. Ng, Gene therapy with helper-dependent adenoviral vectors: current
advances and future perspectives, Viruses 2 (2010) 1886–1917.
[22] A. Jozkowicz, J. Dulak, Helper-dependent adenoviral vectors in experimental gene
therapy, Acta Biochim. Pol. 52 (2005) 589–599.
[23] S. Blum, N. Shapir, R. Miari, B. Lerner, B. Koren, K. Doenyas-Barak, S. Efrati,
P.E. Pergola, D. Schwartz, G. Chernin, Y. Yagil, S. Guzy, A. Nyska, G.A. Neil, TARGT
gene therapy platform for correction of anemia in end-stage renal disease, N. Engl.
J. Med. 376 (2017) 189–191.
[24] I. Zaﬁr-Lavie, R. Miari, S. Sherbo, S. Krispel, O. Tal, A. Liran, T. Shatil, F. Badinter,
H. Goltsman, N. Shapir, I. Benhar, G.A. Neil, A. Panet, Sustained secretion of antitumor necrosis factor alpha monoclonal antibody from ex vivo genetically engineered dermal tissue demonstrates therapeutic activity in mouse model of rheumatoid arthritis, J. Gene Med. 19 (2017).
[25] H. Niwa, K. Yamamura, J. Miyazaki, Eﬃcient selection for high-expression transfectants with a novel eukaryotic vector, Gene 108 (1991) 193–199.
[26] N. Shapir, R. Miari, S. Blum, D. Schwartz, G. Chernin, G.A. Neil, D. Aﬁk, A. Panet,
Preclinical and preliminary clinical evaluation of genetically transduced dermal
tissue implants for the sustained secretion of erythropoietin and interferon alpha,
human gene therapy, Clin. Develop. 26 (2015) 216–227.
[27] J. Fang, J.-J. Qian, S. Yi, T.C. Harding, G.H. Tu, M. Vanroey, K. Jooss, Stable antibody expression at therapeutic levels using the 2A peptide, Nat. Biotechnol. 23
(2005) 584–590.
[28] D.J. Palmer, P. Ng, Methods for the production of helper-dependent adenoviral
vectors, methods in molecular biology (Clifton, N.J.), 433 (2008) 33–53.
[29] D. Palmer, P. Ng, Improved system for helper-dependent adenoviral vector production, Mol. Therap. 8 (2003) 846–852.
[30] A. Seluanov, A. Vaidya, V. Gorbunova, Establishing primary adult ﬁbroblast cultures from rodents, J. Visual. Exp. (2010) 2033.
[31] V. Bronner, G. Denkberg, M. Peled, Y. Elbaz, E. Zahavi, H. Kasoto, Y. Reiter,
A. Notcovich, T. Bravman, Therapeutic antibodies: discovery and development
using the ProteOn XPR36 biosensor interaction array system, Anal. Biochem. 406
(2010) 147–156.
[32] D.J. O'Shannessy, M. Brigham-Burke, K.K. Soneson, P. Hensley, I. Brooks,
Determination of rate and equilibrium binding constants for macromolecular interactions using surface plasmon resonance: use of nonlinear least squares analysis
methods, Anal. Biochem. 212 (1993) 457–468.
[33] A. Prat, O. Karginova, J.S. Parker, C. Fan, X. He, L. Bixby, J.C. Harrell, E. Roman,
B. Adamo, M. Troester, C.M. Perou, Characterization of cell lines derived from
breast cancers and normal mammary tissues for the study of the intrinsic molecular
subtypes, Breast Cancer Res. Treat. 142 (2013) 237–255.
[34] A.S. Rathore, Approval of Ogivri, PDA J. Pharm. Sci. Technol. 72 (1) (2018).
[35] G. Brockhoﬀ, B. Heckel, E. Schmidt-Bruecken, M. Plander, F. Hofstaedter,
A. Vollmann, S. Diermeier, Diﬀerential impact of cetuximab, pertuzumab and
trastuzumab on BT474 and SK-BR-3 breast cancer cell proliferation, Cell Prolif. 40
(2007) 488–507.
[36] J. Diessner, V. Bruttel, R.G. Stein, E. Horn, S.F. Hausler, J. Dietl, A. Honig,
J. Wischhusen, Targeting of preexisting and induced breast cancer stem cells with
trastuzumab and trastuzumab emtansine (T-DM1), Cell Death Dis. 5 (2014) e1149.
[37] R.J. Weil, D.C. Palmieri, J.L. Bronder, A.M. Stark, P.S. Steeg, Breast cancer metastasis to the central nervous system, Am. J. Pathol. 167 (2005) 913–920.
[38] E. Segal, H. Pan, P. Ofek, T. Udagawa, P. Kopeckova, J. Kopecek, R. Satchi-Fainaro,
Targeting angiogenesis-dependent calciﬁed neoplasms using combined polymer
therapeutics, PLoS ONE 4 (2009) e5233.
[39] P. Ofek, M. Calderon, F.S. Mehrabadi, A. Krivitsky, S. Ferber, G. Tiram,
N. Yerushalmi, S. Kredo-Russo, R. Grossman, Z. Ram, R. Haag, R. Satchi-Fainaro,
Restoring the oncosuppressor activity of microRNA-34a in glioblastoma using a
polyglycerol-based polyplex, Nanomedicine 12 (2016) 2201–2214.
[40] S. Ferber, G. Tiram, A. Sousa-Herves, A. Eldar-Boock, A. Krivitsky, A. Scomparin,
E. Yeini, P. Ofek, D. Ben-Shushan, L.I. Vossen, K. Licha, R. Grossman, Z. Ram,
J. Henkin, E. Ruppin, N. Auslander, R. Haag, M. Calderon, R. Satchi-Fainaro, Cotargeting the tumor endothelium and P-selectin-expressing glioblastoma cells leads
to a remarkable therapeutic outcome, elife 6 (2017).
[41] S.C. Verghese, N.A. Goloviznina, A.M. Skinner, H.J. Lipps, P. Kurre, S/MAR sequence confers long-term mitotic stability on non-integrating lentiviral vector
episomes without selection, Nucleic Acids Res. 42 (2014) (e53-e53).
[42] Q. Li, W. Dong, T. Wang, Z. Liu, F. Wang, X. Wang, C. Zhao, J. Zhang, L. Wang,
Eﬀect of betaglobin MAR characteristic elements on transgene expression, Mol.
Med. Rep. 7 (2013) 1871–1874.
[43] S.C. Ho, M. Bardor, B. Li, J.J. Lee, Z. Song, Y.W. Tong, L.T. Goh, Y. Yang,
Comparison of internal ribosome entry site (IRES) and Furin-2A (F2A) for monoclonal antibody expression level and quality in CHO cells, PLoS ONE 8 (2013)
e63247.
[44] E. Mitrani, A. Pearlman, B. Stern, R. Miari, H. Goltsman, N. Kunicher, A. Panet,
Biopump: Autologous skin-derived micro-organ genetically engineered to provide
sustained continuous secretion of therapeutic proteins, Dermatol. Ther. 24 (2011)
489–497.
[45] C.B. Moore, I.C. Allen, Primary Ear Fibroblast Derivation From Mice, Methods in
Molecular Biology (Clifton, N.J.), 1031 (2013), pp. 65–70.

Acknowledgements
We thank Dr. Tsafrir Bravman, Dr. Dalia Sheziﬁ, Vered Bronner and
Dalia Moati from BioRad Haifa, Israel for supporting ProteOn SPR experiments. We also acknowledge the professional assistance of Dr.
Tamar Ziv from the Technion Smoler proteomics center.
Conﬂicts of interest statement
The work was performed at Medgenics Medical Israel, Ltd., Misgav,
Israel.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2018.10.017.
References
[1] D.M. Ecker, S.D. Jones, H.L. Levine, The therapeutic monoclonal antibody market,
MAbs 7 (2015) 9–14.
[2] S. Dawood, K. Broglio, A.U. Buzdar, G.N. Hortobagyi, S.H. Giordano, Prognosis of
women with metastatic breast cancer by HER2 status and trastuzumab treatment:
an institutional-based review, J. Clin. Oncol. 28 (2010) 92–98.
[3] D.J. Slamon, B. Leyland-Jones, S. Shak, H. Fuchs, V. Paton, A. Bajamonde,
T. Fleming, W. Eiermann, J. Wolter, M. Pegram, J. Baselga, L. Norton, Use of
chemotherapy plus a monoclonal antibody against HER2 for metastatic breast
cancer that overexpresses HER2, N. Engl. J. Med. 344 (2001) 783–792.
[4] W. Yin, Y. Jiang, Z. Shen, Z. Shao, J. Lu, Trastuzumab in the adjuvant treatment of
HER2-positive early breast cancer patients: a meta-analysis of published randomized controlled trials, PLoS ONE 6 (2011) e21030.
[5] Y. Tsukada, A. Fouad, J.W. Pickren, W.W. Lane, Central nervous system metastasis
from breast carcinoma. Autopsy study, Cancer 52 (1983) 2349–2354.
[6] N.U. Lin, J.R. Bellon, E.P. Winer, CNS metastases in breast cancer, J. Clin. Oncol. 22
(2004) 3608–3617.
[7] E.C. Kaal, C.J. Vecht, CNS complications of breast cancer: current and emerging
treatment options, CNS drugs 21 (2007) 559–579.
[8] T. Yau, C. Swanton, S. Chua, A. Sue, G. Walsh, A. Rostom, S.R. Johnston,
M.E. O'Brien, I.E. Smith, Incidence, Pattern and Timing of Brain Metastases Among
Patients with Advanced Breast Cancer Treated with Trastuzumab, Acta Oncologica
(Stockholm, Sweden), 45 (2006), pp. 196–201.
[9] J.F. Poduslo, G.L. Curran, C.T. Berg, Macromolecular permeability across the bloodnerve and blood-brain barriers, Proceedings of the National Academy of Sciences of
the United States of America, Vol. 91 1994, pp. 5705–5709.
[10] B.C. Pestalozzi, S. Brignoli, Trastuzumab in CSF, J. Clin. Oncol. 18 (2000)
2349–2351.
[11] H.B. Gaspar, S. Cooray, K.C. Gilmour, K.L. Parsley, F. Zhang, S. Adams,
E. Bjorkegren, J. Bayford, L. Brown, E.G. Davies, P. Veys, L. Fairbanks, V. Bordon,
T. Petropoulou, C. Kinnon, A.J. Thrasher, Hematopoietic stem cell gene therapy for
adenosine deaminase–deﬁcient severe combined immunodeﬁciency leads to longterm immunological recovery and metabolic correction, Sci. Transl. Med. 3 (2011)
(97ra80-97ra80).
[12] H. Ameri, Prospect of retinal gene therapy following commercialization of voretigene neparvovec-rzyl for retinal dystrophy mediated by RPE65 mutation, J. Curr.
Ophthalmol. 30 (2018) 1–2.
[13] R. Calcedo, J.A. Chichester, J.M. Wilson, Assessment of humoral, innate, and T-cell
immune responses to adeno-associated virus vectors, Human Gene Therap. Method
2 (2018) 86–95.
[14] F. Eichler, C. Duncan, P.L. Musolino, P.J. Orchard, S. De Oliveira, A.J. Thrasher,
M. Armant, C. Dansereau, T.C. Lund, W.P. Miller, G.V. Raymond, R. Sankar,
A.J. Shah, C. Sevin, H.B. Gaspar, P. Gissen, H. Amartino, D. Bratkovic, N.J.C. Smith,
A.M. Paker, E. Shamir, T. O'Meara, D. Davidson, P. Aubourg, D.A. Williams,
Hematopoietic stem-cell gene therapy for cerebral adrenoleukodystrophy, N. Engl.
J. Med. 377 (2017) 1630–1638.
[15] M. Sadelain, I. Rivière, S. Riddell, Therapeutic T cell engineering, Nature 545
(2017) 423–431.
[16] Y. Liu, X. Chen, W. Han, Y. Zhang, Tisagenlecleucel, an approved anti-CD19 chimeric antigen receptor T-cell therapy for the treatment of leukemia, drugs of today
(Barcelona, Spain: 1998), 53 (2017), pp. 597–608.

88

Journal of Controlled Release 291 (2018) 80–89

I. Zaﬁr-Lavie et al.

[46] J. Baselga, D. Tripathy, J. Mendelsohn, S. Baughman, C.C. Benz, L. Dantis,
N.T. Sklarin, A.D. Seidman, C.A. Hudis, J. Moore, P.P. Rosen, T. Twaddell,
I.C. Henderson, L. Norton, Phase II study of weekly intravenous recombinant humanized anti-p185HER2 monoclonal antibody in patients with HER2/neu-overexpressing metastatic breast cancer, J. Clin. Oncol. 14 (1996) 737–744.
[47] T. Vu, F.X. Claret, Trastuzumab: updated mechanisms of action and resistance in
breast cancer, Front. Oncol. 2 (2012) 62.
[48] D.R. Emlet, K.A. Brown, D.L. Kociban, A.A. Pollice, C.A. Smith, B.B. Ong,
S.E. Shackney, Response to trastuzumab, erlotinib, and bevacizumab, alone and in
combination, is correlated with the level of human epidermal growth factor receptor-2 expression in human breast cancer cell lines, Mol. Cancer Ther. 6 (2007)
2664–2674.
[49] M. Khan, S. Gasser, Generating primary ﬁbroblast cultures from mouse ear and tail
tissues, J. Visual. Exp. 107 (2016) 53565.
[50] W.M. Pardridge, The blood-brain barrier: bottleneck in brain drug development,
NeuroRx 2 (2005) 3–14.
[51] J.K. Atwal, Y. Chen, C. Chiu, D.L. Mortensen, W.J. Meilandt, Y. Liu, C.E. Heise,
K. Hoyte, W. Luk, Y. Lu, K. Peng, P. Wu, L. Rouge, Y. Zhang, R.A. Lazarus,
K. Scearce-Levie, W. Wang, Y. Wu, M. Tessier-Lavigne, R.J. Watts, A therapeutic
antibody targeting BACE1 inhibits amyloid-beta production in vivo, Sci. Transl.
Med. 3 (2011) 84ra43.
[52] D. Stanimirovic, K. Kemmerich, A.S. Haqqani, G.K. Farrington, Engineering and
pharmacology of blood-brain barrier-permeable bispeciﬁc antibodies, Advances in
pharmacology (San Diego, Calif.), 71 (2014) 301–335.
[53] Y.J. Yu, J.K. Atwal, Y. Zhang, R.K. Tong, K.R. Wildsmith, C. Tan, N. Bien-Ly,
M. Hersom, J.A. Maloney, W.J. Meilandt, D. Bumbaca, K. Gadkar, K. Hoyte, W. Luk,
Y. Lu, J.A. Ernst, K. Scearce-Levie, J.A. Couch, M.S. Dennis, R.J. Watts, Therapeutic
bispeciﬁc antibodies cross the blood-brain barrier in nonhuman primates, Sci.
Transl. Med. 6 (2014) 261ra154.
[54] A. Regina, M. Demeule, S. Tripathy, S. Lord-Dufour, J.C. Currie, M. Iddir, B. Annabi,
J.P. Castaigne, J.E. Lachowicz, ANG4043, a novel brain-penetrant peptide-mAb
conjugate, is eﬃcacious against HER2-positive intracranial tumors in mice, Mol.
Cancer Ther. 14 (2015) 129–140.
[55] J.F. Poduslo, G.L. Curran, Increased permeability of superoxide dismutase at the
blood-nerve and blood-brain barriers with retained enzymatic activity after covalent modiﬁcation with the naturally occurring polyamine, putrescine, J.
Neurochem. 67 (1996) 734–741.
[56] J.F. Poduslo, G.L. Curran, Polyamine modiﬁcation increases the permeability of
proteins at the blood-nerve and blood-brain barriers, J. Neurochem. 66 (1996)
1599–1609.
[57] E.-J. Park, Y.-Z. Zhang, N. Vykhodtseva, N. McDannold, Ultrasound-mediated
blood-brain/blood-tumor barrier disruption improves outcomes with trastuzumab
in a breast cancer brain metastasis model, J. Control. Rel. 163 (2012) 277–284.
[58] N.T. Lu, J. Raizer, E.P. Gabor, N.M. Liu, J.Q. Vu, D.J. Slamon, J.L. Barstis,

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

89

Intrathecal trastuzumab: immunotherapy improves the prognosis of leptomeningeal
metastases in HER-2+ breast cancer patient, J. Immunotherap. Cancer 3 (2015) 41.
O. Mir, S. Ropert, J. Alexandre, F. Lemare, F. Goldwasser, High-dose intrathecal
trastuzumab for leptomeningeal metastases secondary to HER-2 overexpressing
breast cancer, Ann. Oncol. 19 (2008) 1978–1980.
M. Lishner, R.G. Perrin, R. Feld, H.A. Messner, P.G. Tuﬀnell, T. Elhakim, A. Matlow,
J.E. Curtis, Complications associated with Ommaya reservoirs in patients with
cancer. The Princess Margaret Hospital experience and a review of the literature,
Arch. Intern. Med. 150 (1990) 173–176.
S.L. Maude, D.M. Barrett, S.R. Rheingold, R. Aplenc, D.T. Teachey, C. Callahan,
P.A. Shaw, J. Brogdon, R. Young, J. Scholler, K. Marcucci, I. Kulikovskaya,
F. Nazimuddin, Z. Zheng, B. Levine, D.L. Porter, S.F. Lacey, J.J. Melenhorst,
C.H. June, S.A. Grupp, Eﬃcacy of humanized CD19-targeted chimeric antigen receptor (CAR)-modiﬁed T cells in children with relapsed ALL, J. Clin. Oncol. 34
(2016) (3007–3007).
S. Russell, J. Bennett, J.A. Wellman, D.C. Chung, Z.F. Yu, A. Tillman, J. Wittes,
J. Pappas, O. Elci, S. McCague, D. Cross, K.A. Marshall, J. Walshire, T.L. Kehoe,
H. Reichert, M. Davis, L. Raﬃni, L.A. George, F.P. Hudson, L. Dingﬁeld, X. Zhu,
J.A. Haller, E.H. Sohn, V.B. Mahajan, W. Pfeifer, M. Weckmann, C. Johnson,
D. Gewaily, A. Drack, E. Stone, K. Wachtel, F. Simonelli, B.P. Leroy, J.F. Wright,
K.A. High, A.M. Maguire, Eﬃcacy and safety of voretigene neparvovec (AAV2hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: a randomised, controlled, open-label, phase 3 trial, Lancet (Lond. Engl.) 390 (2017)
849–860.
J.P. Aronson, H.A. Katnani, I. Pomerantseva, N. Shapir, H. Tse, R. Miari,
H. Goltsman, O. Mwizerwa, C.M. Neville, G.A. Neil, E.N. Eskandar, C.A. Sundback,
Sustained intrathecal therapeutic protein delivery using genetically transduced
tissue implants in a freely moving rat model, Int. J. Pharm. 534 (2017) 42–49.
A. Singh, C.A. Gutekunst, S. Uthayathas, J.P.M. Finberg, K. Mewes, R.E. Gross,
S.M. Papa, Y. Feld, Eﬀects of ﬁbroblast transplantation into the internal pallidum on
levodopa-induced dyskinesias in parkinsonian non-human primates, Neurosci. Bull.
31 (2015) 705–713.
C. Hinderer, N. Katz, E.L. Buza, C. Dyer, T. Goode, P. Bell, L.K. Richman,
J.M. Wilson, Severe toxicity in nonhuman primates and piglets following high-dose
intravenous administration of an adeno-associated virus vector expressing human
SMN, Hum. Gene Ther. 29 (2018) 285–298.
Z. Wang, S.J. Tapscott, J.S. Chamberlain, R. Storb, Immunity and AAV-mediated
gene therapy for muscular dystrophies in large animal models and human trials,
Front. Microbiol. 2 (2011) 201.
R. Ponce, L. Abad, L. Amaravadi, T. Gelzleichter, E. Gore, J. Green, S. Gupta,
D. Herzyk, C. Hurst, I.A. Ivens, T. Kawabata, C. Maier, B. Mounho, B. Rup,
G. Shankar, H. Smith, P. Thomas, D. Wierda, Immunogenicity of biologically-derived therapeutics: assessment and interpretation of nonclinical safety studies,
Regulatory toxicology and pharmacology, Vol. 54 RTP, 2009, pp. 164–182.

