1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Placenta. Author manuscript; available in PMC 2021 April 01.

-, HHS Public Access
«

Published in final edited form as:
Placenta. 2020 April ; 93: 1-7. doi:10.1016/j.placenta.2020.02.006.

Nanoparticle mediated increased insulin-like growth factor 1
expression enhances human placenta syncytium function

Rebecca L. WILSON, Ph.D1*, Kathryn OWENS, B.Scl, Emily K. SUMSER?Y, Matthew V. FRY,
B.S!, Kendal K. STEPHENS, M.D1, Marcel CHUECOS, BS2, Maira CARRILLO, PhD?, Natalia
Schlabritz-Loutsevitch, M.D. Ph.D?, Helen N. JONES, Ph.D!

1Center for Fetal and Placental Research, Cincinnati Children’s Hospital and Medical Center,
Cincinnati, Ohio, USA 45229.

2Texas Tech University Health Sciences Center at the Permian Basin, Odessa, TX, USA, 79763

Abstract

Introduction: Placental dysfunction is an underlying cause of many major obstetric diseases and
treatment options for complications like fetal growth restriction (FGR) are limited. We previously
demonstrated nanoparticle delivery of the Auman insulin-like growth factor 1 (h/GFI) transgene
under control of the trophoblast-specific PLAC1 promoter maintains normal fetal growth in a
surgically-induced FGR mouse model. However, uptake by human placental syncytiotrophoblast
has yet to be determined.

Methods: An ex vivo human placenta perfusion model, term placenta villous fragments and other
in vitro syncytiotrophoblast models, were used to determine nanoparticle uptake, transgene
expression and functional responses under oxidative stress conditions.

Results: In the ex vivo perfusion, fluorescence from a Texas-Red conjugated nanoparticle
increased in maternal perfusate upon nanoparticle addition and declined by the conclusion of the
experiment (P < 0.001). Fluorescent histology confirmed localization in the syncytiotrophoblasts.
No Texas-Red fluorescence was detected in the fetal perfusate. Transgene expression of #/GF1 in
differentiated BeWo cells, isolated primary trophoblasts and fragments was increased compared to
untreated (55,000-fold, P = 0.0003; 95-fold, P = 0.003; 400-fold, P < 0.001, respectively).
Functionally, increased A#/GF1 expression in villous fragments resulted in translocation of glucose
transporter 1 to the syncytiotrophoblast cell membrane and under conditions of oxidative stress in
BeWo cells, protected against increased cell death (P < 0.01) and decreased mitochondrial activity
(P <0.01).
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Conclusion: The current study confirms that our nanoparticle is capable of uptake in human
placental syncytium which results in enhanced transgene expression, functional changes to cellular
activity and protection against increased oxidative stress.
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Introduction

Most major pregnancy complications including preeclampsia (high blood pressure and
widespread systemic endothelial dysfunction), stillbirth and fetal growth restriction are
characterized by aberrant placental development and function. Such complications predict
significant morbidity and mortality for both mother and child and treatment options /n utero
are limited [1]. The placenta is the interface involved in the exchange of gases, nutrients and
wastes between the mother and fetus and is vital to the growth of the fetus. Maternal and
fetal circulation within the placenta remains separated and thus the transfer of nutrients,
oxygen, and waste occurs across several layers of cells [2]. Cells making up the outer most
layer that are in contact with maternal blood are the syncytiotrophoblasts; a multinucleated
syncytium formed by fusion of the underlying cytotrophoblasts [3]. Absence of lateral cell
boundaries and intercellular junctions indicates that molecules need to be exchanged across
the apical and basal membranes of the syncytiotrophoblast [2] and thus represents a
challenge when developing therapies that target the placenta.

Our laboratory has developed a non-viral transgene delivery method of human insulin-like
growth factor 1 (A/GF1I) in the form of a biodegradable nanoparticle that results in
trophoblast-specific expression of #/GF1. IGF1 is important for feto-placental development
and has been shown to regulate metabolic effects, mitogenesis, differentiation, and survival
in various organs including the placenta [4]. /g7Z null mice are 60% lighter in body weight
compared to wild-type littermates and have a 95% perinatal morbidity rate highlighting the
significance of IGF1 in fetal growth and development [5]. Clinically, a reduction in IGF1
concentration in fetal cord sera is associated with intra-uterine growth restricted (IUGR) or
small for gestational age (SGA) newborns [6, 7]. We have shown that intra-placental
injections of the nanoparticle containing A/GF1 results in overexpression of A/GF1in a
murine model of placental insufficiency and maintenance of normal fetal growth [8].
Additionally, overexpression of #/GF1 in the human choriocarcinoma BeWo cell line, a
model of human cytotrophoblasts, results in increased cell proliferation, reduced apoptosis,
and increased expression of System A and L amino acid transporters [9].

In order to continue establishing translational potential, we aimed to determine if the
nanoparticle could be taken up by the human placental syncytium using a short-term dual
placental perfusion model ex vivo. Furthermore, we assessed A/GF1 expression in 3 in vitro
models that mimic the syncytial properties of the human placenta and characterized the
functional response of placental cells to oxidative stress when treated with nanoparticle.
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Materials and Methods

Nanoparticle formation

The PLACI-hIGF1 plasmid was cloned as previously described [8] and purified using an
Endo-Free Plasmid Maxi Kit (Qiagen) as per manufacturer’s instructions. The yield, purity,
and integrity of the plasmids were assessed with a Nanodrop® ( 7hermo Scientific). To
create the nanoparticles, lyophilized poly-(HPMA);15-b-poly(DMAEMA)115 copolymer
was reconstituted in ultra-pure water and incubated with 1 pg of plasmid at a DNA
(ng):polymer (UL ) ratio of 1:4 (BeWo and isolated cytotrophoblast experiments) or 1:10
(placenta fragment experiments) in calcium and magnesium free phosphate buffered saline
(PBS) for 1 h at room temperature prior to use. BeWo and isolated cytotrophoblast cells
were treated with 8 ug of DNA/well; placental fragment were treated with 33 pg of DNA/
well.

For the ex vivo placenta perfusion experiments, the HPMA11o-DMAEMA33 copolymer was
conjugated with a Texas Red fluorophore in order to trace movement of the nanoparticle into
the placenta tissue. Texas Red™-X, succinimidyl ester (5 mg; /nvitroger) was modified by
incubating for 24 h at 30°C in a solution of dimethylformamide (DMF) and ethylene
diamine. After the solvent was removed, the product was purified by flash column
chromatography. Conjugation occurred by incubating the modified Texas-Red product in a
solution containing the HPMA110-DMAEMAg33 copolymer at 30°C for 48 h, dialyzing
against distilled water for 3 days and lyophilizing. Following reconstitution, the Texas-red
conjugated copolymer was incubated with 1 ug plasmid at a ratio of 1:20 DNA to polymer.

Ex vivo dual human placenta perfusion

Placentas (n=7: 5 females and 2 males) at term (=39 weeks gestation) of appropriate
birthweight and without any diagnosed pregnancy complications were obtained elective
Caesarian sections (due to previous Caesarian deliveries) at the according to the protocol,
published elsewhere [10]. Placental perfusion protocol was approved by TTUHSC IRB
(#L15-108). Dual perfusion was performed as previously described [11]. Total experimental
duration ranged from 3.5-4.5 h with the initial open system duration lasting 1.5-2 h
followed by a closed system duration of 0.5-1.5 h before Texas-red conjugated nanoparticle
were added to perfusate on the maternal side for approximately 1 h. Fetal hydrostatic inflow
pressure (FIP) was measured constantly during experiments and feto-maternal leakage was
measured every 0.5 h using estimated FITC-conjugated dextran, which were paralleled by
the measurements of the outflow using a glass 10 mL graduated measuring cylinder. Barrier
function throughout the perfusion was assessed by analyzing glucose uptake, lactate
production and oxygen uptake. Of the 7 placentas perfused, only one did not pass quality
assurance; no nanoparticle was added to the maternal perfusate, and therefore served as a
negative control for histological analysis. Maternal and fetal venous perfusate samples were
obtained prior to addition of the nanoparticle, at nanoparticle addition and at conclusion of
the experiment; recovery rate of the perfusate was 100%. Placenta tissue samples were also
collected, fixed in 10% formalin and frozen in OCT for histological analysis. One placenta,
in which nanoparticle was not added, served as a negative control. Fluorescence of the
perfusate samples was quantified at 625 nm in triplicate using a micro-titre plate reader
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(Synergy H1 Hybrid; Biotek). Histological analysis of nanoparticle localization was
determined in 7 um tissue sections visualized using the Nikon Eclipse Ti Inverted
microscope. Quantification was performed using ImageJ Image analysis software by
limiting a threshold to the Texas-red fluorescence and calculating integrated density of the
threshold only.

Tissue collection for in vitro studies

For human isolated cytotrophoblasts (n=4) and fragment experiments (n=6), term (=39
weeks gestation) placentas from pregnancies in which maternal age was <45 years, BMI was
between 18-30 kg/m? and delivered an appropriate for gestational age infant with no
diagnosis of any maternal or fetal complications were collected following Caesarean section
or vaginal delivery under the approval of Good Samaritan Hospital and Cincinnati
Children’s Hospital Medical Center Institutional Review Boards. Tissue was transferred to
the laboratory within 45 mins of delivery and processed as outlined below.

Differentiated BeWo and isolated cytotrophoblast cell culture

Human BeWo choriocarcinoma cells (CCL-98; American Type Culture Collection) were
cultured and treated in HAM’s F12 nutrient mix supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and maintained at 37° C under 5% CO». All cells
were between passages 4 and 12. 1 x 10° BeWo cells/well were seeded onto 6-well plates
and incubated with 50 uM forskolin (FK) in DMSO (EMD Millipore) or DMSO only
(controls) for 48 h, changing the media at 24 hours. Cells were then allocated to one of 4
treatment groups: untreated (Control), FK-treated only (FK), FK and DNA plasmid only
treated (FK+PlacI-hIGFI), FK and nanoparticle treated (FK+NP-Placl-hIGFI) and
harvested 96 hours after treatment.

Human primary cytotrophoblasts were isolated using a modified method of [12]. Briefly,
placental tissue was collected, and villous portion washed and dissected to remove
vasculature and connective tissue. The dissected tissue was digested using Trypsin digestion
and cell types separated using a 5-70 % Percoll® gradient. The resulting cytotrophoblasts
were incubated in cytotrophoblast media (50% DMEM/50% HAM’s F12, 10% FBS, 1%
penicillin/streptomycin) for 48 h prior to treatment with nanoparticle to allow for
spontaneous differentiation into syncytiotrophoblasts. The resulting syncytiotrophoblasts
were then either not treated (Control), treated with DNA plasmid only (Plac1-hIGFI), or
treated with nanoparticle (NVP-Plac1-h/GFI) and harvested 96 h after treatment.

RNA Isolation, Reverse Transcription and Quantitative PCR (QPCR)

Following treatment, BeWo and syncytiotrophoblast cells were lysed using RLT Buffer from
Qaigen supplemented with 1% pB-mercaptoethanol. Total cellular RNA was isolated using
the RNeasy mini RNA Isolation kit (Qaigen) as per manufacturer’s protocol. RNA
quantification was assessed using Nanodrop® Spectrophotometer ( 7hermo Fisher).

1 pg of total RNA was used to generate cDNA using the High Capacity cDNA Reverse
Transcription kit following manufacturer’s protocol (Applied Biosystems). Oligonucleotide
primers for A/GF1 and housekeeping gene B-actin (ACTB) were designed as previously
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described [8]. Quantitative PCR was performed using the Power SYBR Green Master Mix
(BeWo and syncytiotrophoblast cells; Applied Biosystems) or Express SYBR gPCR
Supermix (/nvitrogen) following manufacturers protocol in the Applied Biosystems
StepOne-Plus Real-Time PCR System. Relative mRNA expression was calculated using the
StepOne Software v2.3 (Applied Biosystems) by the comparative CT method [13].

In vitro human placenta fragment culture, in situ hybridization and immunohistochemistry

Term human placentas were collected and villous fragment samples dissected to a size of
approximately 5 mm, washed free of maternal blood with PBS and cultured in
cytotrophoblast media for 120 h prior to nanoparticle treatment in order to allow for
syncytiotrophoblast layer regeneration [14]. At 120 h, fragments were treated with the either
the nanoparticle containing a plasmid encoding the Green Fluorescent Protein (VP-GFP)
gene as a control treatment or nanoparticle containing a plasmid encoding the #/GF1 gene
(NP-Plac1-hIGFI) and snap frozen or fixed and paraffin embedded at 24, 48, and 72 h after
treatment. Fragment viability was assessed at 48 h in untreated and NP-Plac1-hIGF1 treated
fragments by measuring lactate dehydrogenase (LDH) release using the Pierce LDH
Cytotoxicity Assay Kit ( 7hermo Scientific) follow manufacturer’s instructions.

To quantify A/GFI1 and nutrient transporter mMRNA expression using qPCR, RNA was
collected by homogenizing in Trizol (/nvitrogen) and extracting using the RNeasy Mini
columns as per manufacturers protocol. cDNA was generated and gPCR performed as
previously described [8]. Primer sequences were as follows: h/GF1 F.
TTTTGTGATTTCTTGAAGGTGA, R CGGTCCAGCCGTGGCAGA; SLCZAI1F.
CCCCAATTTTGGCTCCAAGG, R CCAGAATGACACGGATGCTC; SLC38A1F.
GCAGTGGGATTTTGGGACTC, R: ACAGCAATGTCACTGAAGTCAA; SLC38A2 F.
CCTTTGTGATCCAGGCATT, R. CCAATGACACCAACAGAACCA; TBPF.
GAACCACGGCACTGATTTTC, R TGCCAGTCTGGACTGTTCTTC; B-ACTIN F.
CGCGAGAAGATGACCCAG, R: TAGCACAGCCTGGATAGCAA.

In situ hybridization to determine plasmid specific mMRNA expression in term human
fragments was performed using a custom designed BaseScope™ probe (Advanced Cell
Diagnostics) specific to the sequence between the stop codon and the polyA signal of the
plasmid. 5 um PFA-fixed, paraffin embedded tissue sections were deparaffinised and
rehydrated following standard protocols. Extended antigen retrieval was performed by
immersing slides in boiling RNAscope™ Targeted Retrieval Reagent (Advanced Cell
Diagnostics) for 30 min followed by a 30 min RNAscope™ Protease IV (Advanced Cell
Diagnostics) incubation at 40°C. In situ hybridisation with the BaseScope™ Assay then
occurred following manufacturers protocol. Sections were counterstained using
haematoxylin and imaged using the Nikon Eclipse 80i microscope

For immunohistochemical analysis of SLC2A1 protein, 3 um sections were obtained,
deparaffinised and rehydrated following standard protocols. Antigen retrieval was performed
by boiling sections in target antigen retrieval solution (Dako) for 30 mins endogenous
peroxidase activity was suppressed by incubating the slides in 3% hydrogen peroxide. The
SLC2A1 antibody (Abcam: ab15309) was diluted 1:750 in 5% goat serum and 1% bovine
serum albumin (BSA) in PBS and applied overnight at 4°C under humidified conditions.
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Negative controls were included by omitting the primary antibody from the diluent. SLC2A1
antibody binding was amplified with the Alexafluore 647 goat anti-rabbit (4 pg/mL,
Invitrogen.: A21246) secondary, nuclei counterstained with DAPI and then visualised using
the Nikon Eclipse 80i fluorescent microscope.

Oxidative stress induction and cellular response in BeWo cells

Statistics

Results

1x10° BeWo cells/well were seeded in a 6 well plate and allowed to adhere for 4 hours
before being treated nanoparticle (8 ug: NMP-PlacI-hIGFI) for 24 h. Oxidative stress was
then induced by treating the cells with 400 uM of hydrogen peroxide (H,O,) for 24 h. Live/
dead cell counts were performed by collecting cells, staining with trypan blue and counting
using a haemocytometer. Cell number was also determined using crystal violet (CV) assay
whereby media was aspirated, and cells washed with PBS. A 2% CV in 2% ethanol solution
was added and incubated for 20 mins at room temperature. Wells were then washed in
running tap water and dried for 2 h before addition of 1% SDS solution. Optical density was
measured in triplicate at 570 nm on a micro-titer plate reader (Synergy H1 Hybrid; Biotek)
and percentage of cells compared to untreated cells. Mitochondrial function was assessed
using the Resazurin end point assay where by 300 UL of Resazurin (Cell Signaling
Technologies) was added to each well containing fresh media and incubated for 2 h at 37°C.
The degree of reduction of resazurin was measured by absorbance at 570 nm and 600 nm
using a micro-titer plate reader (Synergy H1 Hybrid; Biotek). mMRNA expression of A/GF1,
BAX;, and BCL2was determined as previously described with the following primers for
BAX F. GGACGAACTGGACAGTAACATGG, R GCAAAGTAGAAAAGGGCGACAAC
and BCL2 F. ATCGCCCTGTGGATGACTGAG, R
CAGCCAGGAGAAATCAAACAGAGG.

All statistical analyses were performed in R (v3.1.1) [15]. Shapiro-Wilke test confirmed
normality of the data and all data analyzed using an analysis of Variance (ANOVA) with a
post-hoc comparison to calculate exact P-values. For gPCR data, this was a nonparametric
ANOVA. For the human placenta fragment experiment, a 2-way ANOVA was used to
compare the effect of both nanoparticle treatment and time. Results are reported as mean and
standard error of the mean (SEM), or median and interquartile range (IQR) for gPCR data,
and statistical significance was deemed at P <0.05.

Human syncytiotrophoblasts are capable of nanoparticle uptake ex vivo

Prior to addition of Texas-red conjugated nanoparticle (NP) to maternal perfusate, no Texas-
red fluorescence was recorded in maternal perfusate (Figure 1A). Upon addition of
nanoparticle, Texas-red fluorescence increased in maternal perfusate and declined after
approximately 1 hour of perfusion (Figure 1A; mean minimum relative fluorescence units
(RFU)£SEM: baseline: - 1.2+1.3 vs. NP addition: 322.4+62.1 vs. conclusion: 74.9+7.2;
FP<0.001). No Texas-red fluorescence was detected in the fetal perfusate (Figure 1A: mean
minimum RFU+SEM: baseline —0.7£0.6 vs. NP addition 1.5+1.5 vs. conclusion 3.7+2.0;
P=0.490). This indicated the nanoparticle did not cross the placental syncytium and was
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confirmed through histological analysis of Texas-Red in perfused tissue (Figure 1B; negative
control tissue & C; tissue perfused with Texas-red conjugated nanoparticle and 1D;
quantification of Texas-red fluorescence in placenta tissue sections).

hIGF1 expression is significantly increased in cultured, syncytialized trophoblast cells
following treatment with nanoparticle

FK treatment of BeWo cells induced differentiation (Figure 2A & B) and did not change
hIGF1 expression (Figure 2C). Treatment of differentiated BeWo cells with plasmid alone
also did not change //GF1 expression. However, treatment with NP-PLACI-hIGF1 for 48 h
resulted in a 55,000-fold increase in MRNA expression of #/GFI when compared to control
(Figure 2C; P=0.0003). In isolated primary human trophoblasts, a 95-fold increase in
expression of A/GFI mRNA was seen following NP-PLACI-hIGF1 treatment when
compared to control (Figure 2D; P=0.003).

Nanoparticle delivery of hIGF1 resulted in translocation of the SLC2A1 glucose transporter
to the syncytial apical and basal membranes

Treatment of human placenta fragments with NP-PLACI-hIGF1 resulted in an 875-fold
increase in /#/GF1 expression within 24 h and was sustained until 72 h post-treatment when
compared to both control fragments and those treated with MP-GFP (Figure 3A; A<0.001).
In-situ hybridization confirmed plasmid specific mMRNA expression in the
syncytiotrophoblast cells of tissue 72 h after treatment with nanoparticle (Figure 3B).
Functionally, nanoparticle treatment at 48 h did not change LDH release when compared to
untreated (LDH release mean + SEM; control: 0.13 + 0.012 vs. A/GF1: 0.12 + 0.016;
P=0.622). Increased A#/GFI expression in the syncytiotrophoblasts also did not change
MRNA expression of SLC2A1 (Supplementary Table 1). However, immunohistochemical
characterization at 48 h showed translocation from the cytoplasm to the basal and apical
membranes of the syncytiotrophoblasts and cytotrophoblast cells indicating a response
supportive towards glucose transport (Figure 3C). SLC38A1 and SLC38A2 expression at 24
h and 48 h also showed no change in response to nanoparticle treatment (Supplementary
Table 1).

Increased hIGF1 expression prevents increased cell death under oxidative stress

conditions

hIGF1 expression was increased in both the NP-PLACI-hIGF1 alone and NP-PLACI-
hIGF1+H,0, compared to control and H,0, alone treated (Figure 4A; 1450-fold and 2500-
fold increase, respectively, £=0.05). H,O, treatment alone resulted in 41% cell death
compared to 19% in the control cells and 13% in the NP-PLACI-hIGF1 alone treated
(Figure 4B, A<0.0001). Prior treatment with the NP-PLACI-h/GF1 protected against H,0,
induced increased cell death (Figure 4B; 24% in the NP-PLACI-hIGFI1+H,05). This was
not due to changes in cell number as a reduction in cell number was observed in the H,O,
alone and NP-PLACI-hIGF1+H,0, treated cells (Figure 4C, control: 100% vs. NP-PLACI-
hIGFI: 106% vs. Hy09: 69% vs. NP-PLACI-hIGFI + H,0,: 60%, A<0.0001) and likely
due to detachment of cells from the plate. BAX:BCL2 mRNA ratio was also not different
between any of the treatment groups (Figure 4D, P=0.07), nor was there a difference in total
antioxidant expression in any of the treatments (Total Antioxidant Capacity mean + SEM,;
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control: 47.6 £ 4.1, NP-PLACI-hIGFI. 49.7 £ 4.7, H,05: 39.5 £ 6.7, NPPLACI-
hIGF1+H,0,: 47.1 + 8.3, £=0.52). Analysis of mitochondrial activity, showed a reduction in
% rezaurin reduction in the H,O, alone treated cells that NP-PLACI-hIGF1 treatment
protected against (Figure 4E, P=0.003).

Discussion

Currently, no therapy exists for treating placental insufficiency in cases of spontaneous FGR
in humans. We have previously shown that overexpression of #/GF1 in a mouse model of
placental insufficiency can maintain fetal growth [8]. However, human and mouse placentas
differ considerably in structure and function and the response of the human placenta to
nanoparticle treatment may differ. Consistent advances in the development of nanomedicines
has increased interest in understanding how the placenta responds to nanoparticles [16-19].
Whilst some nanoparticles have been shown to cross the placental barrier [20], we are the
first to report uptake of a polymer-based nanoparticle for gene therapy into the placental
syncytial barrier in an ex vivo perfusion model and several different /n vitro models.
Treatment of differentiated BeWo cells, fused primary human trophoblasts, and term
placenta fragments resulted in a robust increased expression of the target gene: 4/GF1, and
was significantly higher than that achieved using plasmid alone. Furthermore, we showed
the benefits of increased /#/GF1 expression including the translocation of SLC2A1 within the
syncytium that would suggest increased glucose transport and protecting against increased
cell death under conditions of oxidative stress. Altogether, these results highlight the
potential of this novel therapeutic approach in treating FGR and other placenta-related
preghancy complications.

How effective nanomedicine is in obstetric diseases in the context of placental manipulation
not only depends the efficiency of cargo delivery to the placenta but also on the transgene
chosen. Impaired nutrient supply to the fetus is one of the leading causes of FGR [21, 22].
We chose /GF1 because of its ability to improve nutrient transfer to the growing fetus by
enhancing placental nutrient transport [9, 23]. In BeWo cells, adenoviral-mediated increased
IGF1 expression increases MRNA expression of SLC38A1 and SLC38A2[9] indicating the
ability to enhance amino acid transport. This is also similar for glucose transport in mice
placentas [23]. As a result, fetal growth increases, however, this is in the absence of
increasing placental weight [24]. In this study, mMRNA expression of SLC38A1 and
SLC38A2in placenta fragments did not change with nanoparticle treatment or increased
hIGF1 expression. However, it is possible that the time frame in which the fragments were
collected was not long enough to increase IGF1 protein expression to a level required to
result in changes to mMRNA of these nutrient transporters. IGF1 is a secreted protein and
current detection methods for measuring IGF1 were not sensitive enough to detect
measurable levels in our studies. /n situ hybridization confirmed plasmid-specific mMRNA
expression of A/GF1 in syncytiotrophoblast cells and treatment with the hiIGF1 nanoparticle
resulted in translocation of the glucose transporter, SLC2A1, to the apical and basal
membranes of the syncytiotrophoblasts and cytotrophaoblasts. This translocation could be
due to IGF1 signaling through mTOR which has previously been shown to mediate
trophoblast cell surface expression of System A and System L amino acid transporter
activity [25] and in this instance would increase the placental capacity to transfer glucose
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from maternal circulation to the fetus which would be beneficial to fetal growth and may be
key in treating FGR in utero.

Increased placental oxidative stress has also been implicated as a leading cause of placental
dysfunction, particularly in the syncytiotrophoblast cells [26, 27]. Building upon prior
knowledge that increased A#/GF1 expression increases BeWo cell proliferation and reduces
apoptosis [8], here we demonstrate that prior treatment of BeWo cells with our nanoparticle
is protective against increased cell death caused by oxidative stress. This was not due to
changes in cell number nor in the mRNA expression of the pro-apoptotic gene BAX or anti-
apoptotic gene BCLZ2. IGF1 receptor binding has been shown to signal through BAX/BCL2
and protect against apoptosis in both mesangial cells and brown preadipocyte cell lines [28,
29] and it is possible that a similar response may occur in our model however, translational
changes in BAX and BCL2 need to be further clarified. Increased /#/GF1 expression did
however maintain mitochondrial cell activity. Oxidative stress occurs when there is an
imbalance between the level of reactive oxygen species (ROS) produced and production of
antioxidant defenses. The mitochondrial respiratory chain, which is integral to cellular
metabolism, is a major generator of intracellular ROS and as such, mitochondria contain
numerous defense mechanisms to detoxify and repair ROS-induced damage [30]. Thus, it is
plausible that increased A/GF1 may be regulating mitochondrial activity, resulting in
protection against increased oxidative stress, this phenomenon worth further investigation.

Safety and specificity are two of the biggest barriers in the implementation of nanoparticle-
based gene therapies to clinical translation [31]. The present study provides insight into the
uptake of our polymer-based nanoparticle into the human placental syncytium both /n vitro
and ex vivowhich is crucial to developing this technology further. Targeting the placenta; a
transient organ no longer required after birth, reduces concerns about long-term effects.
Furthermore, using a non-viral polymer, which can be modified to increase target organ
specificity, are positive elements for this potential therapeutic. However, whilst we were able
to show uptake of the nanoparticle in the ex vivo perfusion model, time limitations prevented
being able to assess transgene expression in this model. Future experiments have been
planned to perform longer (up to 48h [32]) perfusions in order to not only assess transgene
expression but to fully determine whether nanoparticle is transferred into the fetal
circulation. Another limitation with the current study is the gestational age of the placenta
tissue used. Translationally, this form of therapy will most likely be implemented after FGR
is diagnosed based on fetal growth trajectory. This usually occurs around 28 weeks
gestation. Therefore, the response of placental syncytium during this point of gestation
needs to be assessed in conjunction with studies using tissue from term however, the current
study provides a strong rationale for undertaking such experiments.

To conclude, we have shown that our polymer-based nanoparticle is able to enter the human
placental syncytium resulting in effective delivery of the plasmid and robust increase in cell-
specific transgene expression of A/GF1. \We have also characterized several functional
responses to increased A/GF1 expression including changes in nutrient transporter
localization and protection against oxidative stress. Enhancing placental nutrient transfer to
the fetus as well as reducing cellular damage caused by oxidative stress may aid in
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improving pregnancy outcomes such as iatrogenic preterm birth due to FGR or the
associated neonatal morbidities and mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Nanoparticle uptake in human placenta syncytium was determined in an ex
vivo and several /n vitro models

Nanoparticle treatment increased Auman insulin-like 1 growth factor (hIGFI)
transgene expression

Increased /A/GF1 causes translocalisation of glucose transport 1 in
syncytiotrophoblast cells

Increased /A/GF1 protects against increased cell death and decreased
mitochondrial activity
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Figure 1. Analysis of Texas-red fluorescence in maternal and fetal perfusate samples, and
placental tissue from the dual placental perfusion experiments.

Prior to addition of Texas-red conjugated nanoparticle (NP) to maternal perfusate, no Texas-
red fluorescence was recorded in maternal perfusate (A). Upon addition of nanoparticle,
Texas-red fluorescence increased in maternal perfusate and declined after approximately 1
hour of perfusion. Texas-red fluorescence was not determined in fetal perfusate at any of the
time points (A). Histological analysis of placental tissue collected at the conclusion of the
experiment showed nanoparticle localization in the syncytiotrophoblast layer of the fetal villi
(B negative control tissue: perfused tissue with no Texas-red conjugated nanoparticle added,
C positive tissue: tissue perfused with Texas-red conjugated nanoparticle for approximately
1 hour). Fluorescence analysis of the tissue sections confirmed a significant increase in
Texas-red in the tissue sections exposed to nanoparticle (D). Data are mean + SEM, n=7
term placentas perfused; n=6 term placentas perfused with NP. Statistical significance
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determined with an ANOVA and Tukey’s post hoc analysis (A) and Mann-Whitney test (D).
Scale bar = 50 um.
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Figure 2. gPCR analysis of human insulin-like growth factors 1 (hIGF1) mRNA expression in
differentiated BeWo and isolated human placental syncytiotrophoblasts after nanoparticle
treatment.

Forskolin treatment of BeWo cells for 24 hours induced differentiation and formation of
syncytial-like cells (A and B). qPCR analysis of hIGF1 expression in differentiated BeWo
cells showed no difference in mMRNA expression in untreated (control), forskolin treated
(FK), nor forskolin + plasmid alone treated (FK+Plac1-hIGF1) cells, however, a significant
increase in hIGF1 mRNA expression was found in the forskolin + hIGF1 nanoparticle (FK
+NP-Plac1-hIGF1) treated cells (C). Similarly in isolated syncytiotrophoblast cells,
treatment with plasmid alone (Plac1-hIGF1) did not increase hIGF1 mRNA expression
compared to untreated (control) but nanoparticle (NP-Plac1-hIGF1) treatment resulted in a
significant increase (D). Data are median + interquartile range, n=6 passages (C) and n=4
isolated placentas (D). Statistical significance was determined with a Kruskal-Wallace test
and Dunn’s post hoc analysis.
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Figure 3. gPCR analysis of human insulin-like 1 (hIGF1) mRNA expression and
immunohistochemical (IHC) localization of glucose transporter 1 (SLC2A1) in placenta
fragments treated with nanoparticle.

gPCR analysis of hIGF1 mRNA showed a significant increase in placenta fragments treated

with nanoparticle (NP-Plac1-h1GF1) at 24 hours which was sustained at 72 hours (A). There
was no increase in hIGF1 mRNA expression in fragments treated with nanoparticle
containing a plasmid encoding the green fluorescent protein gene (NP-Plac1-GFP)(A). In
situ hybridization confirmed plasmid specific mMRNA expression of IGF1 in
syncytiotrophoblast cells of fragments 72 h after treatment with NP-Plac1-hIGF1 and not in
untreated fragments (B). Representative images of IHC staining of SLC2A1 in fragments at
48 hours showed trans-localization of the transporter to the apical (closed triangle) and basal
(open triangle) membranes of the syncytiotrophoblast and cytotrophoblasts cells in the
fragments treated with nanoparticle (NP-Plac1-hIGF1) compared to untreated (control) (C).
Data are median * interquartile range, n=6 term placentas. Scale Bar: 200 um (C top row),
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50 pm (B and C middle row), 10 um (C bottom row). Statistical significance was
determined with a 2-way ANOVA.
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Figure 4. Functional effect of nanoparticle treatment in protecting against oxidative stress in
BeWo cells.

gPCR analysis of human insulin-like growth factor 1 (hIGF1) was increased in cells treated
with nanoparticle (NP-Plac1-hIGF1 and H,O,+NP-Placl-hIGF1) compared to untreated
(control) and H»O5 alone (A). Compared to untreated, treatment with H,O significantly
increased the percentage of dead cells but not when cells were pretreated with nanoparticle
(B). Cell number was lower in cells treated with H,O, alone and nanoparticle with H,O,
compared to untreated and nanoparticle alone treated (C). The BAX:BCL2 ratio was higher
in cells treated with H,O5 as well as in those treated with nanoparticle and H,O, when
compared to untreated and nanoparticle alone treated (D). Mitochondrial activity, as
measured by the percentage of rezaurin reduction, was lower in cells treated with H,0,
alone compared to untreated but not in cells treated with nanoparticle prior to H,O»
treatment (E). Data are median * interquartile range (A) or mean + SEM (B-E), n=6
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passages. Statistical significance was determined with a repeated measures ANOVA and
Sidak’s multiple comparison test.
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