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Abstract

Intrauterine growth restriction (IUGR) due to placental insufficiency is a leading cause of perinatal compli-
cations for which there is no effective prenatal therapy. We have previously demonstrated that intraplacental
injection of adenovirus-mediated insulin-like growth factor-1 (Ad-IGF-1) corrects fetal weight in a murine
IUGR model induced by mesenteric uterine artery branch ligation. This study investigated the effect of in-
traplacental Ad-IGF-1 gene therapy in a rabbit model of naturally occurring IUGR (runt) due to placental
insufficiency, which is similar to the human IUGR condition with onset in the early third trimester, brain
sparing, and a reduction in liver weight. Laparotomy was performed on New Zealand White rabbits on day 21
of 30 days of gestation and litters were divided into five groups: Control (first position) + phosphate-buffered
saline (PBS), control + Ad-IGF-1, runt (third position) + PBS, runt+ Ad-IGF-1, and runt+ Ad-LacZ. The effect
of IGF-1 gene therapy on fetal, placental, liver, heart, lung, and musculoskeletal weights of the growth-
restricted pups was examined. Protein expression after gene transfer was seen along the maternal—fetal placenta
interface (n=12) 48 hr after gene therapy. There was minimal gene transfer detected in the pups or maternal
organs. At term, compared with the normally grown first-position control, the runted third-position pups
demonstrated significantly lower fetal, placental, liver, lung, and musculoskeletal weights. The fetal, liver, and
musculoskeletal weights were restored to normal by intraplacental Ad-IGF-1 gene therapy (p<0.01), with no
change in the placental weight. Intraplacental gene therapy is a novel strategy for the treatment of IUGR caused
by placental insufficiency that takes advantage of an organ that will be discarded at birth. Development of
nonviral IGF-1 gene delivery using placenta-specific promoters can potentially minimize toxicity to the mother
and fetus and facilitate clinical translation of this novel therapy.

Introduction

FETAL GROWTH RESTRICTION (FGR, also called intra-
uterine growth restriction [[UGR]) is a challenging
complication of pregnancy for which there is no effective
treatment. It is a term used to designate a fetus that has failed
to reach its growth potential in utero because of genetic or
environmental factors. FGR results in the birth of an infant
who is small for gestational age (SGA), most commonly re-
sulting in birth weight below the 10th percentile. Mortality
and morbidity are increased in SGA infants compared with
those who are appropriate for gestational age. It is the second

leading cause of perinatal morbidity and mortallty and affects
about 5% of the general obstetric population.” Using the
10th percentile as a standard results in overdiagnosis of
IUGR, but enables aggressive screening, as birth weight is
probably the single most important factor affecting neonatal
morbidity and mortality. About one-fourth of infants who are
below the 10th percentile have a normalized birth weight
when it is corrected for low maternal weight, paternal phe-
notype, or residence at higher altitudes. However, some au-
thors suggest using the 5th percentile to define severe [IUGR
infants.” Although TUGR is a heterogeneous disease caused
by maternal (chronic hypertension), fetal (chromosomal
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anomalies), and/or placental factors, placental insufficiency
accounts for 75% of all cases of IUGR. Placental insuffi-
ciency is a complication of pregnancy, in which the placenta,
its membranes, or the umbilical cord develop abnormally and
cannot bring enough blood supply, oxygen, and nutrients to a
fetus growing in the womb, thereby affecting the growth of
the fetus. Compelling epidemiologic and clinical studies have
shown a strong association between IUGR and the subse-
quent development of adult diseases such as obesity, t;/pe 2
diabetes, and cardiovascular diseases in later life.*’ Im-
portantly, the incidence of intrauterine growth restriction has
increased, presumably due to an increased incidence of pla-
cental insufficiency, preterm labor, and/or increased number
of multiple pregnancies with the use of in vitro fertilization.®
Furthermore, the survival of IUGR has improved, increasing
the incidence of insulin resistance’'* and metabolic syn-
drome,'® and exacerbating cardiovascular and renal disease
in later life,*'*"'® thereby increasing the health care bur-
den.'” At present, there is no effective prenatal treatment for
IUGR or placental insufficiency except a safe premature
delivery. Intervention during intrauterine life to prevent the
effects of IUGR and postnatal growth perturbations may be
the optimal strategy. Maternal supplementation with protein®
or oxygen, - or infusion therapy (dextrose, vitamin C, vaso-
dilators) with continuous bed rest, may improve intrauterine
development, but none of these treatments have been suc-
cessful at improving the growth of the fetus.

In TUGR, fetal as well as maternal growth factors, in-
cluding insulin-like growth factor (IGF)-1, are reduced.'®"
The IGF axis has a major regulatory role in |placental and
fetal growth.?” In transgenic mouse models®*' IGF-1, IGF-
2, and IGF-1/IGF-2 deletion results in 60% weight reduction
and reduced placental growth. Human studies also show that
growth-restricted fetuses have a reduction in IGF-1, IGF-2,
and IGF-binding protein-3 (IGFBP3) and an increase in
IGFBP-1.** Administration of recombinant IGF-1 to the
mother has had little success in improving fetal growth in
animal models,”** although studies by Sferruzzi-Perri and
colleagues®® did demonstrate an increase in fetal growth
and placental nutrient transport in guinea pigs after long-
term maternal infusion. Although these studies demonstrate
that IGF-1 can rescue the phenotype, this was done in early
to mid-pregnancy, typically a point in human gestation be-
fore diagnosis of late-onset idiogathic IUGR. Similarly,
studies by Darp and colleagues®®?’ have demonstrated
improved fetal growth after fetal intraamniotic and intra-
vascular delivery of IGF-1 in pregnant sheep; however,
multiple weekly injections were required to have an effect.
Despite encouraging evidence, these studies also suggest
that the use of exogenous protein supplementation of re-
combinant IGF-1 does not significantly change the primary
IUGR end points in a clinically applicable regimen of
treatment administration.

Gene transfer is an attractive alternative compared with
exogenous protein supplementation for achieving highly
efficient expression of growth factors. Placental gene
transfer is appealing because it offers the advantage of site-
directed gene transfer with reduced risk of either maternal or
fetal gene transfer. We have demonstrated that adenovirus-
mediated overexpression of growth factors, for example,
with Ad-IGF-1, via site-specific intraplacental gene transfer
in a murine model was efficient in increasing placental
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growth and transport, with minimal maternal or fetal dis-
semination.”>*® Although gene transfer has inherent poten-
tial risks of insertional mutagenesis and germ-line gene
transfer, the use of adenovirus and the disposable nature of
the placenta may mitigate many of these risks.

Taken together, we examined the effect of intraplacental
injection of Ad-IGF-1 on fetal and placental growth in a
naturally occurring rabbit model of placental insufficien-
cy.29’30 The rabbit has a bicornuate uterus, with four to six
fetuses in each horn. In both horns, the presence of a uterine
vascular watershed area at position 3 from the ovarian end
makes the fetus at this position naturally growth restricted
(Runt), with a term birth weight ratio of 0.85 relative to
other fetuses.”” The timing of this vascular insult parallels
the human IUGR situation with the onset of the condition in
the third trimester of the gestation and characterized by
brain-sparing and reduction in liver weight. It has been
previously established that growth restriction successfully
balances reduced oxygen delivery and consumption.
Chronic hypoxia in IUGR causes fetal circulatory redistri-
bution during gestation to cardinal organs (brain, myocar-
dium, and adrenal glands),31 the ‘“‘brain-sparing’” effect,
which is a fetal adaptive reaction to placental insufficiency.
Fetal liver receives approximately 70-75% of the blood
from the nutrient- and oxygen-rich umbilical venous (UV)
blood, and shunting UV blood through the ductus venosus
(DV), thereby bypassing the liver and delivering nutrient-
rich blood to the systemic circulation, is one mechanism of
redistributing cardiac output, which contributes to the brain
sparing seen in IUGR fetuses and results in reduced adap-
tation and function of the liver. We hypothesize that in-
traplacental gene therapy with Ad-IGF-1 will restore fetal
weight in a naturally occurring rabbit model of intrauterine
fetal growth restriction due to placental insufficiency. We
report the successful application of gene therapy, using di-
rect intraplacental injection of a replication-incompetent
recombinant adenoviral vector, as proof of concept for the
ability of intraplacental gene therapy to correct liver and
fetal weight due to placental insufficiency.

Materials and Methods
Ethics statement

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the Children’s Hospital
of Philadelphia (Philadelphia, PA). Time-mated, pregnant
New Zealand White rabbits were obtained from Covance
(Denver, PA). Animals were anesthetized with intravenous
ketamine and isoflurane inhalation for all procedures. After
any procedure, animals were allowed to recover in incubators
overnight and all efforts were made to minimize suffering.

Adenoviral constructs

All constructs used in this study were first-generation re-
combinant replication-defective, serotype 5 adenoviral vec-
tors. All adenoviral genomes had either E1 or both E1 and E3
regions deleted. All transgenes were driven by the cyto-
megalovirus (CMV) promoter. The parental adenovirus for
Ad-IGF-1 was Ad-Easy and the parental adenovirus for Ad-
LacZ was dI7001. Both viruses were prepared with 293 cells,
purified by double cesium chloride density centrifugation,
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desalted by passage through a DG-10 column (Bio-Rad
Laboratories, Hercules, CA), and stored in 50% glycerol at
—80°C. Viral titers were determined by measuring absorbance
at 260 nm, using a DU-640 spectrophotometer (Beckman In-
struments, Fullerton, CA), and by plaque assay. Viral prepa-
rations were diluted at least 1:10 with phosphate-buffered
saline (PBS) before use in animals in order to prevent glycerol
toxicity. The adenoviral construct for human IGF (hIGF)-1
was generously supplied by L. Sweeney (University of Penn-
sylvania, Philadelphia, PA). The recombinant adenovirus
carrying the f-galactosidase transgene (Ad-LacZ) was ob-
tained from J. Wilson (University of Pennsylvania).

Study groups

For establishment of the naturally occurring rabbit runt
model in our laboratory, n=6 time-mated pregnant rabbits
were used. To randomize, position 1 and position 3 pups
(pup position relative to ovarian end) from either the left or
the right horn (only one horn per dam) were preassigned to
the control group or runt group, respectively. We did not
account for pup sex in this study. Although male fetuses
tend to be larger than female fetuses, our ongoing work
suggests in mouse and rat models that male fetuses are also
more severely affected by IUGR in terms of birth weight,
catchup growth, and adult onset of obesity and cardiovas-
cular diseases (our unpublished data). In the current exper-
iments, because of the relatively modest numbers of animals
in each group and because the pups were randomly preas-
signed to the various treatment or control groups, we chose
not to segregate by sex. At term (30 days), pups and pla-
centas were delivered by caesarian section (C-section). We
controlled for the number of pups in the litter by using only
dams that had 8—12 pups in the litter with only 4—-6 pups on
each horn. Placental, fetal, lung, liver, heart, and musculo-
skeletal weights of the preassigned pups were measured by a
blinded investigator. Position 3 pups were compared with
position 1 pups, using a ¢ test assuming equal variances.
Power analysis of preliminary fetal weight data from n=6
animals demonstrated that n=1 animal is required to
achieve a test power >0.8. However, n=5 or 6 pups, each
from a different dam, were included in each of the experi-
mental groups in this study.

After the runt model was reproducibly established in our
laboratory, position 1 and position 3 pups of pregnant rab-
bits were randomly preassigned into the various treatment or
control groups based on their position relative to ovarian end
and the treatments administered.

1. Control (n=6 pups, each randomized to right or left
horn from n=6 dams): Fetuses at position 1, exposed
to the stress of surgery by transuterine intraplacental
injection of PBS.

2. Runt (n=6 pups, each randomized to the same right or
left horn from n=6 dams as the control group):
Naturally occurring runts at position 3, treated by
transuterine intraplacental injection of PBS.

3. Runt+ Ad-IGF-1 (n=5 pups, each randomized to right or
left horn from n=>5 dams): Naturally occurring runts at
position 3, treated by transuterine intraplacental injection
of Ad-IGF-1 (1x 10° plaque-forming units [PFU]).

4. Runt+ Ad-LacZ (n=5 pups, each randomized to right
or left horn from n=>5 dams): Naturally occurring runts
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at position 3, treated by transuterine intraplacental in-
jection of adenoviral vector carrying the f-galactosi-
dase reporter gene (Ad-LacZ) (1 x 10° PFU).

5. Control+ Ad-IGF-1 (n=5 pups, each randomized to
right or left horn from n=5 dams): Normally growing
fetuses at position 1, treated by transuterine intra-
placental injection of Ad-IGF-1(1x 10° PFU).

Experimental design

Under sterile conditions, pregnant rabbits on day 21 of 30
days of gestation were anesthetized with intravenous keta-
mine (20mg/kg) and isoflurane inhalation (1-3% in oxy-
gen). Anesthetic depth was gauged by animal’s respiratory
rate and muscle tone. A midline laparotomy was performed
to expose the bicornuate uterus. Fetuses were identified by
their position relative to the ovary in their respective horn of
the uterus. Intraplacental treatments were delivered to each
of the placentas via direct injection with a 30-gauge needle
in a volume of 40 ul (two injections of 20 ul each into the
placenta) by a trained researcher. Once in the placenta, the
syringe was withdrawn to feel negative pressure and to
make sure the treatment was not injected into vessels or
blood spaces. (See Supplementary Fig. S1 for additional
description of the position of pups 1 and 3; supplementary
data are available online at www.liebertpub.com/hum. Also,
refer to Supplementary Video S1 file for the injection pro-
cedure.) After placental injection, the uterus was returned to
the abdomen, and the incision was closed in two layers.
Respiratory rate, level of activity, and vocalized distress
from pain were monitored continuously during surgery and
recovery. On gestational day 30 (term) the previous lapa-
rotomy incisions were opened under anesthesia, and pups
and placentas were delivered, weighed, and fixed or snap
frozen in liquid nitrogen for further analysis. Viability and
survival of each fetus were recorded to examine survival
rates. A sham group of animals that underwent only the
stress of the surgery, including midline laparotomy, expo-
sure of the uterine horns, and closure, was included in the
study. No intraplacental injections were administered to the
pups in these animals. Fetal organs (liver, heart, and lung)
were weighed and fixed or snap frozen in liquid nitrogen for
further analysis. The musculoskeletal weight was recorded
as the weight of the carcass after all the organs in the chest,
abdominal cavity, and peritoneal cavity were removed.

Dose-response study

We have previously validated that Ad-IGF-1 transduces
various cells in the placenta (trophoblasts and endothelial
cells) in a dose-dependent manner.>>2%32 Therefore, in this
study, we first determined the intraplacental gene transfer
efficiency of the adenoviral vectors in the rabbit model. The
f-galactosidase transgene (Ad-LacZ) was used as a reporter
to assess gene transfer efficiency and tropism. In a subset of
pregnant rabbits, we tested intraplacental injections of two
concentrations of Ad-LacZ (1x10® or 1x10° PFU, n=3-6
does in each group, position 1 and 3 placentas on both sides
of the uterine horn receiving injections). The does and pups
were harvested 48 hr postinjection on gestation day 23 after
sufficient time had passed for viral transfection and transgenic
protein expression. Vector dissemination/transgenic protein
expression in the placenta, fetuses (whole mount), and major
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maternal organs was histologically determined. Tissues were
fixed and embedded in paraffin, and 5-um sections were
collected. Sections were stained with 5-bromo-4-chloro-3-
indolyl-f-p-galactopyranoside (X-Gal)*® and counterstained
with nuclear fast red. Efficiency of gene transfer and distri-
bution of the transgenic protein expression were determined
by intensity of staining, indicating successful gene transfer.

Detection of adenoviral genomic DNA by PCR

Fetal tissues sampled included gonads, liver, heart, kid-
neys, and lung. Placentas were split into maternal side and
fetal side (labyrinth) and adenoviral E4 DNA was used as a
positive control. After harvest, tissues were snap frozen in
liquid nitrogen. DNA was extracted with a DNeasy tissue kit
(Qiagen, Valencia, CA). Primers were obtained from the
DNA Core Facility (Cincinnati Children’s Research Foun-
dation, Cincinnati, OH). E4D (5-GCA ATC ATG ATT
CGC TGC TTG AG-3’) and E4G (5-AGA ATA AGC CAC
ACC CAG CCA AC-3) primers were used to amplify a
440-bp fragment from the E4 region of the recombinant ad-
enovirus."> The annealing temperature was 55°C. Approxi-
mately 1 ug of genomic DNA was used as template with
300 nmol of each primer in a 50-ul PCR under the following
thermal cycling conditions: initial denaturation at 94°C
for 3min; 35 cycles of 94°C (40sec), 58°C (40sec), 72°C
(40 sec); final extension at 72°C for 10 min. PCR products
were loaded into a 2% agarose-TAE gel (GenePure LE
agarose; ISC BioExpress, Kaysville, UT) and run at 80 mV.
Assay conditions validated detection of adenoviral DNA
spiked into 1 ug of genomic DNA down to 10 copies. The
positive control was adenoviral E4 DNA and the negative
control was water. Expression was normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (forward, 5’
ACC ACA GTC CAT GCC ATC AC-3; reverse, 5’-TCC
ACC ACC CTG TTG CTG TA-3).

Immunohistochemistry

Formalin-fixed placentas were paraffin embedded and
sectioned at 5 um. These sections were deparaffinized in
xylenes and rehydrated through an ethanol series. Antigen
retrieval was performed with target retrieval solution (Dako,
Carpinteria, CA). Immunohistochemistry was performed;
briefly, samples were quenched for endogenous peroxidase,
using 3% hydrogen peroxide in water. Tissues were blocked
with 5% normal goat serum in PBS-Tween (0.1% Tween).
Tissue sections were incubated in anti-CD45 antibody (di-
Iuted 1:200; Santa Cruz Biotechnology, Santa Cruz, CA).
After washes, samples were incubated with biotinylated goat
anti-mouse IgG antibody (diluted 1:200; Vector Labora-
tories, Burlingame, CA). Chromogen detection was per-
formed with peroxidase-conjugated avidin—biotin complex
(VECTASTAIN Elite ABC kit; Vector Laboratories) and
then developed with 3’,3’-diaminobenzidine (DAB +; Dako)
and counterstained with hematoxylin (Dako). After staining,
slides were dehydrated and mounted (PROTOCOL xylene
mounting media; Fisher Scientific, Pittsburg, PA). Rabbit
spleen was used as a positive control for CD45 staining.

Statistical analysis

Statistical comparisons between experimental groups
were performed by either Student 7 test or analysis of vari-
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ance (ANOVA; SPSS, Chicago, IL) and post hoc tests with
Bonferroni corrections as appropriate. Results were consid-
ered statistically significant at p <0.05. Data are presented as
averages * SEM.

Results

Study-related survival rates

Survival rate in the sham group. Four dams were used as
sham controls, where the animals were exposed to the stress of
laparotomy on day 21. All of these animals carried their litter
to term and were delivered by C-section on day 30. Five of the
38 total pups (13.16%) were resorbed on day 30. This spon-
taneous resorption is commonly observed in rabbit litters.

Survival rate of animals in the dose escalation group.
Three dams were used for the dose escalation study at lower
vector dose. On day 21 of gestation, a midline laparotomy
was performed and the uterine horns were exposed. Pups at
positions 1 and 3 on both uterine horns in these animals
received transuterine intraglacental injection of Ad-LacZ at
a concentration of 1x10° PFU per placenta. Forty-eight
hours later, the laparotomy incisions were opened and the
pups that had been injected were harvested. All three dams
carried their litter to 48 hr postsurgery and injection. Of the
12 pugs that received transuterine intraplacental injection of
1x10° PFU Ad-LacZ, 1 was resorbed at 48 hr. Six dams
were used for the dose escalation study at higher vector
dose. These dams similarly underwent a midline laparotomy
on day 21 to expose their uterine horn. Pups at positions 1
and 3 on both sides of the uterine horn in these animals
received transuterine intraglacental injection of Ad-LacZ at
a concentration of 1x10” PFU per placenta. Forty-eight
hours later, the laparotomy incisions were opened and the
pups that had been injected were harvested. One dam
aborted all of her pups and was therefore excluded from the
study. The other five dams carried pups to 48 hr postsurgery
and injection. All 20 pups that received Ad-LacZ injections
at 1x10° PFU survived to 48 hr postsurgery.

Survival rate of animals in the various control and treat-
ment groups.  Six dams were used as controls for the study
(used in group 1 [control] and group 2 [runt] described in
Materials and Methods), where the dams were exposed to
the stress of the surgery on day 21 and the pups received
transuterine intraplacental injection of PBS at position 1 and
position 3 as described. All of these animals carried their
litter to term and were delivered by C-section on day 30.
Spontaneous resorption in these dams was similar to the
sham. Of the 12 pups (6 at position 1 [control] and 6 at
position 3 [runt]) that received transuterine intraplacental
injection of PBS, 1 was aborted on day 30.

Eight dams were used for the Ad-IGF-1 treatment. These
dams similarly underwent a midline laparotomy on day 21
to expose their uterine horn. Pups at positions 1 and 3 on one
of the uterine horns in these animals received transuterine
intraplacental injection of Ad-IGF-1 at a concentration of
1x10° PFU per placenta. Two of these dams aborted all
their pups and were excluded from the study. The remaining
dams carried their litter to term and were delivered by C-
section on day 30. One of them had all stillborn pups and
was excluded from the study. In the remaining 5 dams there
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was a total of 52 pups, of which 8 were resorbed (15.38%).
In particular, of the 10 pups (5 at position 1 [control] and 5
at position 3 [runt]) that received intraplacental injection of
Ad-IGF-1, 1 of them (at position 3) was resorbed.

Six dams were used for the Ad-LacZ treatment. These
dams similarly underwent a midline laparotomy on day 21
to expose their uterine horn. Pups at positions 1 and 3 on one
of the uterine horns in these animals received transuterine
intraplacental injection of Ad-LacZ. One of these dams
aborted all of her pups and was excluded from the study.
The remaining dams carried their litter to term and were
delivered by C-section on day 30. Of the 10 pups (5 at
position 1 [control] and 5 at position 3 [runt]) that received
intraplacental injection of Ad-LacZ-1, 2 of them (1 each at
positions 1 and 3) were resorbed.

Dose escalation: 1x 10° PFU of Ad-IGF-1
is the most efficient dose

In the dose escalation study, we tested intraplacental in-
jections of two concentrations of Ad-LacZ (1x10° or
1 x10° PFU) to determine the efficiency of gene transfer in
the placentas. In all experiments doe survival was 100%.
There was no significant difference in the position 1 and
position 3 fetal survival rates between different doses 48 hr
after intraplacental administration of the viral particles. Ad-
LacZ injection at 1x10® PFU resulted in minimal gene
transfer to the placenta 48 hr after the treatment. f-galac-
tosidase (f-Gal) expression was observed in 0 of 12 pla-
centas treated with 1x10® PFU of Ad-LacZ (data not
shown). In contrast, efficient gene transfer and significant f-
galactosidase expression were seen in placentas injected
with 1x10° PFU of Ad-LacZ. Eleven of 12 placentas in-
jected with 1x10° PFU of Ad-LacZ showed high levels of
X-Gal staining in the labyrinth zone, as seen in the repre-
sentative micrograph in Fig. 1. There were no histological
changes in injected placentas.

Maternal and fetal dissemination of Ad-LacZ

Maternal dissemination was studied in all m%]or organs in
does whose placentas were injected with 1x 10” PFU of Ad-
LacZ. X-Gal staining demonstrated no positive cells in the
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heart, ovary, or lung, but sparse positive cells were seen in the
liver and spleen. Representative images are shown in Fig. 2.

Fetal dissemination was examined by X-Gal staining of
whole-mount fetuses whose placentas were injected with
1x10° PFU of Ad-LacZ. There was no significant dissem-
ination of the transgenic protein (X-Gal staining) in any of
the fetuses. Only the small bowel and umbilical cord had a
few spots of moderate -Gal expression (which was likely
endogenous nonspecific f-Gal activity, as it was seen in
untreated controls). Representative images are shown in Fig.
3. As a more sensitive test for viral transfer to the pups, we
performed PCR for the adenoviral E4 region in various fetal
organs after intraplacental Ad-LacZ injection. We con-
firmed our result of no adenoviral DNA in the fetal liver,
heart, kidney, and gonad. In contrast to -Gal staining data,
we detected some adenovirus in the lung. As expected, we
found intense bands for the placenta from both maternal and
fetal sides. Representative PCR is shown in Fig. 4.

Viral inflammatory response on gestation day 30

We then determined the effect of adenovirus-mediated
IGF-1 therapy on placental inflammation, using anti-CD45
immunohistochemistry. There was no inflammatory re-
sponse above normal after intraplacental Ad-IGF1 injection
(1x10° PFU). Scattered CD45-positive cells were seen in
the labyrinth zone with no significant differences between
the treatment groups in the runted or normal positions.
Representative images are shown (Fig. SA-C; arrowheads
indicate positive staining). Spleen from an untreated rabbit
was used as positive control for the staining (Fig. 5D).

Naturally occurring runts at third position
from the ovarian end of the uterine horn

In all experiments doe survival was 100%. There was no
significant difference in the position 1 and position 3 fetal
survival rates between different treatments on gestational day
30. The runt group demonstrated significantly lower birth
weight compared with the normally growing control group at
first position (42.0+1.8 vs. 52.2+2.6 g; p<0.01; n=6). Si-
milarly, placental weight (5.3+0.2 vs. 6.3£0.4¢g; p<0.01;
n=06), liver weight (2.4£0.2 vs. 3.3+0.3g; p<0.01; n=6),

Evaluation of site-specific placental gene transfer and transgenic protein expression. 5-bromo-4-chloro-3-indolyl-

p-D- galactopyranos1de (X-Gal) staining was performed to evaluate f-galactosidase expression in placentas injected with
1 x 10° plaque-forming units (PFU) of Ad-LacZ. (A) High levels of X-Gal staining were observed in the labyrinth zone and
along the maternal-fetal placenta interface (original magnification,x5; scale bar, 2000 um). (B) Higher magnification
(original magnification, X40; scale bars, 50 um) of the boxed area in (A) demonstrates almost 100% staining of trophoblast
cells in the labyrinth zone. Arrows indicate representative cells.
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FIG. 2. Maternal dissemination
of adenoviral vectors after placen-
tal gene transfer. Maternal dissem-
ination was examined in does
whose placentas were injected with
1x10” PFU of Ad-LacZ. X-Gal
staining was performed on all major
organs to evaluate f-galactosidase
expression. No staining was seen in
the heart (A), ovary (B), or lung (E).
Minimal staining was seen (arrow-
heads) on higher power examination
in the spleen (C) and liver (D). Scale
bars, 50 pum.
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lung weight (1.1£0.05 vs. 1.3£0.09g; p<0.05; n=6), and
musculoskeletal weight (40.0+1.5 vs. 47.7£1.9¢g; p<0.01;
n=6) were significantly lower in the runt group as compared
with the control group. However, there was no significant
difference in weights of the hearts in the runt group compared
with hearts in control pups (0.25+0.02 vs. 0.29+0.02 g;
p=not significant [NS]; n=6). These results demonstrate that
the fetus at the third position from the ovarian end is naturally
intrauterine growth restricted, with birth weight at ~81% of
the normal offspring and reduced liver weight, confirming
this as an appropriate model to study the effects of Ad-IGF-1
on rescuing the naturally occurring IUGR phenotype due to
placental insufficiency (Fig. 6).

Intraplacental Ad-IGF-1 injection rescues birth weight
in the naturally occurring rabbit runt model

Ad-IGF-1-treated runts demonstrated a significant increase
in fetal weight compared with the runt and Ad-LacZ treat-
ments (50.45+1.1 vs. 42.0+ 1.8 and 41.48+1.62¢g; p<0.01).
There was no significant difference in fetal weight in the
runts treated with Ad-IGF-1 compared with the control group

(50.45£1.1 vs. 52.2+2.6g; p=NS) (Fig. 6B). While Ad-
IGF-1 treatment restored the fetal weight, it did not affect the
placental weight. There was no significant difference in pla-
cental weights between the Ad-IGF-1-treated runts compared
with the runt and Ad-LacZ treatments (4.9+£0.3 vs. 5.3+0.2
and 4.5+0.2 g; p=NS). The placental weight of the Ad-IGF-
1-treated runts remained significantly lower than that of the
control group (4.9+0.3 vs. 6.3+0.35¢g; p<0.01) (Fig. 6C).
Similarly, there was a significant increase in liver weight
of the Ad-IGF-1-treated runts compared with the runt and
Ad-LacZ treatments (3.1 £0.3 vs. 2.440.2 and 1.95+0.08 g;
p<0.01); furthermore, Ad-IGF-1 treatment rescued the liver
weight of runts with no significant difference when com-
pared with liver weight in the control group (3.1+0.3 vs.
33+0.25g; p=NS) (Fig. 6D). There was no significant
increase in lung weight in the Ad-IGF-1-treated runts com-
pared with the runt or Ad-LacZ treatment (0.93+0.03 vs.
1.05£0.05 and 0.91+0.05g; p=NS), and the Ad-IGF-1-
treated runts demonstrated significantly lower lung weight
when compared with the control group (0.93+£0.3 vs.
1.3+0.09g; p<0.01) (Fig. 6E). There were no signifi-
cant differences in heart weight between any of the groups
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(Fig. 6F). Finally, there was a significant increase in the
musculoskeletal weight of the Ad-IGF-1-treated runts com-
pared with the runt and Ad-LacZ treatments (45.4+1.03 vs.
40.0+1.5 and 37.9+1.08 g; p<0.01); furthermore, muscu-
loskeletal weight of Ad-IGF-I-treated runts was rescued
with no significant difference when compared with the
control group (45.4+1.03 vs. 47.7£1.9 g; p=NS) (Fig. 6G).

To identify any potential detrimental effects of Ad-IGF-1
gene therapy, we determined the effects of Ad-IGF-1 treat-
ment on the normally growing control group. Interestingly,
we did not see a significant difference in any of measured
fetal parameters or placental weights between the first-
position controls or first-position pups treated with Ad-IGF-1
(Fig. 6H).

Discussion

This study demonstrates that intraplacental adenovirus-
mediated IGF-1 gene therapy can restore birth weight in the

naturally occurring fetal growth-restricted rabbit model of
placental insufficiency. In addition, liver weight was also
restored to normal with Ad-IGF-1 treatment. It has been
previously established that IGF-1 can stimulate growth and
increase muscle mass in postnatal animals.*>** Our results
suggest this effect of IGF-1 also exists in utero in developing
fetuses. Interestingly, placental weight did not increase with
Ad-IGF-1 treatment, but we found the transgenic protein to
be expressed throughout the rabbit placental labyrinth, the
area of active nutrient and oxygen delivery to the placenta,
and we believe that IGF-1 may play a role in enhancing
placental exchange area, function, or metabolism, leading to
improved fetal growth.*

Many studies have replicated IUGR models in rodents or
larger animal species,*® by altering maternal nutrition during
gestation37 or by administration of glucocorticoids38; how-
ever, the majority of these models are not ideal and fail to
fully recapitulate placental insufficiency, a major cause of
human TUGR.* Even in studies that induced ITUGR by
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Fetal \iral Transfer

FIG. 4. PCR evaluation of fetal dissemination of adeno-
viral vector after placental gene transfer. PCR for the ade-
noviral E4 region of the viral vectors was performed in
various fetal organs of fetuses whose placentas were in-
jected with 1x10° PFU of Ad-LacZ. No adenoviral DNA
was found in the fetal liver, kidney, gonad, or heart. Some
adenovirus was detected in the fetal lung. Intense bands
were detected in the placenta from both maternal and fetal
sides. Water sample served as a negative control and ade-
novirus E4 was included as a positive control.

uterine artery ligation to create placental insufficiency, pups
were not selectively ligated and resulted in a wide range of
birth weights.*” The sheep has been used extensively as a
large animal model of IUGR induced via maternal hyper-
thermia, ligation of an umbilical artery, or embolization of the
placenta in late gestation and maternal overnutrition in the
pregnant adolescent ewe. However, fetal cardiovascular re-
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sponses vary according to the method used to induce pla-
cental dysfunction.®® We have developed a novel murine
model of IUGR that recapitulates the characteristics of human
placental vascular insufficiency induced via mesenteric uter-
ine artery branch ligation.”> Although this novel mouse
model of fetal growth restriction is the first nongenetic mouse
model of placental insufficiency that offers its application in
long-term follow-up studies and the development of trans-
genic mice to better study the underlying mechanisms in
placental insufficiency, the onset of ITUGR is on gestational
day 18 of a 20-day murine gestation period, which may be too
late for human-translational work. The naturally occurring
intrauterine growth-restricted (runted) rabbit model is ap-
pealing because it reflects human TUGR in developed coun-
tries where placental insufficiency is the main cause of
IUGR.” Furthermore, the timing of the vascular insult in this
model parallels human IUGR in its onset in the early third
trimester with brain sparing at the cost of the liver. The longer
gestation and 10-day trimesters in the rabbit allow better
understanding of the ramifications for clinical translation of
intraplacental gene therapy administered at the beginning of
the third trimester to correct [IUGR caused by placental in-
sufficiency. Using the normally growing first-position litter of
the same horn as internal control further allows controlling
for the variability in growth restriction and weights due to
different numbers of litters. The degree of growth restriction
we observed in this study is similar to that which has been
previously reported in the rabbit runt model,*® with almost
20% reduction in fetal weight in the third position compared
with the normally grown first-position pups. The easy iden-
tification of the runted litter may allow further follow-up for
long-term studies.

IGF-1 has been previously implicated as playing a major
role in fetal and placental development. There is a posi-
tive correlation between fetal size, birth weight and length,

ﬁ' 9:' u“‘;’&. !‘t.!..¢ ;,‘« n.‘-' & B‘: r'}"__;";wl ql"?.( i;?‘ ‘ﬁe
.:y-: ’1 ) ";o';oj.\ g| - ?;b,“_ 4'9’- A“:u‘v:' w
e ey ) - r W = L'Ff"p I e & ':.,-
e ;-{" p.# "J‘:'!{‘o ; ”:;, (I r,’{'f-?”.""'(a. l:t = ‘-,‘ :._1.1
| TS AN g Nan R e e
FIG. 5. Evaluation of the effect ol L8000 L O p - WS E NSRS T
of adenovirus-mediated IGF-1 ther- % 2 & & f % o %o o 81 e v 3 }xt)w-
apy on placental inflammation. 5 ¥, S4 G 06, P gl A ;'f‘,‘. & oA¥ -
Anti-CD45 immunohistochemistry ~ “# @25 &« - o+ o5 Loy - T s AL a7
was performed on placentas that o # % se.pg ” . B0 F SR (TN TSN,
were injected with 1x10° PFU of | #4-* % VI m e e i " e o 3 T R PleT 3
Ad-IGF-1. There was no significant oL 720 A g Ty Bo 2oy st ESTF AR
difference between adenovirus- ‘Ifl ppé'bti(m fef[us-hA‘f-{SF_fJ 'Ai;l_i— 3m‘p(js‘l’lon_'fetus+Ad4fGE~’ :a-—_-'-'J-
treated (A and B) and PBS-treated - B ———
(C) placentas, in terms of the num-  'C+ - \?Q" R Lo SRR P Rl %
ber of CD45-positive cells in the & <5 A\ i .;; i
labyrinth zone. Rabbit spleen (D) , LT
ope k - o~ ¥ q
was used as a positive control. «™¥ R ] %
Arrowheads indicate positive cells. $ 2 O j_‘
Images were taken at an original o § »
magnification of x40; scale bars, ‘- "..“:.' A o
L} s % 5 &
50 Um. \-‘q'* v 3 . : ‘;P, f‘#. r , a1 “n
Iy o 1 _". \f"é‘?\s’,-'r.-; % -
N P R 0 TRl A O R 2
f.‘s %\ Py ; * ‘ “i‘ L% ] :. E u@ o b" 00;_"‘2‘;,&’.;(’ I:'?_h;'-__*}“ b “'!;!2' .JL&;‘
4 » ,

0 .\J g_"i 1 : =% 3. .“.‘ ‘) ‘.._r'J.& .: oy -IJ—"- 3
18! position fetusaPBE™ « s—s—. [pasitive ooritral (Spteen)’  ———



180 KESWANI ET AL.
A B I p=ns I C ( * %k
p=ns
607 1 I | 87 1
= ) * p=ns
2 £ 61
£ 401 °
=) ]
3 s e
E 201 5
e g 2
1%t position 3rd position o
(Control+PBS) (Runt+PBS) 0-
D : p=ns ; E F ; p=ns
% % =Ns =
4 3 ey **** 1 151 047 k 1l -nsp nins J
— T 1 I N
3 31 C B 0.3
& £ 1.01 z
o - o
e [ @ -
£ 2 $ g 02
5 £ 057 &
3 M s £ 0.11
0- 0.0 0.0-
_ Control
G | R ] — — |
S 607 * % * 1st position + [1st position + Rt
= ' - PBS Ad-IGF-1 -
- p=ns % %
:E" Fetal weight (g) 522+26 | 56.4+1.6 | p=ns RS
$ 404 . — Runt
= 40 Placental weight (g)] 6.3+0.35 | 62+0.13 | p=ns I I Ad-LacZ
[
% Liver we1lght (g) 3.3+0.25 3.8+0.1 pins Runt
x 204 Lung weight (g) 13+001 |1.16+0.15 | p=ns - Ad-IGE-1
o : -
E ;zz:mv\;eizlte(tga]; 029+£0.01 |0.33+£0.02 | p=ns 3 p<0.05
0 e
g gl weight (g) 47.7+1.9 51.3+1.5 | p=ns *%  p<0.01

FIG. 6. Validation of the rabbit IUGR model and the effect of Ad-IGF-1 gene therapy. (A and B) The pups at the third
position from the ovarian end were growth restricted, with birth weight at 81% of the normal offspring, confirming this as an
appropriate model to study the effects of Ad-IGF-1 therapy on rescuing the naturally occurring IUGR phenotype in the
rabbit model. Similarly, placental (C), liver (D), lung (E), and musculoskeletal weights (G) were significantly lower at the
third position compared with the first position. However, there was no significant difference in the weights of the heart (F) in
the third-position fetuses compared with first-position fetuses. Ad-IGF-1 treatment resulted in a significant increase in fetal
weight, fetal liver weight, and musculoskeletal weight of the runts, to a level similar to that of the normally growing control
group at the first position. Ad-IGF-1 treatment did not change placental or fetal lung weight. (H) An additional comparison
of the fetal parameters and placental weights between Ad-IGF-1-treated and PBS-treated normally growing pups (at the first
position) demonstrated that IGF-1 gene therapy has no effect on normally growing fetuses.

placental weight, and postnatal growth rate with IGF-1 lev-
els.'”?! Previous work has also shown that a deficiency in
IGF-1 is correlated with TUGR.'"'>*' In addition, IGF-1
knockout mice also exhibit fetal growth restriction, without
altering actual placental growth.® Fetal programming in the
liver, as seen associated with a rodent model of IUGR, in which
there is a decrease in fetal liver growth and an upregulation in
the expression of hepatic gluconeogenic enzymes, leads to
impaired glucose tolerance in postnatal life.*' In our model,
intraplacental Ad-IGF-1 treatment that leads to the restoration
of fetal liver growth may prevent these effects, and further
studies are needed to investigate fetal programming effects of
intraplacental IGF-1 treatment. Work in our laboratory
demonstrated that intraplacental Ad-IGF-1 injection corrects

fetal weight in a murine mouse model induced by mesenteric
uterine artery branch ligation and increases both vascular area
and labyrinth volume in the mouse IUGR model, maintaining
area and volume at control levels. However, it should be
noted in this context that IGF1 is only one, albeit important,
part of the complex etiology of placental insufficiency. Fetal—
placental vascular development is a continuum. It begins soon
after implantation and evolves throughout pregnancy. Nu-
merous angiogenic growth factors regulate this process, in-
cluding vascular endothelial growth factor (VEGF), placental
growth factor (PGF), platelet-derived growth factor (PDGF),
and transforming growth factor (TGE-B).*"** Carr and col-
leagues demonstrated that Ad-VEGF gene therapy improves
fetal growth in a sheep model of FGR.** Epidermal growth
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factor infusion has been shown to normalize fetal weight and
small intestinal development in fetal rabbit intrauterine
growth retardation.*> TUGR is also regulated by apoptotic
genes, making the fetus more susceptible to hypoxic—ische-
mic insults.**

Overall, there have been major improvements in all as-
pects of gene delivery vector and targeting of gene ex-
pression during the past few decades. There is no universally
ideal viral vector system. The type of disease to be treated
needs to be defined before decisions are made as to which
vector type should be applied.*> Adenoviral vector is ap-
pealing for intraplacental gene therapy because it is repli-
cation deficient, it demonstrates early onset of transgenic
protein expression (within 24 hr), wide transduction when
driven by a CMV promoter,*®*” and short-term transgenic
protein expression (typically ranging from 10 to 14 days).*®
Although early versions of adenoviruses showed toxic side
effects and strong immune responses, newer second- and
third-generation vectors with many of the viral genes de-
leted have demonstrated significant improvements. There
are, however, serious concerns about the application of gene
therapy in utero. Direct intraplacental gene transfer offers
the advantage of site-directed gene transfer with decreased
risk of either maternal or fetal somatic cell gene transfer,
and even less likelihood of fetal germ cell gene transfer. As
we observed in both the mouse and rabbit models, in-
traplacental gene transfer resulted in minimal gene transfer
to the fetus, except in the lung, and we believe that con-
tamination in the lung can be abrogated by improved in-
jection technique. In addition, once the fetus is born, the
transduced placenta is discarded, eliminating the risk of
continued fetal and maternal exposure to virally transduced
cells or transgenic protein expression. The use of gene
therapy via direct placental injection may be a promising
technique for future studies in the treatment of I[UGR. Al-
though adenovirus-mediated gene transfer in this study
shows proof of concept in achieving highly efficient local
expression of a transgenic protein and fetal growth correc-
tion, nonviral delivery mechanisms with placenta-specific
promoters will eventually be the more clinically translatable
form of in utero placental gene therapy.

In future studies we plan to examine the mechanisms by
which IGF-1 exert these effects in the placenta. It will be
necessary to examine more thoroughly the dissemination of
transgenic proteins in the fetus and the mother; placental
structure, function, and metabolism; along with signaling
pathways and also the role of IGF-binding proteins in the
setting of IGF-1 expression in IUGR. Subsequently, fol-
lowing up the treated animals long term postnatally is nec-
essary to assess not only the efficacy of placental delivery of
IGF-1 in correcting growth restriction, but also to demon-
strate that it can attenuate the risk of IUGR-associated adult-
onset diseases.

In conclusion, we report the usefulness of the rabbit
model of IUGR, the transduction efficiency and safety of
using adenoviral gene therapy in this model, and the suc-
cessful application of Ad-IGF-1 gene therapy as a novel
approach to modulate placental growth and provide a
treatment strategy for IUGR due to placental insufficiency.
The results of these preliminary studies demonstrate that
placental gene therapy may be an effective therapy for
IUGR for which no treatment is currently available.
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