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Evaluation of the potential
therapeutic effects of a
double-stranded RNA mimic
complexed with polycations
In an experimental mouse
model of endometriosis
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Objective: To assess the therapeutic potential of polyinosine-polycytidylic acid, a double-stranded RNA molecule with selective
proapoptotic and antiangiogenic activity, complexed with polyethyleneimine (pIC*®) in treating endometriosis.

Design: A heterologous mouse model of endometriosis was created by injecting human endometrial fragments into the peritoneum.
Endometrial fragments were engineered to express the fluorescent protein mCherry as a reporter to monitor status over the course
of the 4-week study.

Setting: University-affiliated infertility center.

Animal(s): Ovariectomized and hormone-replaced nude mice (n = 30) injected with fluorescent-labeled human endometrial fragments
at 4-6 weeks of age.

Intervention(s): Animals (n = 10 per group) were injected with vehicle (control), the anti-VEGF compound CBO-P11 (0.6 mg/kg), or
pICT! (0.6 mg/kg) twice weekly over the course of 4 weeks.

Main Outcome Measure(s): Variations in the size of endometriotic implants were estimated by quantifying the expression of mCherry
throughout the course of the experiment. Neovascularization, cellular proliferation, and apoptosis were estimated by quantitative
immunofluorescence detection of PECAM, «-SMA, Ki67, and TUNEL.

Result(s): pIC"® promoted a significant increase in apoptosis and a decrease in neovascularization in human fragments, but did not
reduce the size of endometriotic implants.
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Conclusion(s): While pIC*® treatment had significant antiangiogenic and pro-apoptotic
effects in this setting, longer periods of exposure than the ones supported by our heterologous

model and/or assays in homologous mouse models of endometriosis may be necessary to detect
an effect of this compound on lesion size. (Fertil Steril® 2015;104:1310-8. ©2015 by American

Society for Reproductive Medicine.)
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disease, pathologically defined by the presence of

endometrial tissue, glands, and stroma outside of the
uterine cavity (1). It occurs when tissue shed from the uterine
lining through retrograde menstruation implants and grows
outside of the uterus (2). More than 15% of women of repro-
ductive age are estimated to have endometriosis, with one-
half of them presenting with the classic symptoms of pelvic
pain and infertility (3, 4). Although surgery provides
temporary relief, recurrence can occur in up to 75% of cases
within 2 years (3). Conventional pharmacologic treatments
often fail to provide long-term relief and cause a hypoestro-
genic state linked to secondary effects (i.e., bone mineral den-
sity loss, suffocation, and palpitations related to a
pseudomenopausal state) (5).

An adequate blood supply is essential to ectopic endome-
trial growth (6, 7). Therefore, inhibition of angiogenesis with
commercial antiangiogenic oncologic drugs has been
successfully used to treat endometriosis in mouse models
(8). However, owing to their toxic nature, the use of these
drugs is not feasible in otherwise healthy women (9, 10).
One way to circumvent this limitation would be to use
antiangiogenic drugs with a lesser toxic profile (11, 12).

Polyinosine-polycytidylic acid (pIC) is a double-stranded
synthetic RNA (dsRNA) mimic (13) described more than 4 de-
cades ago to exert antitumoral activities in immunocompe-
tent rodents by means of immunomodulation of the
interferon pathway (14). Very early, however, Fisher et al. re-
vealed (15) that pIC-induced regression of tumor growth
might also be achieved in irradiated mice. This finding sug-
gested that antitumoral activity of pIC might be exerted by
means of additional nonimmunostimulatory effects. In this
regard later studies revealed that suppression of angiogenesis
by the stimulation of the Toll-like receptor 3 might account
for the therapeutic effects of pIC in immunocompromised tu-
mor animal models (16, 17). The favorable toxic profile (18)
and the mentioned powerful antitumoral activity in animal
models (14) encouraged clinical early trials, in which naked
pIC showed, however, no detectable antitumor effects (19,
20). Nevertheless, clinical trials using pIC for the treatment
of malignant cancers have been recently launched again
with promising results (21, 22) since the discovery that
vehicle delivery, in the form of liposomes or polycations,
was critical to favor endosomal uptake and cytosolic release
of pIC in vivo, (23). In line with this, a study by Tormo et al.
(24) in a mouse model of melanoma revealed that by
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complexing pIC with a carrier, such as polyethyleneimine
(PED), the complex pIC™™ induced selective apoptosis in
malignant cells by promoting hyperactivation of autophagy
in them. Owing to the fact that no tumor death was
observed when naked instead of complexed pIC was
administered, it became evident that the carrier, PEI, shifted
the mode of action of pIC from innocuous to a persistent
transcriptional program with antitumor activity (25).

Because of the similarities in terms of increased angio-
genesis and inhibited apoptosis between cancer and endome-
triosis (26), we empirically hypothesized that pIC™™ might
offer a therapeutic tool to treat the latter. To test this, the po-
tential antiangiogenic and proapoptotic activities effects of
pIC™®! were quantified and its effects on lesion size were
noninvasively assessed in human endometrial fragments im-
planted into nude mice.

MATERIALS AND METHODS
Generation of mCherry-expressing Vector

Adenoviral stock encoding the fluorescent protein mCherry
(Ad-mCherry, 1767) was purchased from Vector Biolabs. Re-
combinant adenoviruses were amplified with the use of
HEK293 FT cells (R7000-7; Invitrogen) to obtain high-titer
stock. Adenovirus was purified and titered with the use of a
Virabind Adenovirus Purification Kit (VPK-100; Cell Biolabs)
and Quicktiter ELISA kit (VPK-110; Cell Biolabs) according to
the manufacturer’s instructions. Purified viruses were stored
at —80°C until use.

Endometrial Tissue Collection

Use of human tissue specimens was approved by the Institu-
tional Review Board and Ethics Committee of the Hospital
Universitario La Fe. All patients provided written informed
consent. Biopsies of eutopic endometrial tissues (n = 4) at
the edge of the late proliferative/early secretory phase were
acquired from egg donors at the time of oocyte retrieval pro-
cedure. Fresh tissues from each patient were harvested imme-
diately in maintenance medium (M199 medium; Gibco)
containing 10% fetal bovine serum (FBS; PAA), antibiotic-
antimycotic solution (Gibco), and 10 mmol/L N-2-
hydroxyethylpiperazine-NO-2-ethanesulfonic acid (HEPES)
buffer solution (PAA) and transported on ice to the labora-
tory. Biopsies with a lax appearance and/or high amount of
mucus were discarded (n = 2). Fragments from the remaining
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biopsies with a healthy appearance (n = 2) were placed on a
10-cm Petri dish, cut into 5-10-mm? pieces with a scalpel,
and punctured carefully with a 27-G syringe to increase the
amount of tissue surface exposed. Next, tissue pieces were
placed in 96-well plates (2-3 fragments per well) and washed
twice with antibiotic-free M199 medium.

Adenoviral Transfection of Endometrial
Fragments

Endometrial fragments were incubated with Ad-mCherry (1 x
108 PFU/mL) diluted in antibiotic-free DMEM F-12 (Life Tech-
nologies) and 10% FBS (FBS Gold; PAA) medium overnight
(12-18 h) at 37°C, with 5% CO, inside an incubator with
gentle agitation. Tissue fragments were then rinsed with
DMEM F-12 twice, and then replaced with fresh DMEM F-
12 medium containing 1% antibiotics (streptomycin and
penicillin), fungizone (1 ug/mL) (Gibco), and 10% FBS. Fluo-
rescence was observed in the red channel (568 nm) with the
use of an inverted microscope (Eclipse; Nikon) and used to
select 40-50 endometrial fragments per each biopsy with
optimal signal for subsequent engraftment.

Generation of the Endometriosis Mouse Model

A total of 30 6-week-old athymic nude female mice (Charles
River Laboratories International) were used in this study. Mice
were housed in specific pathogen-free conditions, at 26°C
with a 12-h light-12-h dark cycle, and fed ad libitum. All
handling was performed in laminar flow filtered hoods. The
study was approved by the Institutional Animal Care Com-
mittee at the University of Valencia, and all procedures
were performed following the guidelines for the care and
use of mammals from the National Institutes of Health. To
avoid cycle-dependent variations, animals were ovariecto-
mized, and hormone levels were homogenized by 60-day-
release capsules containing 18 mg of 176-E, (Innovative
Research of America) placed under the neck skin of ovariec-
tomized mice. One week after surgery, two mCherry-labeled
human endometrium fragments (~3-5 mm> in size) were
fixed in the peritoneum of each animal with the use of an
n-butyl-ester cyanoacrylate adhesive (3M Animal Care). To
allow homogeneous distribution of human tissue, each biopsy
(n = 2) contributed to engraft one fragment per mouse.

Pharmacologic Interventions

One week after implantation, the animals were divided into
three groups (n = 10 per group) and given 100-uL tail vein in-
jections of MilliQ water vehicle (negative control group),
0.6 mg/kg anti-VEGF compound CBO-P11 (positive control
group), or 0.6 mg/kg pIC™™' (experimental group) every
72 hours over the course of 4 weeks. The pIC™™ dose was cho-
sen based on its effective effects over treatment of melanoma
in amouse model in a previous report (24). Mouse behavior and
weight were monitored daily, with no noticeable variation.

In Vivo Fluorescent Imaging

Lesion size during the treatment period was indirectly esti-
mated as a function of the extension and intensity of fluores-

cence emitted by labeled fragments. Noninvasive observation
of fluorescence was performed with the use of an IVIS Spec-
trum Preclinical In Vivo Imaging System (Perkin-Elmer) and
related software coupled to an isoflurane gas anesthesia ma-
chine (XG-8 Gas Anesthesia System; Xenogen). Immunoflu-
orescence images were acquired by means of
epiluminescence with a peak absorption/emission pair filter
set at 587 nm and 610 nm, respectively. The field of view
was set at 10 cm until the maximum intensity was obtained,
as previously described (27). Fluorescence was monitored
beginning the day after the labeled fragments were placed;
the process was then repeated twice weekly for 4 weeks.

Quantification of In Vivo Fluorescence Images

Images were displayed as false-color photon-counts superim-
posed on a grayscale anatomic image with the optical inten-
sity (photon flux) expressed as the average radiant efficiency
in photons/s/cm? (28). Regions of interest (ROIs) correspond-
ing to lesions were automatically established by the software
after manually setting a threshold over the lesion showing
minimal intensity. Background fluorescence was subtracted
from the ROIs, and data were normalized to the time point
at which fluorescence was maximal (usually on day 7 after
transplantation).

Recovery and Preprocessing of Lesions

After treatment, the animals were killed with the use of CO,
inhalation and the peritoneal cavity and lesions were care-
fully excised. Lesions were embedded in optimal cutting me-
dium and stored at —20°C. Frozen fragments were sliced into
8-um sections at 50-um intervals, mounted on Superfrost
Gold glass slides (Thermo Fisher Scientific), and fixed in
acetone at —20°C for analysis.

Detection of Vascularization Profiles, Cellular
Proliferation, and Apoptosis

Fluorescent-labeled antibodies against platelet-endothelial
cell adhesion molecule (PECAM; a specific vascularization
marker) and a-smooth muscle actin («-SMA; a marker of
the muscular layer contained by mature vessels) were used
to detect vascularization and estimate neovascularization:
PECAM (BD Pharminge) diluted 1:50 and a-SMA (Sigma-Al-
drich) diluted 1:200, following protocols previously described
by our group (29, 30). Proliferating cells were detected by
means of immunostaining against Ki-67, and apoptotic cells
were labeled with the use of an Apoptag Isol Dual Fluores-
cence Apoptosis Detection Kit (DNase Types I and II; Milli-
pore) as previously described also (29, 30).

Quantification of Immunofluorescence

The two major cross-sections obtained in each implant were
considered to be representative of the sample. Four random
high-power fields were photographed per cross-section with
the use of an image analysis system linked to a Nikon Eclipse
E400 microscope. Therefore, a total of 16 images (2 implants
X 2 cross sections x 4 high-power fields) per mouse were used
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for the determination of each parameter of interest. Quantita-
tive analysis of vascularization (PECAM-), cellular prolifera-
tion (Ki67 expression), and apoptosis (terminal
deoxynucleotide transferase-mediated dUTP nick-end label-
ing [TUNEL]) were assessed with the use of specific macros
created with Image Pro Plus (Media Cybernetics) as previously
described (29, 30). To visualize mature and immature vessels,
overlapping images corresponding to the simultaneous
detection of PECAM and «-SMA were created with the use
of Adobe Photoshop CS3. The percentages of mature
(PECAM+-/a-SMA+) and immature (PECAM+4-/a-SMA-)
vessels in each field were determined by dividing the
number of vessel profiles of each type by the total number
of vessels present and multiplying by 100.

Statistical Analysis

Statistical analysis was carried out with the use of the Statis-
tical Package for Social Sciences (IBM). Data were expressed
as mean + SEM. An analysis of variance test followed by Tu-

Fertility and Sterility®

key post hoc analysis was used to discern the effects of pIC™™!

on sample size. Nonparametric Kruskall-Wallis followed by
Mann-Whitney tests were used to compare differences in
vascularization, «-SMA expression, proliferation, and
apoptosis between groups. Differences were considered to
be statistically significant when P<.05.

RESULTS
Assessment of Endometriotic Lesions by FLI

The amounts of fluorescence provided by endometrial frag-
ments in all groups were similar at the beginning of the exper-
iment (Fig. 1). Overall intensity increased in all groups,
reaching a peak 1 week after implantation. After that, a uni-
form reduction in the photon signal started in all groups and
progressively continued until the end of the experiment.
Where a decreasing slope in the VEGF group was more prom-
inent, significant differences from the control group became
evident only at the beginning of the 3rd week. At the end of
the study period, after 28 days of treatment, 60 + 5.27%,
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In vivo imaging of endometriotic implants in control, anti-VEGF, and pIC"® treated animals. (A) Examples of the fluorescence signaling provided by
mCherry-labeled endometriotic implants in animals monitored during a 4-week time course. (B) Quantitative analysis of mean + SEM fluorescence
intensity provided by implants in the three groups during the time course. *P<.05 anti-VEGF vs. control group.
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65 + 6.73%, and 80 =+ 3.21% decreases in fluorescent signal
intensity were quantified for the control, pIC*™, and anti-
VEGF groups, respectively, compared with the point at which
signal intensity was maximal at day 7 (Fig. 1). The difference
in fluorescent intensity between control and pIC™™, although
noticeable, was not statically significant at the end of the
treatment period.

Macroscopic Evaluation of Endometriotic Lesions

In almost all of the animals, both lesions were recovered after
treatment. The appearance of implants recovered from the
control group was reddish owing to vascularization occurring
after implantation. Nearly one-half of the implants of animals
treated with anti-VEGF appeared white or pale pink, suggest-
ing a reduction in vascularization. A mix of red, pink, and
white implants were observed in pIC’®-treated animals
(Fig. 2).

Quantification of Vascular Density and Maturity in
Endometriotic Lesions

Administration of pIC™™ was associated with a noticeable but
not statistically significant decrease in vascular density in the
lesions compared with negative control (11.90 + 0.6% vs.
8.76 + 0.800), whereas treatment with anti-VEGF antibody
(positive control) did cause a significant decrease in this
parameter (4.301 4 0.77%; P<.05). We did, however, detect
a significant decrease in the number of immature vessels re-
maining in the pIC**-treated animals compared with nega-
tive control (Fig. 3).

Cell Proliferation and Apoptosis in Endometriotic
Lesions

The percentages of proliferating Ki67 nuclear-stained cells in
the endometriotic lesions of animals treated with pIC™™ and
anti-VEGF (1.4 4 0.85% and 1.5 £ 0.9%, respectively) were
significantly lower than control (4.3 + 0.6%; P<.05;
Fig. 4A). In contrast, the percentages of apoptotic-stained tis-
sue were significantly higher in the endometriotic lesions of
animals treated with pIC™™ and anti-VEGF (1.5 =+ 0.7% and
1.3 + 0.9%, respectively) compared with control (0.5 +
0.4%; P<.05; Fig. 4B).

DISCUSSION

Angiogenesis plays a central role in the development of endo-
metriosis, making antiangiogenic therapy a target of thera-
peutic approaches (7, 8, 31-33). The commercial
antiangiogenic drugs currently available are designed for
oncologic treatment but are not feasible for treating
endometriosis in healthy women owing to high levels of
toxicity (9, 34). More specifically, anti-VEGF/VEGFR2
drugs exert nonselective effects over normal vessels,
inducing regression of capillaries and thus interfering with
processes such as wound healing in which physiologic
angiogenesis is required (10). In an effort to overcome these
limitations, we and others have sought to investigate the
potential for compounds with more selective effects on
pathologic vasculature, such as vascular-disrupting agents
(11), the dopamine agonist quinagolide (12, 30), and pICPEI,
to treat endometriosis.

CONTROL

[plcPEl]

The effect of pIC™™ on macroscopic features of human endometrial implants on the peritoneal wall of mice administered with (A, B) vehicle, (C, D)
pICPE', and (E, F) the anti-VEGF compound CBO-P11 at the end of the 4-week treatment period. Scale bars = 8 mm.
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FIGURE 3
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Effect of pIC™® on vascularization of endometriotic implants. (A) Immunofluorescent staining pattern for PECAM (a vascularization marker, staining
in green) and a-SMA (a muscular layer marker of mature vessels, staining in red) in endometriotic implants obtained after killing the mice treated
with control, anti-VEGF, or pIC™®. Mature vessels are identified by overlapping yellow color. Scale bar = 150 um. (B) Vascularization as represented
by the percentage of PECAM staining (green) vs. total area. (C) Percentage of immature vessels as represented by the number of immature, not
surrounded by a red muscular layer, vessels (PECAM+/a-SMA—) divided by the total number of vessels (PECAM+). *P<.05 vs. control group.
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Recently, we observed that pIC™™ was able to promote

apoptotic activity under more benign conditions of disease,
such as leiomyoma (unpublished observations), than the ma-
lignant conditions of melanoma in which the proapoptotic
activity of this compound was originally described (24).
Therefore we inferred that pIC™™ might retain the antiangio-
genic properties of poly I:C (16, 17) while simultaneously
exerting proapoptotic effects on endometriotic tissue, thus
rendering a double therapeutic effect for the treatment of
the disease.

To test this hypothesis, we developed a heterologous an-
imal model of endometriosis in which human endometrial
fragments were labeled with mCherry (Ad-mCherry) before

being implanted into nude mice. We chose to use mCherry
instead of green fluorescent protein (GFP) as a reporter for
tagging the human tissue because GFP has been shown to
result in poor tissue penetration owing to its short emission
spectrum, which is not ideal for the visualization of intraper-
itoneal fragments (35-37). In our model, noninvasive
visualization of intraperitoneal implants was possible
because mCherry emits a highly photostable, strong, and
bright signal with a long wavelength in the red channel
(38). The limitation of our and other similar recently
developed models (38) is that fluorescence can not be
monitored beyond 4-6 weeks owing to the episomal
transient expression of the Ad-virus used for labeling
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FIGURE 4
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Garcia-Pascual. pIC™ inhibits endometriosis.. Fertil Steril 2015.

(35-38). Indeed, fluorescence faded progressively, even in
control animals, to the point that nearly 60% had been lost
in control vehicle-treated animals after 4 weeks.

To maximize the effects on neovessels, we began treat-
ment with pIC™™ the day after surgery to interfere with the
revascularization taking place during the initial periods of
engraftment (39). pIC™™ moderately reduced the density of
blood vessels, as shown by a noticeable, though not statisti-
cally significant, decrease in this parameter. It very likely
did, however, interfere with the process of neovascularization
in endometrial lesions, as shown by the fewer number of neo-
vessels in pIC**-treated animals compared with negative
control. Provided that immature vessels are much more sus-
ceptible to pro/antiangiogenic effects than mature vessels
(40), our results suggest that pIC*™ is able to partially inhibit
the growth of newly forming (immature) vessels, but not those
of the mature type surrounded by a-SMA, which are less sus-
ceptible to antiangiogenic effects. This statement comes from

the observation that pIC is able to interfere with sprouting
angiogenesis of neovessels, as shown in aortic ring and
tube formation assays in vitro (41). These findings are also
in agreement with our recent findings (unpublished) that
pICT¥ is able to significantly decrease vessel density of tissues
such as leiomyoma in which vascularization largely com-
prises immature a-SMA-free vessels (42). We speculate that
the overall antiangiogenic effects of pIC*™ were not dramat-
ically evident in the grafts because vascularization of endo-
metrial tissue comprises a mixture of both mature (a-SMA
surrounded) and immature vessels (30, 32, 33). Because the
effects of the VEGF blockade on overall neovascularization
were more acute than those exerted by our compound, it is
likely that pIC™® provides a less powerful antiangiogenic
effect than traditional inhibition of VEGF.

The interplay between inhibition of angiogenesis and
apoptosis in proliferating tissues is largely known (9, 10, 29,
43) despite not being understood at the molecular level.
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Although restriction of nutrient supply owing to
antiangiogenic events is known to lead to apoptosis of
circumventing tissues (29), a reverse effect also has been
reported, with induction of apoptosis in endothelial cells
leading to antiangiogenic events (43). Interestingly, the
effects of pIC™™ on increased apoptosis were equal or of
larger magnitude than those exerted by the VEGF inhibitor.
Provided that antiangiogenic effects exerted by pIC™™" were
lower than those exerted by VEGF blockade we reason that
a significant part of the proapoptotic effects exerted by
pIC*®! were mnot mediated by antiangiogenic dependent
restriction of nutrient supply but instead through direct
effects in endometriotic tissue. This speculation is supported
by studies showing that pIC induces apoptosis in in vitro
cultures of human endothelial (41) and tumor cells of
malignant origin (24, 41). Further support comes from our
recent finding that pIC™™ induces moderate but clear
apoptotic events even in primary in vitro cultures of benign
tumors, such as leiomyomas (unpublished observations). It
remains to be confirmed in further studies whether
apoptosis induced by pIC™™ in benign diseases, such as
endometriosis and leiomyoma, is driven by the same
molecular mechanism described in malignant tissues (16,
17, 24, 41).

Employment of Ad-mCherry for labeling, instead of GFP,
prolonged the period during which noninvasive assessment
could be reliably monitored (35-37). Extension of the time
frame was sufficient to reveal a significant reduction in the
implant size of anti-VEGF-treated animals versus control. In
spite of its antiangiogenic and proapoptotic effects,
administration of pICPEI did not, however, lead to significant
reduction in implant size during the period of study. Owing
to its lesser antiangiogenic profile versus CBO-P11, we specu-
late that a more prolonged treatment with pIC™® might have
been necessary to reach the progressive collapse of the patho-
logic tissue and its subsequent reabsorption in such a way that
shrinkage of tissue could be observed (12). However, further
extension of the time of study is not possible, thus preventing
us from testing this hypothesis in this mouse model. More spe-
cifically, the transient episomal expression of the Ad-virus
required for labeling (44) and the presence of natural killer
cells leading to xenograft rejection (45) do not allow further
extension of the study time beyond 4-5 weeks in the nude
mouse model. Our expectation that prolonged use of pIC™
might render more drastic effects over lesion size is based on
our previous experience testing the effects of compounds
with a similar moderate antiangiogenic profile, such as the
dopamine agonist quinagolide. Indeed, when quinagolide
was assayed over a short period of time (3 weeks) in our heter-
ologous nude mouse model of endometriosis, only discrete ef-
fects on lesion size were reported (30). However when assayed
over a prolonged period of time (4 months) in humans, this
dopamine agonist was able to induce a dramatic shrinkage
of endometriotic lesions (12). Besides the lack of sustained
antiangiogenic effects over time, the lack of a complete im-
mune system in this model might be an additional limitation
for this drug to exert a more dramatic effect. Indeed, the anti-
tumoral activity of pIC™™ was originally ascribed to its capac-
ity to boost the immune system in an interferon-dependent

Fertility and Sterility®

manner (13, 14). Given the role of the immune system in
endometriosis (46, 47), the defective immunologic function
in our nude model might have caused pIC"™ to be unable to
induce a more dramatic regression of the endometriotic
lesion. To explore this possibility, we are currently
investigating the effects of pIC™ on lesion size using a
recently improved homologous mouse model of
endometriosis (48) with an intact immune system.

CONCLUSION

We created a mouse model of endometriosis with the use of
transgenic human endometrial tissue engineered to express
the fluorescent protein mCherry to investigate the effects of
treatment with pIC™™. We saw a decrease in neovasculariza-
tion and an increased apoptosis rate in the transplanted endo-
metriotic lesions treated with pIC™™, warranting further
exploration of this treatment option. Longer time points are
necessary to fully characterize the pIC™™ profile; however,
the results presented here suggest a plausible role for treat-
ment with pIC"™ in reducing lesion size.
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