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a b s t r a c t
Neural cell adhesion molecule (NCAM) expression is known to be associated with an aggressive biological behavior, increased metastatic capacity and expression of stem-cell markers in several tumor types. NCAM was also
found to be expressed on tumor endothelial cells while forming new capillary-like tubes, but not on normal endothelial cells. An NCAM-targeted polymer-drug conjugate can be used both to target tumors expressing high
levels of NCAM as well as the angiogenic vessels and cancer stem cells populations characterized by NCAM expression within tumors. Here, we describe the design, synthesis, physico-chemical characterization and the biological evaluation of an NCAM-targeted conjugate of polyglutamic acid with paclitaxel that was developed and
evaluated on neuroblastoma, a high NCAM-expressing tumor. This conjugate inhibited tumor growth to a higher
extent compared to the control conjugates and was less toxic than free paclitaxel. The dose of the conjugate could
be increased at least twice than the maximum tolerated dose of paclitaxel to achieve better activity without aggravating toxicity. This work presents evidence that NCAM targeting can highly increase the efﬁcacy of
nanomedicines in the appropriate tumor models.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Neuroblastoma is a tumor derived from primitive cells of the sympathetic nervous system and is the most common solid tumor in childhood. About half of all neuroblastomas arise in the adrenal medulla,
and the rest originate in paraspinal sympathetic ganglia in the chest or
abdomen, or in pelvic ganglia. Neuroblastomas account for 7–10% of
all childhood cancers, and it is the most common cancer diagnosed during infancy [1].
Neural cell adhesion molecule (NCAM/CD56) is a cell adhesion molecule structurally belonging to the immunoglobulin superfamily. NCAM
is overexpressed on many tumor types, such as melanoma, glioblastoma, neuroblastoma and others [2–8]. NCAM expression is known to be
associated with more aggressive biological behavior, increased metastatic capacity, expression of stem-cell markers and poor prognosis in several tumor types [6,7,9–15]. In neuroblastoma, high expression of NCAM
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is frequently associated with cancer progression and inhibition of tumor
cell adhesion to the endothelium [7]. Interestingly, NCAM was found to
be expressed on tumor endothelial cells, but not on normal endothelial
cells [16]. However, in other tumors, such as in advanced glioma, the
loss of NCAM correlates with a more aggressive tumor phenotype and
with poor prognosis [17]. We chose to work on neuroblastoma, which
exhibits high expression of NCAM that is frequently associated with
cancer progression [12,18–20]. Speciﬁcally, IMR-32 human neuroblastoma cell line was selected since it exhibits MYCN ampliﬁcation, the
hallmark of aggressive neuroblastoma, and is known to form highly angiogenic tumors when injected orthotopically into the adrenal gland
[21–23].
NCAM exists in three major isoforms; a 120 kDa isoform connected
by a GPI (glycosyl-phosphatidylinositol) anchor to the cell membrane,
and 140 and 180 kDa isoforms, which contain a transmembrane domain
[24]. The identiﬁcation of speciﬁc NCAM isoforms in different malignancies has been the focus of several studies. It was found that the embryonic, transmembrane 140 and 180 kDa isoforms are most often
associated with disease progression and malignant potential [5,15,25,
26]. The 120 kDa isoform was also found to be expressed in neuroblastoma [27]. We designed an NCAM-targeted conjugate for the selective
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binding to all NCAM isoforms since it binds only to the extracellular domain, which is common to all three isoforms.
In order to use NCAM as a relatively selective target for drug delivery
systems to the tumor tissue, a suitable polymeric carrier was required.
On that end, an attractive polymeric carrier which is water-soluble,
non-toxic and multivalent polymer was polyglutamic acid (PGA) [28–
30]. It is composed of units of naturally occurring L-glutamic acid linked
together through amide bonds. The pendant free γ-carboxyl group in
each repeating unit of L-glutamic acid is negatively charged at a neutral
pH, which renders the polymer water-soluble. The carboxyl groups also
provide functionality for drug attachment. PGA is enzymatically biodegradable by cathepsin B, highly expressed in most tumor tissues [31–
34]. It is non-immunogenic and enables multivalent binding of drugs
and targeting moieties. Hence, when used at an appropriate nanoscaled size, PGA conjugate can allow selective extravasation-dependent
delivery to tumors via the leaky angiogenic tumor vessels. Indeed, the
most clinically-advanced polymer-drug conjugate is PGA-paclitaxel
(PGA-PTX) (OPAXIO™). It is currently being evaluated in Phase III clinical trials for ovarian cancer as a single agent [35,36], and for non-smallcell lung cancer in combination with carboplatin [37]. A Phase III clinical
trial was recently concluded for OPAXIO™ in combination with temozolomide and radiotherapy for the treatment of glioblastoma, showing
OPAXIO™ may enhance the therapeutic effect of radiation and increase
progression-free and overall survival [38].
C3 peptide, a known NCAM agonist [39–41], was selected as a
targeting moiety deﬁned here as NCAM Targeting Peptide (NTP). It
binds to Ig1 domain of NCAM and was also found to bind to ﬁbroblast
growth factor receptor 1 (FGFR1) [42]. The ability of C3 peptide to target
NCAM-expressing cancer cells was demonstrated on Kaposi's sarcoma
using doxorubicin (DOX)-loaded liposomes [43]. We propose here to
rationally-design an NCAM-targeted PGA-PTX nanomedicine for
NCAM-expressing tumors in general and for neuroblastoma, in
particular.
2. Materials and methods
2.1. Ethics statement
Animal procedures were in compliance with and approved by the Institutional Animal Care and Use Committee (IACUC) of Tel Aviv
University.
2.2. Materials
Paclitaxel was obtained from Petrus Chemicals and Materials Ltd.
(Israel). PGA was obtained from Alamanda Polymers (Huntsville, AL,
USA) or synthesized in our laboratory according to published protocols
[44]. All other chemical reagents were obtained from Merck or SigmaAldrich, unless otherwise stated. HPLC grade solvents were obtained
from Biolab, Israel. Tissue culture reagents were obtained from Biological Industries Ltd., Israel, unless indicated otherwise.
2.3. NCAM targeting peptide (NTP) synthesis
NCAM targeting peptide with the sequence GASKKPKRNIKA (C3
peptide - NTP) and a control peptide with the sequence GASKKPAANIKA
(C3ala peptide - cNTP) were synthesized using solid phase peptide synthesis (SPPS) method on Sieber amide resin. Glycine was added at the
N-terminal as a linker to allow conjugation to PGA or ﬂuorescent labeling. Molecular mass of the products was conﬁrmed by mass spectroscopy (MS) to match the calculated mass of peptides, indicating that the
correct compounds were obtained (Supplementary Fig. 1A). To obtain
ﬂuorescently-labeled peptides, 5(6)-carboxyﬂuorescein was coupled
to the N-terminal of the peptides on resin. Its molecular mass was also
conﬁrmed by MS (Supplementary Fig. 1B).
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Purity of the peptides was evaluated using HPLC. A single peak was
obtained, indicating the product is pure (Supplementary Fig. 2).
2.4. Synthesis of PGA-PTX
PGA-PTX control conjugate was synthesized as previously published
[45]. Brieﬂy, PTX (29.7 mg, 34.8 μmol) was conjugated to PGA
(150.0 mg, 1.16 mmol; 100 units, Mw ~13 kDa) by carbodiimide coupling
(N,N-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazol (HOBt) and
N,N-dimethylaminopyridine (DMAP) were used as coupling reagents
and diisopropylethylamine (DIPEA) was added in excess as a base) in anhydrous DMF (10 mL) under N2. After 24 h, the solvent was evaporated
under high vacuum and the residue washed in chloroform:acetone
(4:1). The resulting precipitate was washed in chloroform:acetone (2:2)
and dried under vacuum to obtain the PGA-PTX conjugate. The supernatant of the chloroform:acetone washing mixture was kept to determine
drug loading by measuring the amount of unreacted PTX by analytical
HPLC. The water-soluble sodium salt of the conjugate was obtained by
dissolving the product in 0.25 M NaHCO3 after evaporation of DMF. This
aqueous solution was puriﬁed by SEC using Sephacryl S-200 HR column
(GE Healthcare, Buckinghamshire, UK), removing unreacted drugs and
low molecular weight contaminants and lyophilized to obtain the ﬁnal
product as a white powder (elution fractions 85–160 mL).
2.5. Synthesis of PGA-PTX-NTP
For the conjugation of PTX and NTP to PGA, PTX was bound directly
to the PGA by an ester bond as described above and the NTP peptide was
bound by an amide bond at the N-terminal of the peptide. PGA-PTX-NTP
conjugate was synthesized using the following steps (Scheme 1).
2.5.1. PGA-NTP synthesis
NTP peptide was cleaved from the resin using a mild cleavage process that leaves protecting groups on the side chains of amino groups intact. This was done to achieve selective coupling to the PGA through the
N-terminal amine of the peptide and not through amines in the peptide
sequence (lysines). The protected peptide (104 mg, 46.5 μmol) was conjugated to PGA (200 mg, 1.55 mmol) using carbodiimide coupling (DIC/
HOBt and DMAP were used as coupling reagents and
diisopropylethylamine (DIPEA) was added in excess as a base) in dry
DMF under N2 followed by deprotection of the peptide side chains.
Deprotection was done with a mixture of 95% TFA 2.5% DDW, 2.5%
triisopropylsilane for 4 h. The solvent was evaporated until ~ 1 mL
remained and cold ether was added to precipitate the PGA-NTP conjugate. The product was washed with cold ether and dried under vacuum.
2.5.2. PGA-PTX-NTP synthesis
PTX (200.0 mg, 232 μmol) was conjugated to PGA-NTP (230.0 mg,
1.55 mmol) by carbodiimide coupling (DIC/HOBt and DMAP were
used as coupling reagents and DIPEA was added in equivalent amount
to PTX moles as a base) in anhydrous DMF (10 mL) under N2. While conjugating PTX to PGA-NTP, the lysine groups on the NTP were protonated
after deprotection with TFA and were therefore not reactive. The
amount of DIPEA had to be carefully controlled so that it would be sufﬁcient for conjugation but would not deprotonate the amine groups of
the lysines. The PGA-PTX-NTP conjugate was isolated and puriﬁed as
described above for PGA-PTX.
PGA-PTX-cNTP control conjugate was synthesized by the same
method.
2.5.3. FITC labeling of the conjugates
To obtain ﬂuorescently-labeled conjugates, PGA conjugates were incubated with ﬂuorescein isothiocyanate (FITC) in borate buffer at pH =
9 for 4 h. The conjugate was puriﬁed using a Sephacryl S-200 HR column
and the FITC-labeled fraction was collected and lyophilized (Supplementary Fig. 3).
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Scheme 1. Synthesis of PGA-PTX-NTP conjugate.

2.6. Physico-chemical characterization
2.6.1. Surface charge measurement
Zeta potential measurements were performed as published previously in [45]. Brieﬂy, measurements were done using a Zetasizer Nano
ZS analyzer with an integrated 4 mW He Ne laser (λ = 633 nm). All

materials and controls were freshly prepared at concentration of
0.1 mg/mL for measurement in 20% aqueous phosphate buffered saline
(PBS), pH = 7.4 and described in the supplementary data.

Table 1
NCAM expression in various cancer cell lines.
Cell line

Description

NCAM expression (%)

IMR-32
Kelly
U87
Saos-2
SK-N-MC
A549
HPG2
HUH7
HCT116
ES2
SKOV
OVCAR
MEL-526
A375

Neuroblastoma
Neuroblastoma
Glioblastoma
Osteosarcoma
Neuroepithelioma (Ewing)
Lung carcinoma
Hepatocellular carcinoma
Hepatocellular carcinoma
Colorectal carcinoma
Ovarian carcinoma
Ovarian carcinoma
Ovarian carcinoma
Melanoma
Melanoma

90
70
60
91
12
15
16
18
34
18
3
92
87
28

Fig. 1. NCAM expression in HUVEC. NCAM expression was measured 4 h after seeding the
cells. Cells in the process of tube formation had 48% NCAM expression, while cells on
uncoated plates did not express NCAM.
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Table 2
Physico-chemical characterization of the conjugates.

PGA-PTX-NTP
PGA-PTX-cNTP
PGA-PTX
PGA

Drug loading (mol%)

Peptide loading (mol%)

Hydrodynamic diameter

Zeta potential (mV)

Molecular weight (theoretical)

7.5
11
13.5
–

1.5
1.5
–
–

8.9 ± 1.1 nm
11. 8 ± 0.3 nm
4.3 ± 0.4 nm

−50 ± 13.5
−59.5 ± 6.7
−56.4 ± 19
−63.5 ± 11.1

23,091
25,725
26,170
15,100

2.6.2. Hydrodynamic diameter measurement
Hydrodynamic diameter was measured as described in [45] and in
the supplementary data. Brieﬂy, 0.5 mg/mL freshly prepared samples
in PBS were measured using dynamic light scattering (DLS) on the
same Zetasizer as used for the Zeta potential measurements.
2.7. Cell culture
IMR-32 human neuroblastoma cells were obtained from the laboratory of Prof. Yosef Shiloh at Tel-Aviv University, Israel. MEL-526 cells
were obtained from the laboratory of Prof. Gal Merkel at Sheba Medical
Center, Tel Hashomer, Israel. Human umbilical vein endothelial cells
(HUVEC) were isolated in our laboratory from freshly collected umbilical cords as described below. IMR-32 and MEL-526 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine serum,
100 U/mL Penicillin, 100 μg/mL Streptomycin, 12.5 U/mL Nystatin,
1 mM sodium pyruvate and 2 mM L-glutamine. HUVEC were cultured
in EGM-2 medium (Lonza, Visp, Switzerland). All cells were grown at
37 °C; 5% CO2.
2.7.1. HUVEC isolation
Umbilical cords were collected at Lis Maternity Hospital, Sourasky
Medical Center, Tel Aviv, Israel. The protocol was approved by the Institutional Review Board (IRB) and slightly modiﬁed from previously published [46]. Brieﬂy, umbilical cords were washed with 50 mL PBS
containing 100 U/mL Penicillin, 100 μg/mL Streptomycin, 12.5 U/mL
Nystatin. Collagenase II solution (Sigma) (0.25 mg/mL) was inserted
into the cord vein. Following 15 minute incubation with the collagenase
solution at 37 °C, HUVEC were washed into tubes using 50 mL PBS.
HUVEC were centrifuged for 10 min at 1100 rpm, resuspended in
EGM-2 and cultured on ﬁbronectin-coated tissue culture plates. Cells
were grown according to the manufacturer's protocol in EGM-2 MV medium (Cambrex).
2.7.2. NCAM expression
NCAM expression of several cell lines was evaluated by ﬂow cytometry. Cells were detached with a rubber spatula and incubated with
mouse anti-human NCAM-APC antibody (BioLegend, San Diego, California, USA) for 45 min at 4 °C in the dark. All washing steps were performed with freshly prepared FACS buffer consisting of 0.5% BSA in PBS.

Fig. 2. Binding of PGA-PTX-NTP to IMR-32 cells. Binding of PGA-PTX-NTP to the cells was
higher than that of control PGA-PTX-cNTP conjugate.

2.7.3. Binding of PGA-PTX-NTP conjugate to NCAM
Binding of ﬂuorescently labeled PGA-PTX-NTP-FITC conjugate to
NCAM-expressing cells was measured by ﬂow cytometry. Cells were detached and washed as described above and incubated with the conjugate at a concentration of 10 μM for 10 min at RT. Cells (1 × 106) were
analyzed by ﬂow cytometry (BD FACSCalibur™) using Cyﬂogic software
(6Cytek DxP 6-Color Upgrade, Facscan).
2.7.4. Cell proliferation assay
Cells were plated onto 24-well plates at 3 × 104 per well. After 24 h
cells were treated with the conjugates or free PTX, dissolved in cell culture medium, for 72 h. Concentrations ranged from 0.01 nM to
10,000 nM, according to PTX-equivalent concentration. PGA and PGANTP were used at concentrations equivalent to the PGA or PGA-NTP
content in PGA-PTX-NTP conjugate. Following incubation, remaining
cells were detached by trypsin and counted using a Beckman Coulter
Counter®.
2.7.5. Migration (scratch) assay
The migration of cancer cells in the presence of conjugates or free
PTX was evaluated using the scratch assay. A scratch was done on a conﬂuent cell monolayer using a tip, and cells were treated at PTX-equivalent concentrations of 100 nM for 24 h. Plates were imaged and the gap
width was measured at the beginning and end of the experiment, at the
same reference point.
2.7.6. Capillary-like tube formation assay
Was performed as described in [47]. Brieﬂy, the surface of 24-well
plates was coated with Matrigel matrix (50 μL/well) (BD Biosciences,
USA) on ice and was then allowed to polymerize at 37 °C for 30 min.
HUVEC (3 × 104/well) were treated with the different compounds at
80 nM PTX-equivalent concentrations, and were seeded on coated
plates in the presence of complete EGM-2 medium. After 8 h of incubation (37 °C; 5% CO2), wells were imaged using Nikon TE2000E inverted
microscope integrated with Nikon DS5 cooled CCD camera by ×40 objective. The amount of cells organized into capillary-like tubes was
quantiﬁed by ImageJ software.

Fig. 3. PGA-PTX-NTP inhibited the proliferation of cancer cells at a higher extent compared
with the control PGA-PTX-cNTP conjugate. PGA and PGA-NTP were not cytotoxic.
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Table 3
IC50 values of PGA-PTX-NTP conjugate and controls.
Cells treatment

IMR-32 [nM]

Mel-526 [nM]

PTX
PGA-PTX-NTP
PGA-PTX-cNTP
PGA-PTX
PGA
PGA-NTP

2.5
5
15
15
NA
NA

3
11
20
35
NA
NA

2.7.7. Hemolysis assay
Rat red blood cells (RBC) solution (2% w/w) was incubated with
PGA-PTX-NTP, PGA-PTX-cNTP, PGA-PTX or free PTX for 1 h at 37 °C.
The concentration of the drugs was similar to the concentration used
in the in vivo experiments, adjusted to the dilution in mouse blood volume (0.5 mg/mL conjugate and equivalent concentration of the free
drug). Dextran (Mw 70 kDa, Sigma) was used as negative control. Following incubation, samples were centrifuged and UV absorbance of
the supernatants was measured at 550 nm using a SpectraMax M5e
plate reader (Molecular Devices). The results were expressed as percentage of hemoglobin released from RBCs after incubation with 1%
w/v solution of Triton X100 (100% lysis).
2.8. Evaluation of antitumor activity and toxicity of the conjugates
2.8.1. In vivo study at 15 mg/kg PTX-equivalent dose
ICR SCID male mice were inoculated to the adrenal gland with
2 × 106 IMR-32 cells. 4 weeks after inoculation mice were treated intravenously (i.v.) with conjugates PGA-PTX-NTP (n = 5), PGA-PTX-cNTP
(n = 4), PGA-PTX (n = 6), free PTX (n = 5) or saline (n = 4). Mice
were treated every other day, for 5 treatments in total. All treatments
were administered at 15 mg/kg PTX-equivalent dose. Body weight of
the mice was monitored every other day. Two days after the last treatment, mice were euthanized and tumors were weighed and collected
for histology staining and analysis.
2.8.2. In vivo study at 30 mg/kg PTX-equivalent dose
ICR SCID male mice were inoculated to the adrenal gland of the mice
with 1.5 × 106 mCherry-labeled IMR-32 cells. Two weeks after tumor
cells inoculation, mice were treated i.v. with conjugates (PGA-PTXNTP (n = 9), PGA-PTX-cNTP (n = 5), PGA-PTX (n = 9), PGA-PTXNTP high dose (n = 4) or saline (n = 7)). Mice were treated every
other day, for 5 treatments in total. All treatments were administered
at 10 mg/kg PTX-equivalent dose, and PGA-PTX-NTP was also administered at 30 mg/kg PTX-equivalent dose. Free PTX at 20 mg/kg was administered for a total of four treatments. Body weight of the mice was
monitored twice a week. Fluorescent signal of the tumors was obtained

by imaging the mice twice a week using IVIS Spectrum CT™ imaging
system. After four treatments, blood was collected from the mice by
submandibular bleeding and white blood cells were counted. Blood
from healthy untreated mice (n = 7) was also drawn and analyzed.
2.8.3. Intravital non-invasive ﬂuorescence imaging
IVIS Spectrum CT™ non-invasive ﬂuorescence imaging system was
used to follow tumor progression of mice bearing orthotopically-inoculated mCherry-labeled tumors. Mice were treated with a depilatory
cream (Veet®) before each imaging and were kept anesthetized under
continuous isoﬂurane ﬂow. Multispectral image-cubes were acquired
using excitation (605 nm) and emission (660, 680, 700, 720 nm) ﬁlter
set. Autoﬂuorescence and undesired background signals were eliminated by spectral analysis and unmixing, using a control mouse without
tumor as background.
2.8.4. White blood cell (WBC) counts
Blood was obtained from mice by submandibular bleeding. Blood
was collected in tubes containing 0.1 M EDTA to avoid clotting. Samples
were counted no longer than one hour after blood was drawn from
mice. Blood samples (10 μL) were mixed with 90 μL of 1% acetic acid
in DDW and incubated for 10 min at RT to lyse the red blood cells.
WBC were counted by a Z1 Coulter® Particle Counter (Beckman Coulter™).
2.8.5. Histology
H&E, caspase 3, Ki67 and Masson's trichrome histological staining
were performed on formalin-ﬁxed parafﬁn-embedded tumors. Staining
was done with Caspase-3 (CP 229 A) mouse monoclonal IgG primary
antibody (Biocare medical) for apoptosis and with Rabbit anti-Ki-67
(RBK027-05, Zytomed) for proliferation. Both were followed by
Histostain® Broad spectrum kit (Invitrogen) and Liquid DAB substrate
kit (Invitrogen).
2.9. Statistical methods
In vitro assays data were expressed as mean ± SD and in vivo experiments as ±SEM. Statistical signiﬁcance was determined using an analysis of variance (ANOVA).
3. Results
3.1. NCAM expression in cancer cells
In order to select candidates for a model tumor cell line, NCAM expression of various cell lines was evaluated by FACS (Table 1). IMR-32
neuroblastoma cell line was chosen as a model of high NCAM-expressing tumor, since this cell line had a high percentage of NCAM-expressing
cells (90%).
3.2. NCAM expression in HUVEC
NCAM expression of HUVEC was evaluated and determined in cells
that were seeded on Matrigel, which promotes cell organization into
capillary-like tubes, and in cells grown on uncoated plates. It was
found that HUVEC express NCAM during the process of capillary-like
tube formation (48% expression) but not when grown on uncoated
plates (Fig. 1).
3.3. PGA-PTX-NTP synthesis

Fig. 4. PGA-PTX-NTP signiﬁcantly inhibited the migration of IMR-32 cells at 50 nM PTXequivalent concentration following incubation of 24 h. The ability to close the gap was
measured relative to time zero. *p b 0.05. Results are representative of three experiments.

3.3.1. NCAM targeting peptide (NTP) synthesis
NCAM targeting peptide with the sequence GASKKPKRNIKA (C3
peptide - NTP) and a control peptide with the sequence GASKKPAANIKA
(C3ala peptide - cNTP) were synthesized. Peptides labeled with carboxyﬂuorescein (NTP-CF, cNTP-CF) were also synthesized. Molecular
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Fig. 5. PGA-PTX-NTP conjugate inhibits organization of HUVEC into capillary-like tubes. Representative images (A) and quantitative analysis (B) of the mean length of tubes. Data
represents mean ± SD **p b 0.01, ***p b 0.005.

mass of the products was conﬁrmed by mass spectroscopy (MS) to
match the calculated mass of peptides, indicating that the correct compounds were obtained (Supplementary Fig. 1). Purity of the peptides
was tested with HPLC. A single peak was obtained, indicating the product is pure (Supplementary Fig. 2).
3.3.2. PGA-PTX-NTP synthesis
A PGA-based conjugate bearing PTX and NTP (PGA-PTX-NTP) and
control conjugates (PGA-PTX-cNTP and PGA-PTX) were synthesized
and characterized. Synthesis of the PGA-PTX-NTP conjugate was done
in two stages and is depicted in Scheme 1. First, PGA-NTP (or PGAcNTP control conjugate) was synthesized at the desired peptide loading
of 1.5 mol%, and then PTX was added to the conjugate. Synthesis of the
FITC-labeled conjugate is depicted in Supplementary Fig. 3.
3.4. Physico-chemical characterization
PGA-PTX-NTP and control PGA-PTX-cNTP and PGA-PTX conjugates
were synthesized, puriﬁed by SEC and characterized. Physico-chemical
Table 4
Ratio of tumor volume in treated/control mice at the study endpoint.

T/C ratio

Saline

PTX

PGA-PTX

PGA-PTX-NTP

PGA-PTX-cNTP

1

0.22

0.99

0.48

0.85

characterization results of the batches used in the experiments described are summarized in Table 2.
3.5. Cell culture experiments
3.5.1. Binding of PGA-PTX-NTP conjugate to NCAM-expressing cancer cells
PGA-PTX-NTP and control PGA-PTX-cNTP conjugates were labeled
with FITC and binding to high NCAM-expressing IMR-32 cells was examined by FACS (Fig. 2). Conjugates were incubated with the cells for
10 min at room temperature (RT). Binding of PGA-PTX-NTP to the
cells was higher than that of control PGA-PTX-cNTP conjugate (80% vs.
28%).
3.5.2. Evaluation of the cytotoxic effect of PGA-PTX-NTP conjugate on cancer cells
The conjugate's anticancer activity was evaluated in vitro on proliferation of human NCAM-expressing IMR-32 neuroblastoma cell line (Fig.
3). IMR-32 cells were incubated with the conjugates (PGA-PTX-NTP,
PGA-PTX-cNTP, PGA-PTX), free PTX or PGA for 72 h. PGA-PTX-NTP exhibited a high cytotoxic activity, demonstrating that the drugs are released from the polymer in the presence of cancer cells and retain
their activity. PGA-PTX-NTP inhibited the proliferation of cancer cells
to a higher extent compared with control PGA-PTX-cNTP conjugate
and non-targeted PGA-PTX. PGA and PGA-NTP had no cytotoxic effect
at all the concentrations examined. IC50 values of the compounds are
summarized in Table 3. Results are a summary of three independent
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3.6. Evaluation of antitumor activity and toxicity
3.6.1. In vivo study at 15 mg/kg PTX-equivalent dose
Treatment with PGA-PTX-NTP inhibited the growth of neuroblastoma tumors. High NCAM-expressing mCherry-labeled IMR-32 neuroblastoma cells were inoculated orthotopically in the adrenal gland of
SCID mice. Treatments were initiated 4 weeks after tumor cell inoculation. Treatments were administered i.v. every other day at PTX-equivalent concentrations of 15 mg/kg per treatment, for a total of ﬁve
treatments. Two days after treatments were completed, mice were euthanized and tumors were weighed. NCAM-targeted PGA-PTX-NTP conjugate inhibited tumor growth more than the control PGA-PTX-cNTP
conjugate and the non-targeted PGA-PTX conjugate (Table 4). Free
PTX exhibited higher tumor growth inhibition, however, mice in PTXtreated group suffered from toxic side effects and signiﬁcant weight
loss following treatments (Fig. 6).
Tumors were ﬁxed with formalin and parafﬁn-embedded and histological staining of hematoxylin-eosin (H&E), caspase 3, Ki67 and
Masson's trichrome was performed (Fig. 7). H&E staining showed extensive necrosis, as expected from neoplastic tissues. Although the absolute parameters were not statistically signiﬁcant in all cases, we
could see a trend toward abnormal cellular maturation, ﬁbrosis and decreased proliferation and apoptosis in the PTX-treated mice compared
to the PGA-PTX-NTP-treated ones. All treated groups displayed this
trend of abnormal cellular maturation compared to saline (Fig. 7).

Fig. 6. Antitumor activity (A) and toxicity (weight loss) (B) of PGA–PTX-NTP conjugate in
orthotopic neuroblastoma model in mice. Conjugates were administered at a
concentration of 15 mg/kg PTX equivalent per treatment, for a total of ﬁve treatments.
Weight of the mice was monitored twice a week. PGA-PTX-NTP conjugate inhibited
tumor volume growth at a higher degree compared with the control PGA-PTX-cNTP
conjugate and the non-targeted PGA-PTX conjugate. Free PTX exhibited higher tumor
growth inhibition, however, mice in the PTX-treated group suffered from toxic side
effects and signiﬁcant weight loss following treatments. Data represents mean ± SEM.
Statistical signiﬁcance was determined using t-test (*p b 0.05, **p b 0.01).

experiments. Similar results were obtained for another NCAM-expressing cell line, human melanoma MEL-526 (Supplementary Fig. 5).
3.5.3. Evaluation of the effect of PGA-PTX-NTP conjugate on migration of
cancer cells
The ability of PGA-PTX-NTP conjugate to inhibit the migration of
IMR-32 cells through a gap in the monolayer was evaluated. A scratch
was done on a 90% conﬂuent cell monolayer. Then, cells were incubated
with the conjugates or the free drug at PTX-equivalent concentrations of
50 nM for 24 h. Plates were imaged and the width of the gap was measured in the beginning and the end of the experiment. PGA-PTX-NTP
signiﬁcantly inhibited the migration of the IMR-32 cells (Fig. 4).
3.5.4. PGA-PTX-NTP conjugate inhibits capillary-like tube formation
As HUVEC were shown to express NCAM during the process of tubular formation (Fig. 1), we set to determine the ability of our NCAMtargeted conjugate to inhibit HUVEC migration and formation of a vascular-like network in Matrigel. PGA-PTX-NTP conjugate inhibited capillary-like tube formation of HUVEC at a higher extent compared with
non NCAM-targeted conjugates (PGA-PTX and PGA) (Fig. 5).
3.5.5. Hemolysis
Measuring RBC lysis assay was used to assess the biocompatibility of
the conjugate. Using the applicable in vivo concentrations, adjusted to
dilution in 1.5 mL (approximately a mouse blood volume). The results
indicate that at this concentration, PGA-PTX-NTP conjugate and all control conjugates did not cause hemolysis ex vivo, and hence are suitable
for i.v. administration (Supplementary Fig. 6).

3.6.2. In vivo study at 30 mg/kg PTX-equivalent dose
In light of the results of the previous in vivo experiment evaluating
the effect of PGA-PTX-NTP conjugate, we wanted to determine whether
the dose of the conjugate can be increased to improve activity, without
causing major toxicity. Conjugates were administered at a dose of
10 mg/kg PTX-equivalent every other day and PGA-PTX-NTP conjugate
was also administered at 30 mg/kg per treatment every other day, for a
total of ﬁve treatments. PGA-PTX-NTP at 10 mg/kg dose inhibited tumor
growth at a higher extent compared with control PGA-PTX-cNTP and
PGA-PTX conjugates. PGA-PTX-NTP at 30 mg/kg dose exhibited very efﬁcient inhibition of tumor growth without any side effects. After
53 days, 20% of the mice in the control PGA-PTX-cNTP-treated group,
11% of mice in the PGA-PTX-treated group and none of the mice in the
saline-treated group survived, while 55% of mice in PGA-PTX-NTP-treated group at 10 mg/kg dose and 66% of mice in PGA-PTX-NTP-treated
group at 30 mg/kg dose survived (Fig. 8A, B).
Free PTX was administered at 20 mg/kg every other day to evaluate
its toxicity; however, only four treatments could be tolerated since the
mice suffered from severe weight loss. PGA-PTX-NTP was well-tolerated even at the 30 mg/kg dose, and did not cause any weight loss (Fig.
8C).
Following four treatments, blood was collected from the mice and
white blood cell count and serum analysis were done. Blood from
healthy non tumor-bearing untreated mice was also evaluated. Free
PTX at 20 mg/kg caused a signiﬁcant decrease in white blood cell
count compared to healthy or tumor-bearing saline-treated mice. The
conjugates, including PGA-PTX-NTP at 30 mg/kg dose, did not cause a
decrease in white blood cell count (Fig. 8D). Analysis of serum revealed
that mice treated with free PTX exhibited changes such as decreased
calcium, phosphate and protein levels and increased potassium levels,
which could be an indicator of nephrotoxicity, a known side effect of
PTX. Such changes were not observed in mice treated with the conjugates, even at 30 mg/kg dose (Table 5).
4. Discussion
It has been recently shown that passive extravasation-dependent
targeting via the tumor leaky vessels is not equally relevant to all tumors
[48]. Therefore, in cases where the tumor is less vascularized and/or its
angiogenic vessels are less leaky, there is a need for active ligand-
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Fig. 7. Immunohistochemistry analysis of orthotopically-inoculated mCherry-labeled neuroblastoma treated with PGA-PTX-NTP conjugate and its controls. High percentage of cellular
necrosis is characteristic of tumors, as demonstrated by H&E staining in A. Treated tumors tend to have lower percentage of necrosis and higher percentage of cellular apoptosis
(demonstrated by caspase 3 staining in B and F) and proliferation (demonstrated by Ki67 staining in C and G), or higher percentage of maturation and ﬁbrosis (as demonstrated by
Masson's trichrome staining in D and H). PTX-treated tumors showed less apoptosis and proliferation, compared to the conjugated PTX in all conjugate-treated groups. Yet, it had
higher percentage of ﬁbrotic tissue and showed different pattern of cellular response, demonstrating multinuclear dysplastic cells showing abnormal maturation toward ganglion-cells
(E. marked with full arrows-shown larger in Supplementary Fig. 7). Conjugated PTX-treated tumors showed more apoptosis and proliferation, but less ﬁbrotic tissue than free PTXtreated tumors. The addition of a peptide to the conjugate enhanced this effect, showing signiﬁcantly more apoptosis and less ﬁbrosis compared to free PTX-treated tumors. However,
PGA-PTX-NTP-treated and PGA-PTX-cNTP-treated tumors had more ﬁbrotic tissue compared to saline-treated tumors. PGA-PTX-NTP-treated tumors also showed diminished
abnormal cellular maturation pattern, compared to free PTX-treated group (E. open arrows- shown larger in Supplementary Fig. 7). E. Representative images of H&E staining, ×400. F–
H. Representative images of caspase 3, Ki67 and Masson's trichrome staining, ×200 (Scale bar = 10 μm). ***p b 0.01.

dependent targeting of the drug [49]. There are a few molecules
overexpressed on tumor cells or tumor stroma that are relevant as receptors for targeting moieties. These include the epidermal growth factor receptor (EGFR), Her-2/neu, alphaVbeta3 integrin [29], folate
receptor [50,51], transferrin, E- and P-selectins [52,53]. To that end,
we evaluated the ability to exploit NCAM as a potential target for selective targeting of precision nanomedicines. The aim of this study was to
develop an NCAM-targeted conjugate of paclitaxel with a biodegradable
PGA polymer and to evaluate its antitumor activity in vitro and in vivo
compared to control PGA-PTX-cNTP and PGA-PTX conjugates. Since in
several tumors NCAM expression predicts a more aggressive and metastatic behavior and poor prognosis [18,20,54,55] while in others the opposite is true [7,17], high NCAM expression in a certain cancer type does

not guarantee that it is a good candidate for NCAM-targeted therapy
and a tumor model needs to be selected carefully.
PGA-PTX-NTP conjugate bearing an NCAM-targeting peptide
and paclitaxel was successfully synthesized and characterized.
This is the ﬁrst time an NCAM-targeted polymer-drug conjugate
was developed. Several antibody-based systems that target NCAM
were developed in the past [24], such as humanized anti-NCAM antibodies [56–58], radioimmunoconjugates and immunotoxins [59–
64]. The most advanced NCAM-targeting therapeutic to date is
huN901-DM1 (IMGN901), a humanized antibody conjugated to
the cytotoxic drug maytansine, developed by ImmunoGen Inc.
However, a Phase II clinical trial of IMGN901 for the treatment of
small-cell lung cancer was discontinued in 2013 due to a failure to
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Fig. 8. Antitumor activity (A), toxicity (weight loss) (B), survival (C) and white blood cell counts (D) of PGA-PTX-NTP conjugate-treated mice in orthotopic neuroblastoma model.
Conjugates were administered at a concentration of 10 mg/kg PTX equivalent, and PGA-PTX-NTP conjugate was also administered at 30 mg/kg per treatment, for a total of ﬁve
treatments. PGA-PTX-NTP conjugate strongly inhibited tumor growth at 30 mg/kg dose without causing toxicity while prolonging survival. Free PTX caused a signiﬁcant decrease in
body weight and in WBC count after four treatments of 20 mg/kg, while PGA-PTX-NTP did not cause such decrease even after four treatments of 30 mg/kg PTX-equivalent dose.
***p b 0.005.

demonstrate a sufﬁcient improvement over existing therapy
(etoposide/carboplatin).
Our novel conjugate consists of an NCAM-targeting peptide (NTP, a
C3 peptide) and PTX bound to the biodegradable PGA polymer. The peptide is bound with a non-cleavable amide bond and the PTX is bound
with an ester bond that can be hydrolyzed in acidic pH and by esterases.
Conjugation of PTX to the PGA polymer results in a signiﬁcant prolongation of the half-life of the drug. Furthermore, the nature of the polymer–
drug linker and the stability of the drug-conjugate can be controlled to
affect the drug release rate (Supplementary Fig. 4), and its effectiveness
[65,66].
The peptide loading was the same in both PGA-PTX-NTP and PGAPTX-cNTP conjugates (1.5 mol%), and drug loading was similar

(7.5 mol% for PGA-PTX-NTP and 11 mol% for PGA-PTX-cNTP), allowing
us to reliably compare PGA-PTX-NTP to PGA-PTX-cNTP. The drug
(PTX) loading is comparable to that of OPAXIO™ (9 mol%) [67]. Hydrodynamic radius of the conjugates with peptides was around 10 nm and
of PGA-PTX was around 5 nm. This size should be sufﬁcient to achieve
selective accumulation via the enhanced permeability and retention
(EPR) effect; however, size of PGA-PTX is at the lower range.
NCAM-targeted conjugate exhibited enhanced antitumor activity
(T/C = 0.48) compared to control PGA-PTX-cNTP conjugate (T/C =
0.85) on mice bearing an orthotopic neuroblastoma tumor. Due to the
preferential binding to NCAM-expressing cells, the targeted conjugate
was able to accumulate and internalize into tumor cells more efﬁciently.
PGA-PTX exhibited no activity (T/C = 0.99), perhaps due to the small

Table 5
Serum analysis of tumor-bearing mice treated with the conjugates or free PTX.

Calcium (mg/dL)
Phosphate (mg/dL)
Potassium (mg/dL)
Glucose (mg/dL)
Urea (mg/dL)
Cholesterol (mg/dL)
Total protein (g/dL)
Albumin (g/dL)
Globulin (g/dL)
Total bilirubin (mg/dL)
Alkaline phosphatase (IU/L)
SGOT (IU/L)
SGPT (IU/L)

Saline

PTX

9.95
7.35
7.15
131.25
34.08
154.00
5.28
3.30
1.98
0.08
68.25
39.50
10.75

8.69
6.43
7.17
126.67
32.67
76.00
4.58
2.83
1.75
0.09
66.67
57.67
12.00

PTX
20 mg/kg
4.40
26.60
98.00
27.40
104.00
4.14
2.40
1.74
0.02
94.00
28.00

PGA-PTX

PGA-PTX-NTP
10 mg/kg

PGA-PTX-NTP
30 mg/kg

Reference values

9.89
6.70
7.20
132.67
37.87
155.33
5.47
3.17
3.17
0.07
62.67
41.00
12.33

9.55
6.87
6.47
151.33
35.40
100.00
4.89
3.33
1.56
0.00
72.00
34.00
14.00

10.11
7.20
7.20
99.00
34.50
156.00
5.40
3.30
2.10
0.06
75.00
36.00
15.00

9.34–11.55
6.93–13.22
6.69–10.17
69.5–158.96
15.81–69.41
65.26–170.32
5.23–6.95
3.27–4.83
1.4–2.83
0.06–0.3
45.57–214.93
11.68–512.11
0–251
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hydrodynamic size that did not allow for effective accumulation in the
tumor. Free PTX displayed increased activity; however, it was much
more toxic, as evidenced by the severe weight loss, WBC count decrease
and toxic deaths. Therefore, while the free drug was already given at the
maximum tolerated dose (MTD), we hypothesized that the dose of the
conjugate can be increased further to improve its activity. Mice that
were treated with saline and conjugates also suffered from some weight
loss, however, this weight loss can be attributed to the effect of the
tumor itself, since in this experiment, the treatments were initiated
when the tumors were already very large (4 weeks following tumor inoculation). In a follow-up experiment, treatments were initiated earlier
(2 weeks following tumor inoculation). In this follow-up experiment,
PGA-PTX-NTP was compared to PGA-PTX-cNTP and PGA-PTX at
10 mg/kg PTX-equivalent dose, for 5 treatments q.a.d. (total dose of
50 mg/kg), and, additionally, given at 30 mg/kg (total dose of
150 mg/kg) (Fig. 8). The results conﬁrmed that the NCAM-targeted conjugate is more effective than control PGA-PTX-cNTP and non-targeted
PGA-PTX conjugates. Moreover, these results clearly demonstrate that
the dose of the conjugate can be signiﬁcantly increased to obtain enhanced activity without aggravating toxicity, while free PTX cannot be
given at a dose above 15 mg/kg for this dosing schedule. The complete
absence of toxic effects for the PGA-PTX-NTP, i.e. weight loss, decrease
in WBC count and toxic death, suggests that the dose can be increased
even further as MTD was not yet reached.
NCAM can also be exploited to target the tumor vasculature. NCAM
was shown to be expressed on HUVEC during the process of capillarylike tube formation, but not in HUVEC cultured in regular conditions
(Fig. 1), and PGA-PTX-NTP conjugate effectively inhibited the organization of HUVEC into capillary-like tubes (Fig. 5). These results are in line
with the work of Bussolati et al., which showed that normal endothelial
cells transiently acquired NCAM when organized in vessel-like structures. They also demonstrated that NCAM was constitutively expressed
by tumor-derived endothelial cells but not by normal endothelial cells
[16]. These results suggest that an NCAM-targeting conjugate can have
a dual effect by inhibiting both the proliferation of tumor cells and formation of tumor vasculature.

5. Conclusions
NCAM is a molecule that is overexpressed on several tumor
types, sub-populations of tumor initiating cells and tumor endothelial cells. A novel PGA-PTX-NTP conjugate was developed and evaluated in vivo on neuroblastoma, a high NCAM-expressing tumor.
This work presents evidence that NCAM targeting can highly increase the efﬁcacy of nanomedicines when treating the appropriate
tumor models, and that NCAM is an important potential target in
cancer therapy.
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