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Abstract

Neurotensin (NTS)-polyplex is a gene nanocarrier that has potential nanomedicine-based applications for the treatment of Parkinson’s disease
and cancers of cells expressing NTS receptor type 1. We assessed the acute inflammatory response to NTS-polyplex carrying a reporter gene in
BALB/c mice. The intravenous injection of NTS-polyplex caused the specific expression of the reporter gene in gastrointestinal cells. Six hours
after an intravenous injection of propidium iodide labeled-NTS-polyplex, fluorescent spots were located in the cells of the organs with a
mononuclear phagocyte system, suggesting NTS-polyplex clearance. In contrast to lipopolysaccharide and carbon tetrachloride, NTS-polyplex did
not increase the serum levels of tumor necrosis factor alpha, interleukin (IL)-1p, IL-6, bilirubin, aspartate transaminase, and alanine transaminase.
NTS-polyplex increased the levels of serum amyloid A and alkaline phosphatase, but these levels normalized after 24 h. Compared to carrageenan,
the local injection of NTS-polyplex did not produce inflammation. Our results support the safety of NTS-polyplex.

From the Clinical Editor: This study focuses on the safety of neurotensin (NTS)-polyplex, a gene nanocarrier that has potential in the
treatment of Parkinson’s disease and cancers of cells expressing NTS receptor type 1. NTS polyplex demonstrates a better safety profile
compared with carrageenan, lipopolysaccharide, and carbon tetrachloride in a murine model.

© 2014 Elsevier Inc. All rights reserved.
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Neurotensin (NTS)-polyplex is a nanocarrier that enables the
delivery of genetic material to cells that express and internalize the
NTS receptor type 1 (NTSR1), including dopamine neurons and
cancer cells.' The NTS-polyplex consists of toroidal nanoparti-
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cles (NPs) (average diameter 150 nm) that result from the
compaction of a plasmid DNA (pDNA) via the electrostatic
binding of the Vp1 SV40 karyophilic peptide (KP) and the NTS-
carrier, which is a conjugate of poly-L-lysine, NTS, and the
hemagglutinin-derived HA2 fusogenic peptide (FP).® The NTS-
carrier promotes gene entry via NTSR1 internalization. '™ The FP
rescues the NTS-polyplex NPs from acidic endosomes, and the KP
targets the pDNA to the cell nucleus, which enhances transfection
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efficiency.®’ The inclusion of a tissue-specific gene promoter
provides a second point of selectivity to the NTS-polyplex NPs and
drives a long-lasting transgene expression in experimental
animals.®*® To date, the NTS-polyplex NPs have been used to
develop two nanomedicine-based treatments that exert two
opposite effects depending on the cell type of interest for
transfection and the type of transgene delivered. In a therapy for
Parkinson’s disease, NTS-polyplex NPs deliver a neurotrophic
gene into the surviving dopamine neurons of the substantia nigra
known to express the highest density of NTSR1.%!? A single dose
of locally injected NTS-polyplex NPs leads to the sustained
expression of the neurotrophic gene and effectively functionally
restores the nigrostriatal system in the rat.”® In anticancer therapy,
NTS-polyplex NPs are used to deliver a suicide gene into cancer
cells that overexpress or de novo express NTSR1 because of
transcriptional deregulation in the Wnt/beta-catenin pathway.' '
As recently shown in animal models of neuroblastoma and human
breast cancer,'*'" this approach is designed to specifically
promote the apoptosis of tumor cells via the expression of the
suicide gene and complementary pro-drug treatment. In suicide
gene therapy, a single dose of intravenously injected NTS-
polyplex NPs can express the transgene; however, four doses of
NTS-polyplex administered every two days are necessary to
significantly reduce tumor growth in an athymic mouse model of
neuroblastoma'* and breast cancer. '

The administration of gene nanocarriers through the blood-
stream causes various interactions with the blood components.'®!'”
One of the first interactions is the binding of the nanocarrier with
proteins and erythrocytes, which rapidly forms aggregates that can
be toxic due to the embolization of the particles in the lungs.'*2°
Proteins adsorbed on the surface of the nanocarriers also promote
opsonization, which leads to aggregation and clearance from the
bloodstream. ' *'*? An excessive accumulation of NTS-polyplex
NPs might occur in organs involved in clearance and filtration
or in tissues that constitutively express NTSRI1, such as the
gastrointestinal tract.'***>*

Neutrophils and macrophages are the first cells of the innate
immune system that recognize, ingest, and destroy the foreign
nanocarrier.”> During these processes, phagocytic cells secrete
several reactive oxygen intermediates and pro-inflammatory
cytokines, such as tumor necrosis factor alpha (TNF-a).%° In
addition, the liver releases complementary factors and acute
phase proteins that contribute to the nanomaterial-induced
inflammatory response.””** In this regard, polyplexes have a
low toxicity and weak influence on the innate immune
responses®® in comparison to lipoplexes and viral gene
vectors.”’>? To date, the safety of NTS-polyplex NPs admin-
istration has not yet been evaluated. Because NTS-polyplex
NPs have been used at the same dose and the functionality of
that dose has been assessed differently in different animal
models, the objective of this study was to first determine whether
an effective dose of NTS-polyplex NPs carrying an innocuous
gene might cause cytotoxicity and acute inflammation. This study
was carried out in BALB/c mice without xenografts of cancer cells or
a 6-hydroxydopamine lesion of the nigrostriatal system to rule out
the inflammatory response associated with the experimental
procedure that generates the disease model. Carbon tetrachloride
(CCly) and lipopolysaccharide (LPS) administration was used to

compare the effects of an intravenous injection of NTS-polyplex
NPs. In addition, the effects of NTS-polyplex NPs injected into the
paw of BALB/c mice (a model of local inflammation) were
compared with carrageenan (Cg)-induced acute inflammation.

Methods
Synthesis of the NTS-carrier and NTS-polyplex NPs formation

The NTS-carrier synthesis and NTS-polyplex NPs formation at
an optimum molar ratio have been previously reported.>® NTS
(Sigma-Aldrich; Saint Louis, MO, USA) and a modified
hemagglutinin-HA2 FP (GLFEAIAEFIEGGWEGLIEGCAKKK;
purity >90%; RS Synthesis; Louisville, KY, USA) were cross-
linked with poly-L-lysine (48 kDa mean molecular mass; Sigma-
Aldrich; Saint Louis, MO, USA) using LC-SPDP (Thermo
Scientific Pierce; Rockford, IL, USA).2 Gel-filtration chromatog-
raphy was used to purify the SPDP-derivatives and the NTS-
SPDP-(FP-SPDP)-poly-L-lysine conjugate (NTS-carrier). To form
the NTS-polyplex NPs, the NTS-carrier and the mutant Vp1-SV40
KP (MAPTKRKGSCPGAAPNKPK; 90% purity; RS Synthesis;
Louisville, KY, USA) were electrostatically bound to pEGFP-N1,
a plasmid coding for the enhanced green fluorescent protein (GFP;
4,733 bp; Clontech, Palo Alto, CA, USA), as previously
described.”*° Retention and retardation microassays>*° were
used to determine the optimum molar ratio of polyplex
components, which was 30 nM pEGFP-N1:30 uM KP:630 nM
NTS-carrier. This molar ratio effectively results in the expression
of reporter and therapeutic genes in nigral dopaminergic neurons
of normal®® and Parkinsonian rats’* as well as in cancer cells
xenografted in athymic mice.'*'> At this molar ratio, the
concentration of NTS is 630 nm as determined by '**I-NTS.°
Based on the concentration of NTS in 300 puL (injection volume),
the dose of NTS-polyplex was 8.5 nmol/kg of body weight.

Scanning electron microscopy

Samples of NTS-polyplex NPs prepared in DMEM at the
optimal molar ratio were placed on a specimen stub (aluminum-
iron) stuck to a double-sided adhesive tape # 5085 SPI-AB-Cu.
The samples were then dried in a vacuum chamber (Secador™
1.0 Desiccator cabinet) for 24 h at room temperature. The
micrographs were taken in the Advanced Laboratory of Electron
Nanoscopy of CINVESTAV with a field emission scanning
electron microscope (Zeiss Auriga-39-16) using the following
parameters: Accelerating voltage, 2 kV; working distance,
3.8 nm; aperture, 7.5 um; and a secondary electron detector.

Animals

Male BALB/c mice (body weight 20-25 g) were used and
maintained in a Supermouse 1800 system (Lab Products, Inc.;
Seaford, DE, USA) under 12-h light—dark cycles at a controlled
temperature (20-22 °C) and humidity (55%) and free access to
food and water. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of CINVESTAV
(authorization no. 45109) certified by the Secretaria de
Agricultura, Ganaderia, Desarrollo Rural, Pesca y Alimentacion
(SAGARPA; NOM-062-ZO0-1999 and NOM-087-ECOL-
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1995). The mice were habituated to the experimental room
conditions for 1 week before the study.

All surgical and experimental procedures were performed in
mice anesthetized with an intraperitoneal (i.p.) injection of
an anesthesia mixture (ketamine, 120 mg — xylazine, 24 mg,
per kg of body weight) in 0.9% of saline solution (Pisa
Agropecuaria, Mexico).

Systemic administration

Three hundred microliters of NTS-polyplex NPs was injected
into the retro-ophthalmic vein of anesthetized mice using insulin
syringes (27G x 13 mm)."*

GFP immunofluorescence

GFP expression was explored in the gastrointestinal tract,
spleen, liver, kidney and heart using immunofluorescence on day
3 after an intravenous injection of NTS-polyplex NPs harboring
the plasmid pEGFP-N1.° The transfected animals were anesthe-
tized and then transcardially perfused with 50 mL of 0.01 M PBS
(phosphate-buffered saline solution, pH 7.4) and 50 mL of 4%
paraformaldehyde in PBS. The dissected organs were maintained
in 0.01 M PBS containing 30% sucrose for 36 h at 4 °C and then
sectioned into 30-um-thick slices using a sliding microtome (Leica
SM2010 R, Leica Microsystem; Nussloch, Germany). For the
immunostaining, the primary antibody was a rabbit polyclonal
anti-GFP (1:1500; Abcam; Cambridge, MA, USA) and the
secondary antibody was an Alexa Fluor 488 chicken anti-rabbit
IgG (1:400; Molecular Probes Inc.; Eugene, OR). Tissue slices
were mounted with Vectashield (Vector Laboratories; Burlingame
CA) and examined using an epifluorescence Leica DMIRE2
microscope (Leica Microsystems; Nussloch, Germany). Alexa
488 fluorescence was detected at excitation-emission wavelengths
of 488-522 nm, and the images were digitalized with a Leica
DC300F camera (Leica Microsystems; Wetzlar, Germany).

NTS-polyplex NPs accumulation in reticuloendothelial tissues

BALB/c mice were intravenously injected with NTS-polyplex
NPs previously labeled with propidium iodide as described
elsewhere.”*'* The animals were anesthetized and then transcar-
dially perfused with 50 mL of 0.01 M PBS and 50 mL of 4%
paraformaldehyde in PBS at 6 h and 48 h after injection. The lungs,
kidneys, livers, and spleens were dissected, transferred to either
30% sucrose in 0.01 M PBS or formalin, serially sectioned into
8-um-thick slices using a cryostat (Leica CM1100, Leica;
Heidelberg, Germany) and counterstained either with Hoechst
33258 (organs in sucrose) or hematoxylin and eosin (organs in
formalin). The fluorescence was observed with a Leica DMIRE2
microscope (Leica Microsystem; Wetzlar, Germany) using a 20 x
objective and the filters A for Hoechst 33258-nuclear staining
(blue) and TX2 for propidium iodide (red). The images were
digitalized with a Leica DC300F camera (Leica Microsystems;
Nussloch, Germany) and processed using a Leica FW4000
fluorescence workstation, version V1.2.1 (Leica Microsystems
Vertriecb GmbH; Bensheim, Germany). The hematoxylin-eosin
stained sections were used for a histopathological examination.

Untransfected Transfected

Colon Spleen

Stomach

Figure 1. GFP expression in cells that constitutively express NTSRI.
Representative micrographs of GFP-immunofluorescence on day 3 after an
intravenous injection of NTS-polyplex NPs harboring the plasmid pEGFP-
N1, which codes for the enhanced green fluorescent protein (GFP). The
calibration bar = 1 mm and is common for all micrographs.

Blood collection and serum separation

The animals were anesthetized and 500 pL of blood was then
collected via cardiac puncture using insulin syringes (27G x 13
mm) at0, 2, 4, 6 and 24 h (for measurements of proinflammatory
cytokines) and at 24 and 96 h (for liver function tests,
hematology profile and serum amyloid A (SAA) quantification)
after treatment with sterile isotonic saline solution (SS), LPS,
CCly or NTS-polyplex (n = at least 5 mice in each time point for
each experimental condition). The serum was separated using
BD microtainer tubes with clot activator and gel (Becton
Dickinson and Company; DF, MX), which were centrifuged at
1,000 g for 15 min at 4 °C. The blood specimens were collected
in BD microtainers containing 1.0 mg of K;EDTA 24 hand 96 h
after treatment with SS, LPS, CCl, or NTS-polyplex to test the
hematology profile at the Laboratory of Hematology and
Biochemistry, Pathology Department, School of Veterinary
Medicine and Zootechnics, Autonomous University of Mexico
(UNAM) using a hematology analyzer BC-2800 (Mindray
Medical Mexico; DF, MX).

Liver function tests

Twenty-four and 96 h after a systemic injection of NTS-
polyplex NPs, the serum levels of hepatic function markers were
measured at the Laboratory of Hematology and Biochemistry,
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Figure 2. Biodistribution of propidium iodide-labeled pDNA after its delivery by NTS-polyplex NPs. Representative micrographs showing the fluorescence of
propidium iodide and Hoechst 33258 at indicated times. Representative micrographs of hematoxylin-eosin stained sections taken at 48 h after the systemic
transfection were included to show cytoarchitecture of the organs studied. The calibration bar = 50 pm and is common for all micrographs.

Pathology Department, School of Veterinary Medicine and
Zootechnics, UNAM. The aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and alkaline phosphatase (AP)
levels were determined by spectrophotometry (Vital Scientific-
Junior).*!*? The total bilirubin and conjugated bilirubin levels
were also measured.™ An oral dose of CCly (150 pL/150 pL of
corn oil; Sigma-Aldrich; Saint Louis, MO, USA) and an i.p.
injection of LPS (50 ng/0.3 mL of sterile 0.9% sodium chloride
solution; Sigma-Aldrich; Saint Louis, MO, USA) were used as
positive controls, whereas a systemic injection of SS was used as
a negative control.

Serum levels of pro-inflammatory cytokines and serum amyloid A

The serum levels of proinflammatory cytokines were
measured 0, 2, 4, 6 and 24 h after treatment with SS, LPS or
NTS-polyplex. A multiplex inmunobead assay (Milliplex MAP
mouse Th17 magnetic Bead Panel) and a Luminex MAGPIX®
detection System with XPONET software (Millipore Corpora-
tion; Billerica, MA, USA) were used to measure the serum levels
of IL-1p, IL-6 and TNF-a over time after various treatments.
The standard curve for each pro-inflammatory cytokine was built
with 6 standards, and the lower and upper limits of quantification
(LLOQ and ULOQ) were calculated as the highest and lowest
measured reliable standards for each standard curve. LLOQ
refers to the amount of analyte that would provide a signal equal
to the blank plus thrice the standard deviation of the blank.
ULOQ is the point of saturation for an instrument detector at
which higher amounts of analyte do not produce a linear
response in the signal. The linear dynamic range (LDR) was
defined as the lowest and highest standards on the linear part of
each standard curve on a log—log plot. The LDR in pg/mL for

each analyte ranged from 14 to 15,000 for IL-1B, 7 to 8,647 for
IL-6, and 3 to 3,006 for TNF-a.

The SAA level was determined 24 and 96 h after treatment
with SS, LPS or NTS-polyplex using a solid phase enzyme-
linked immune-sorbent assay (ELISA) kit that included a
polyclonal anti-mouse SAA2 antibody as solid phase immobi-
lization, a horseradish peroxidase (HRP) conjugated polyclonal
anti-mouse SAA1/2 antibodies for detection, and a mouse serum
of known SAA concentration for the standard curve (Life
Diagnostics, PA, USA). The standard curve was plotted with
optical density readings at 450 nm on the Y-axis against mouse
SAA concentrations (8-500 ng/mL) on the X-axis.

Local inflammatory response assay

Local inflammation was produced by 30-puL injections of 1%
carrageenan (Cg) solution (a positive control), SS (a negative
control) or NTS-polyplex NPs into the plantar pad of the left hind
paws of BALB/c mice using a 1-mL syringe and a 27-gauge
needle.>* The width of the left and right hind paw, defined as the
distance from the plantar to the dorsal surface at the paw center,
was measured 1, 3, 5, and 24 h after the injection using a digital
micrometer (measuring range from 0 to 0.5” with a resolution of
0.0005”; Tylertown, MS, USA). The results were expressed as
the difference in the width (A in mm) of the left and right hind
paw of mouse. Upon completion of measurements, the mice
were anesthetized to remove the hind paws at the level of the
calcaneus bone for histopathological analysis and then beheaded.

Histopathology

After dissection, the lungs, kidneys, liver, spleen and hind
paws were fixed in 10% neutral-buffered formalin and embedded
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Figure 3. Liver function markers after various treatments. BALB/c mice treated with carbon tetrachloride (CCly; 150 pL/150 pL corn oil) or lipopolysaccharide
(LPS; 50 pg/0.3 mL in sterile saline solution) were used as positive controls. NTS-PLX refers to the group of mice treated with NTS-polyplex NPs harboring

the plasmid pEGFP-N1. The negative control groups were untreated mice (C) and mice injected with sterile isotonic saline solution (SS). TB =

total bilirubin;

CB = conjugated bilirubin; AST = aspartate transaminase; ALT = alanine transaminase; AP = alkaline phosphatase. Values are mean + o of 5 independent
experiments in each time evaluated. *P < 0.0001 to compare with the control group; ¥ P < 0.001 to compared with the positive controls; a two-way ANOVA test

and a post-hoc Bonferroni test.

in paraffin blocks. Serial 5-pm-thick sections were then cut with
a cryostat-microtome model CM1100 (Leica Microsystems,
Wetzlar, Germany), deparaffinized, and stained with hematox-
ylin and eosin for histopathological evaluation.

Statistical analysis

Values are provided as the mean + standard deviation (o)
obtained from at least 5 independent experiments. After testing for
normality with the Snedecor F-analysis, the significance of
differences was analyzed by a two-way ANOVA test and a post-
hoc Bonferroni test to compare the experimental with the control
group using the Graph Pad Prism 5.0 (GradPad Software Inc., La
Jolla, CA, USA). Statistical significance was established at P < 0.05.

Results
Transgene expression

GFP expression was detected in the stomach and the intestinal
tract cells (Figure 1) three days after the intravenous injection of

NTS-polyplex NPs formed at an optimal molar ratio (Figure S1).
These cells are known to constitutively express NTSR1.%*** In
contrast, GFP expression was not observed in the tissues where
NTSRI1 is absent,'* such as the spleen (Figure 1), liver, lungs,
kidneys and heart (data not shown).

NTS-polyplex NPs accumulation

To evaluate the possibility that large amounts of NTS-
polyplex NPs could be incorporated in organs with mononu-
clear phagocyte system cells, a propidium iodide-labeled
NTS-polyplex NPs was injected intravenously. Six hours
after injection, the fluorescent label was found mainly in the
liver and spleen, and in lesser amounts in the kidneys and lungs
(Figure 2). Neither the fluorescent label nor morphological
evidence of tissue damage was observed in these organs 48 h
after injection (Figure 2). Therefore, these results suggest
that the propidium iodide-labeled NTS-polyplex NPs are either
cleared or filtered because mononuclear phagocyte system
cells do not express NTSR1 and GFP expression was not
detected (Figure 1).%**
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Figure 4. Representative microphotographs of liver sections stained with
hematoxylin and eosin after different treatments. The negative control group
was injected with sterile isotonic saline solution (SS). The positive controls
were mice treated with carbon tetrachloride (CCly; 150 nL/50 pL corn oil) or
lipopolysaccharide (LPS; 50 pg/0.3 mL in SS). BALB/c mice were treated
with NTS-polyplex NPs at indicated times harboring the plasmid pEGFP-N1.
Liver sections were 5-um in width and the calibration bar = 100 pm.

Liver function evaluation

The liver is the organ that mainly participates in the
clearance of foreign DNA in mice.'”*> Consequently, the acute
effects of the systemic injection of NTS-polyplex NPs on
hepatic function were compared to those of negative controls
(untreated mice and SS injection) and positive controls (CCly or
LPS administration). The levels of total and conjugated
bilirubin, AST, and ALT did not statistically differ between
groups treated with NTS-polyplex NPs and the respective
negative controls 24 h and 96 h after injection (Figure 3). Only
the AP basal levels significantly increased by 63% at 24 h
(386 £ 46, U/L; P < 0.0001) when compared with the negative
controls, and these levels decreased (321 + 46, U/L) to values
similar to the SS group (310 + 56, U/L) 96 h post-administra-
tion (Figure 3). However, the increase in AP levels produced by
the NTS-polyplex NPs (386 £ 46, U/L) was significantly lower
than that induced by LPS (516 + 55, U/L; P < 0.001) or CCly
(528 £ 71, U/L; P < 0.001) 24 h post-administration.

The histopathological analysis of liver sections of negative
controls showed a normal lobular organization that consisted of
central veins and radially arranged hepatocytes with a mild
vascular congestion (Figure 4). On the contrary, the positive
controls LPS and CCl; induced hepatic alterations, as
expected.’'*?¢ After 24 h, LPS caused a major vascular and
sinusoidal congestion as well as the diffusion of inflammatory
cells and erythrocytes in hepatic sinusoids. An absence of nuclei,
cariorrexis, disuse foci of necrotic parenchymal cells, cell
swelling and congestion were observed after 96 h (Figure 4).
CCly administration produced intense necrotic zones, edema,
acute inflammatory infiltration, and hepatocyte degeneration
characterized by cytoplasmic swelling and nuclear pyknosis 24 h
post-administration and thereafter. The hepatic alterations were
most severe 96 h after CCly administration (Figure 4). These
changes were not detected in the hepatic architecture of mice
transfected with NTS-polyplex NPs. Mild vascular congestion
was observed in some zones, but the hepatic architecture was
well preserved (Figure 4). In addition, histological alterations
were not observed in the lungs, kidneys, and spleen after a
systemic injection of NTS-polyplex NPs (Figure 2).

Systemic inflammatory response

The effect of an intravenous injection of NTS-polyplex NPs
on the serum levels of pro-inflammatory cytokines was
compared to that of SS (negative control) and LPS, a potent
stimulant of the inflammatory response.”’ In the SS group, the
levels of IL-1p and TNF-a remained stable during the
experiment and were lower than the LDR (Figure 5). The levels
of IL6 were within the LDR and varied from 13 + 11 pg/mL to
50 £ 44 pg/mL, but significant differences were not found
(Figure 5). Remarkably, the serum levels of the three pro-
inflammatory cytokines in the group injected with NTS-polyplex
NPs were similar to those of the respective negative controls at
each evaluated time point (Figure 5). Compared with SS and
NTS-polyplex NPs, LPS caused a drastic increase in the serum
levels of IL-1( (25 + 9 pg/mL), IL-6 (9960 + 2150 pg/mL) and
TNF-a (165 + 41 pg/mL) after 2 h. The levels subsequently
progressively decreased and reached basal levels 24 h post-
administration (Figure 5). As expected, high levels of SAA were
detected 24 h (2200 £ 182 ng/mL) and 96 h (2486 + 213 ng/mL)
after LPS administration. Although the SAA levels increased in
the NTS-polyplex NPs group (733 + 24 ng/mL) at 24 h, this
increase was 2.8-fold lower than that induced by LPS and
returned to the basal level (28 + 6 ng/mL) at 96 h (Figure 5).

The hematology profiles of the NTS-polyplex NPs group and
positive controls were similar to that of the negative control (SS)
at two time points evaluated in the current study (Table 1).

Local inflammatory response

To confirm the lack of an inflammatory effect, NTS-polyplex
NPs were evaluated in a model of local inflammation using Cg as
a positive control and SS as a negative control. A significant
increase (450%) in the hind paw width was observed (Figure 6)
as early as 1 h after Cg subcutaneous injection. Subsequently,
this increase evolved over time and reached 1,556% 5 h post
Cg injection, which suggested a strong inflammatory response
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Figure 5. Serum levels of pro-inflammatory cytokines and serum amyloid A (SAA) after different treatments. SS = sterile isotonic saline solution, as a negative
control. Lipopolysaccharide (LPS; 50 pg/0.3 mL in SS). NTS-PLX = NTS-polyplex NPs harboring the plasmid pEGFP-N1. Each value is the mean + ¢ of 5
(proinflammatory cytokines) or 6 (SAA) independent experiments in each time evaluated. *P < 0.01 a two-way ANOVA test and a post-hoc Bonferroni test to

compare with the control group.

Table 1
Comparison of hematologic profile.
Group  Htc Hb Erythrocytes MCV MCHC Platelets Leukocytes Neutrophils Monocytes Lymphocytes Eosinophils
L/L g/L x 102 L f/IL g/L x10°L  x10°L x 10° L x 10° L x 10° L x 10° L

Control 0.36+0.02 110+15 73+1.07 47+06 324+06 238+91 4.0+09 098+095 0.03+£0.06 2.9+0.85 0.07 + 0.06
SS

24h  037+0.06 10619 73+122 46=+15 323+11 295+£52 3.7+0 0.90 £ 0.35 0.07 £0.06 2.8+0.07 0.10+0

9%h 030+0.07 107+13 6.6=+15 46+06 361.6+58 336+43 4.8+0.07 1.4+098 0.12+0.07 2.9+0.07 0.05+0.5
PLX

24h 040+£0.1 133+32 85+£199 47+0.6 330+56 315+23 43+08 097+0.70 0.10£0.00 22+ 1.6 0

96h 034+04 123+£22 67+£19 45+0.7 4165+544 320+23 35+£22 0.75+£0.07 025+0.03 2.2+0.19 0.25+£0.35
LPS

24h 029+£0.06 93+20 6.1+127 46+15 324+11 260+£52 2.6+1 0.83+£0.35 0.10+£0.00 2.4+0.7 0

9%h 028+0.07 88+17 53+085 46+06 358+48 312+76 5.5+0.35 1.4+07 003+00 32+0.78 0.03 + 0.06
CCly

24h 049+0.01 159+5 104+0.17 47+£05 32746 392+£13 6.7+1.6 453+247 024+0.15 25+05 0.03 £ 0.06

9%6h 034=+0.08 114+29 73+17 46+05 33811 394=x15 67+037 27+19 0.14=+0.0 4+ 1.04 0

Values are mean + standard deviation (o) obtained from at least 5 independent experiments. The significance of differences was analyzed by a two-way
ANOVA test and a post-hoc Bonferroni test to compare with the control group using the Graph Pad Prism 5.0 (GradPad Software Inc., La Jolla, CA, USA). The
statistical significance was established at least P < 0.05. Abbreviations: Hematocrit (Htc), Hemoglobin (Hb), Mean Corpuscular Volume (MCV), Mean

Corpuscular Hemoglobin Concentration (MCHC).

(Figure 6). On the contrary, the maximum effect of NTS-
polyplex NPs subcutaneous injection was 43% at 1 h and
subsequently decreased over time and reached control values
(Figure 6). An injection of sterile SS produced a similar effect
(Figure 6). The histopathology analysis of mouse paws 1 h after
administration showed that SS or NTS-polyplex NPs resulted in
subcutaneous edema without the infiltration of inflammatory

cells, whereas Cg caused a mild infiltration of inflammatory cells
(data not shown). However, Cg induced marked inflammatory
changes 5 h after injection, including pronounced cellular
infiltration and mild disorganization of muscle fibers. On the
contrary, neither SS nor NTS-polyplex NPs showed any
histopathological alterations or inflammatory signs in the paw
5 h post-injection (Figure 6).
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Figure 6. Time course of local inflammation after different subcutaneous treatments into the plantar hind paw of BALB/c mice. Thirty microliters of NTS-
polyplex NPs harboring the plasmid pEGFP-N1 (NTS-PLX), 1% carrageenan solution (Cg; a positive control) or sterile isotonic saline solution (SS), as a
negative control, was injected. Top panels are representative micrographs of hematoxylin-eosin stained sections taken at 5 h after the subcutaneous injection of
the treatments as indicated. The graph shows the difference in the width (A in mm) of the left and right hind paw of mouse. Each value is the mean + o of 12
independent experiments in each time evaluated. *P < 0.01 a two-way ANOVA test and a post-hoc Bonferroni test to compare with the control group.

Discussion

This study shows for the first time that targeted gene delivery
to NTSRI1-expressing cells of peripheral tissues by NTS-
polyplex NPs does not produce an acute systemic inflammatory
response or hepatic cytotoxicity. The lack of an inflammatory
effect was confirmed by the injection of NTS-polyplex NPs in a
mouse paw when compared to a Cg injection. These results
are consistent with the notion that polyplexes have low toxicity
and immunogenic potential>>*® compared with lipoplexes and
viral vectors.?’

The presence of GFP expression in cells of the gastrointes-
tinal tract, which are known to constitutively express
NTSR1,%**** and the absence of GFP expression in other tissues
that lack these receptors (liver, lung, spleen, kidney and heart)
support the mediation of NTSR1 in the transfection by NTS-
polyplex NPs as previously shown in cell culture® and
experimental animal'“*®'* studies. However, recent evidence
shows that normal B lymphocytes, one of the resident cells in the
spleen, express functional NTSR1.?® Therefore, the presence of
propidium iodide-labeled NTS-polyplex NPs in the spleen 6 h
and 48 h after injection suggests that certain cell populations
might be transfected. However, GFP expression, which was
evaluated 3 days after NTS-polyplex injection, was not observed.
This lack of expression might be attributed to the migration of B
cells in the spleen at this time. Alternatively, the NTS-polyplex
NPs could accumulate in the liver and spleen for clearance
because the liver and spleen are the main organs that participate
in the clearance of other polyplex NP systems by phagocytic

uptake and filtration.'”**** An excessive accumulation of NPs
in these organs could potentially elicit a strong inflammatory
response and eventually lead to cell death, which is usually
manifested by increased levels of biochemical markers in
the serum. In contrast to LPS and CCl, (positive controls), the
systemic administration of NTS-polyplex NPs did not alter
the serum levels of liver function markers, which suggests that
NTS-polyplex NPs accumulation did not reach the levels
necessary to elicit severe hepatic inflammation. These results
are also consistent with the outcome of our histopathological
studies. Nevertheless, the GFP transgene would not necessarily
cause damage, but a transgene that induces apoptosis used as an
antineoplastic tool could cause a deleterious effect not only in the
cancer cells but also in the specifically transfected tissues that
constitutively express NTSR1.%** In the case of neurotrophic
therapy for Parkinson disease, the uncontrolled and robust
expression of a neurotrophic protein might lead to undesirable
side effects, such as aberrant innervation of the regenerating
dopaminergic fibers and decreased dopamine synthesis.’
Furthermore, neurotrophins, for instance, could reach sufficient-
ly high levels to stimulate the p75 receptor, which leads to the
apoptosis of healthy and recovering neurons.’ Inducible pro-
moters can be used in conjunction with NTS-polyplex to restrain
the transgene expression and avoid undesirable side effects.
IL-1p3, IL-6 and TNF-« are the most notable pro-inflamma-
tory cytokines secreted by local neutrophil granulocytes and
macrophages into the bloodstream during an acute inflammatory
process. %42 Accordingly, LPS (positive control in this study)
increased the serum levels of these three pro-inflammatory
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cytokines as previously reported. *>** On the contrary, the serum
levels of IL-1B, IL-6 and TNF-a were similar to that of the
negative control (SS injection) after a systemic injection of NTS-
polyplex NPs, which supports their lack of pro-inflammatory
effect. These results agree with the failure of a systemic injection
of DNA- or siRNA-linear polyethylenimine nanoparticles to
increase TNF-a serum levels and hepatic enzymes.***

Thus, a rapid escape of polyplex NPs from the endosome
might be a crucial factor to avoid the activation of toll-like
receptor 9 (TLR9) and consequently the activation of NF-xB.*
This aspect could explain the lack of inflammatory effects of
polyethyleneimine-based polyplexes®>*®*> and fusogenic pep-
tide-carrying NTS-polyplex NPs, which enables their rapid
escape from endosome.®® This mechanism allows the foreign
DNA to bypass lysosomal degradation. This bypass avoids the
exposition of unmethylated CpG motifs,**>* which are
recognized by TLR9 to cause inflammation in experimental
animals.*” Another advantage of polyplex NPs might be the
efficient compaction of foreign DNA that might conceal CpG
motifs in contrast to lipoplexes that are more immunogenic
exposing CpG motifs.>**® Despite the lack of pro-inflammatory
effect of systemically or locally injected NTS-polyplex NPs, a
minor and reversible increase was determined in the AP and
SAA levels when compared with the LPS effect. IL-1@3, IL-6 and
TNF-a have long been known to stimulate SAA production
during acute inflammation.**>* Therefore, the reversible SAA
accumulation observed 24 h after NTS-polyplex NP injection
might have led to a minor and reversible liver injury in the
absence of increased serum IL-13, IL-6 and TNF-a levels.
However, this possibility was not detected in the histopatholog-
ical analysis.

In summary, major histopathological alterations or increases
in the serum levels of IL-1R3, IL-6, TNF-«, bilirubin, AST and
ALT were not detected after a systemic delivery of NTS-
polyplex NPs. The transient increase in the serum levels of AP
and SAA in the absence of IL-1p3, IL-6, and TNF-« production
might have been induced by a transient osmotic shock in the liver
caused by NTS-polyplex NPs accumulation. Moreover, minor
reversible edema without inflammation was observed in the
mouse paw after a local injection of NTS-polyplex NPs. Thus,
these results indicate that NTS-polyplex NPs can specifically
transfect NTSR1-expressing cells without stimulating the acute
inflammatory response. Nevertheless, the ability of NTS-
polyplex NPs to evoke the innate and adaptive immune response
should be further evaluated in appropriate models of neuro-
trophic factor gene therapy and suicide gene therapy using
immunocompetent animals before their application in clinical
trials of gene therapy for Parkinson’s disease and cancers of cells
expressing NTSR1.”-"3
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