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Endometriosis is a major cause of chronic pain,
infertility, medical and surgical interventions, and
health care expenditures. Tissue factor (TF), the pri-
mary initiator of coagulation and a modulator of an-
giogenesis, is not normally expressed by the endothe-
lium; however, prior studies have demonstrated that
both blood vessels in solid tumors and choroidal tis-
sue in macular degeneration express endothelial TF.
The present study describes the anomalous expres-
sion of TF by endothelial cells in endometriotic le-
sions. The immunoconjugate molecule (Icon), which
binds with high affinity and specificity to this aber-
rant endothelial TF, has been shown to induce a cy-
tolytic immune response that eradicates tumor and
choroidal blood vessels. Using an athymic mouse
model of endometriosis, we now report that Icon
largely destroys endometriotic implants by vascular
disruption without apparent toxicity, reduced fertil-
ity, or subsequent teratogenic effects. Unlike antian-
giogenic treatments that can only target developing
angiogenesis, Icon eliminates pre-existing pathologi-
cal vessels. Thus, Icon could serve as a novel, non-
toxic, fertility-preserving, and effective treatment for
endometriosis. (4m J Patbol 2010, 176:1050—1056; DOI:
10.2353/ajpath.2010.090757)
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Endometriosis is a gynecological disorder characterized
by the presence of functional endometrial tissue outside
of the uterus.” The disease affects up to 10% of all
reproductive-age women and up to 50% of infertile wo-
men."~3 Endometriotic lesions are primarily located on
the pelvic peritoneum and ovaries, but can also be found
in the colon, pericardium, pleura, lung parenchyma, and
brain.? Implants can cause pelvic adhesions, chronic
pelvic pain, bowel obstruction, and infertility requiring
repetitive, extensive, and expensive medical and surgical
treatments. " *°

The etiology of the disease has been ascribed to retro-
grade menstruation, coelomic metaplasia, or both."¢-°
Although its pathogenesis involves a complex interplay of
genetic, anatomical, environmental, and immunological
factors, there is general agreement that it is associated
with a local inflammatory response and that vasculariza-
tion at the site of ectopic attachment of the lesions is a
key determinant in its pathogenesis.”'°~'® Angiogenic
agents such as vascular endothelial growth factor and
the angiopoietins are likely mediators of endometriotic
neovascularization.™311-13

Tissue factor (TF), the transmembrane initiator of he-
mostasis, is not physiologically expressed by endothelial
cells but plays a crucial role in embryonic and oncogenic
angiogenesis.' "7 Recent studies indicate that the
type-2 proteinase activated receptor (PAR-2) is intimately
involved in TF-mediated signaling and angiogene-
sis.'® 1819 Tissue factor may initiate differential signaling
pathways in physiological compared with pathological
angiogenesis,?° to wit, the physiological pathway is me-
diated by TF-thrombin-PAR-1 and the pathological path-
way by TF/factor FVIla/PAR-2 signaling.?° These latter
vessels display abnormal structure and function and are
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poorly associated with pericytes causing leakiness and
edema.?"??

Our prior studies demonstrated that both TF and
PAR-2 are up-regulated in endometria of women with
endometriosis compared with unaffected women.?®

In this report, we describe the anomalous endothelial
expression of TF in ectopic endometrium derived from
women with endometriosis. We posited that a novel chi-
meric immunoconjugate molecule (lcon) will specifically
target endothelial TF in ectopic implants leading to their
devascularization and atrophy. lcon is composed of a
mutated low-coagulation-inducing factor VII (fVIl) do-
main that binds to TF with high affinity and an IgG1 Fc
(fVIl/lgG1 Fc) effector domain that activates a natural
killer cell cytolytic response against TF bearing endothe-
lial cells.?*=2” This report confirms our hypothesis by
demonstrating that Icon largely destroys pre-established
human endometriotic lesions in an athymic mouse model
without untoward systemic effects, altered fertility, or sub-
sequent teratogenesis.

Materials and Methods

Tissues

Control eutopic endometrial tissues were obtained from
consenting fertile reproductive-age women free of clinical
endometriosis undergoing endometrial sampling at the
time of tubal ligation with five samples from the prolifer-
ative phase and five from the secretory phase. The age
range was 29 to 38 years. Eutopic and ectopic endome-
tria were obtained from women diagnosed with endome-
triosis at operative laparoscopy for chronic pelvic pain
and/or infertility. In all subjects, endometriotic implants
were resected and the diagnosis confirmed by histopa-
thology (n = 6). Subjects were staged according to the
revised American Fertility Society classification and were
either in the mid to late proliferative phase.?® None of the
subjects were treated with hormones in the two months
preceding surgery. Patient age range was 27 to 49 years.
All subjects provided informed consent, and this study
was approved by the Yale University School of Medicine
Human Investigation Committee as well as the Vanderbilt
University Institutional Review Board and Committee for
the Protection of Human Subjects.

Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were cut in
5-micron sections. Immunohistochemistry was performed
as previously described.?®2° For confirmatory purposes,
two antibodies to TF were used, a polyclonal antibody to
human TF (hTF; R&D Systems, Minneapolis, MN) and a
monoclonal antibody produced by one of the authors
(W.K.). Both antibodies displayed identical staining pat-
terns. The antibody to von Willebrand factor (VWF)
Ab6994 (Abcam, Cambridge, MA), an endothelial cell
marker, recognized both human and mouse antigens.
Specific staining of vessels for vWF was used to quantify
vessel density by using Image J public domain software.
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Negative controls were conducted with an appropriate
pre-immune serum. Detection of Icon used anti-human
IgG (Vector Laboratories, Burlingame, CA) directed
against the Fc potion of Icon. Sections were analyzed by
digitally capturing a minimum of three fields per slide.

lcon

Mouse Icon protein was synthesized by stable transfec-
tion of Chinese hamster ovary (CHO) cells as previously
described®* 2% with modifications as follows. The trans-
fected CHO cells were cultured in serum-free EXCELL
301 CHO medium (JRH Biosciences, Lenexa, KS) sup-
plemented with a final concentration of 1 ug/ml of vitamin
K1 (Sigma-Aldrich, St. Louis, MO). The Icon protein was
purified from the culture medium by affinity chromatog-
raphy on a HiTrap rProtein A FF 5 ml column (Amersham
Biosciences, Piscataway, NJ), dialyzed against 10 mmol/L
HEPES pH 7.4, 150 mmol/L NaCl,, and 5 mmol/L CaCl,,
and then concentrated with a Millipore filter with a cutoff
molecular weight of 100,000 kDa (Millipore, Billerica, MA).
The final concentration of the Icon was determined with
the Bradford assay reagent (Bio-Rad, Hercules, CA). The
Icon is composed of two mature coagulation fVII peptides
containing a mutation of Lys341 to Ala. Thus Icon is a
natural ligand for TF, in which the mutated fVIl is fused to
the Fc domain of a human IgG1 antibody by recombinant
DNA technology.?°2 The introduction of a mutation in
the fVII portion of mouse and human Icon molecules was
used to reduce their coagulation activity®® while retaining
the binding activity to TF as previously reported.?®3!

The Icon molecule is designed to bind to TF with far
higher affinity and specificity than can be achieved with
an anti-TF antibody. The Icon has several important ad-
vantages over monoclonal antibodies for targeting TF
including: (1) The kDa for fVII binding to TF is up to 10~ '2
mol/L,%2 whereas anti-TF antibodies have a kDa in the
range of 1078 to 1072 mol/L®*3%; (2) The Icon is pro-
duced by recombinant DNA technology, allowing for the
generation mouse Icon (mouse fVIl/human IgG1 Fc) for
use in murine models of human diseases and human lcon
(human fVli/human 1gG1 Fc) for future clinical trials.
Moreover, Icon obviates the necessity of generating hu-
manized monoclonal antibodies. The basic principle of
Icon therapy is that TF is inappropriately expressed by
the endothelium of vessels in pathological tissues, and
Icon targets this aberrant TF expression and induces an
natural killer—-mediated immune response that devascu-
larizes the lesion.

Conjugation of Mouse Icon Protein with
Fluorescein Isothiocyanate

Mouse Icon protein was conjugated with fluorescein iso-
thiocyanate (FITC) using the Pierce FITC antibody label-
ing kit (Thermo Scientific, Waltham, MA) following the
manufacturer’s instruction. Free dye was separated from
the protein-conjugated FITC using resin and the conju-
gated FITC collected. The ratio of FITC to mouse Icon
protein, calculated by measuring A280 nm for protein
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concentration and A495 nm for FITC concentration, was
3.5:1. Flow cytometry demonstrated that Icon-FITC con-
jugate bound a human melanoma TF2 cell line expressing
high levels of TF.*® Immunofluorescent staining for CD31
and DAPI was conducted as previously described.®® The
aim of Icon conjugation with FITC is to colocalize Icon
binding to the CD31-positive endothelial cells.

In the colocalization study of Icon and CD31 expres-
sion, 10 png of mouse FITC-conjugated Icon protein was
injected into the peritoneal cavity (IP) of 12 athymic nude
(ATN) mice, implanted with human endometrial tissues
12 days before FITC-Icon treatment. Controls were simi-
larly injected IP with saline (n = 3). The endometrial
lesions were removed from the FITC-lcon injected mice
and from control mice at 4, 8, and 24 hours (n = 3) at
each time point.

Athymic Nude Mouse Model

Endometrial tissues were acquired by Pipelle® biopsy
(Unimar, Inc., Wilton, CT) from consenting healthy women
during the proliferative phase (days 9 to 12) of the men-
strual cycle (n = 5). The age range of the women
spanned 36 to 41 years with a mean age of 38 years. All
tissues were obtained from the mid to late proliferative
phase of the menstrual cycle. An endometrial thickness
=9 mm (confirmed by vaginal ultrasound) and a serum
progesterone level of <1.5 ng/ml were required for inclu-
sion in this study. Individuals with a history of hormone
therapy (eg, gonadotropin-releasing hormone antago-
nist, oral contraceptives) within two months were ex-
cluded. Biopsies were washed in prewarmed phenol-red
free Dulbecco’s Modified Eagles Medium/Ham’s F-12
Medium (DME/F-12; Sigma-Aldrich) to remove residual
blood and mucous before culturing. Endometrial biopsies
were dissected into small cubes (=1 X 1 mm?®) and 8 to
10 pieces of tissue per mouse were suspended in tissue
culture inserts (Millipore, Bedford MA). Organ cultures
were maintained for 18 to 24 hours before injection into
mice under serum-free conditions in DME/F-12 supple-
mented with 1% Insulin-Transferrin-Selenium (ITS+; Col-
laborative Biomedical, Bedford MA), 0.1% Excyte (Miles
Scientific, Kankakee IL), and 1 nmol/L 17B-estradiol (E2;
Sigma-Aldrich). Cultures were incubated at 37°C in a
humidified chamber with 5% CO2.

The model of endometriosis used in the current study
has been previously described and validated.®” Briefly,
six-week-old female ovariectomized ATN mice (Harlan
Laboratories, Indianapolis, IN) were anesthetized with
isoflurane (Henry Schein, Melville, NY) and subcutane-
ously implanted with a silastic capsule (Dow Corning
Silastic Laboratory Tubing, 1/16in. 1.D.; 1/8 in. O.D.; Wall
Thickness: 1/32 in.) containing 8 mg E2 in cholesterol
(Sigma-Aldrich). The ends of the silastic tubes were
sealed with Type A medical silicone adhesive (Factor I,
Inc., Lakeside, AZ). Twenty-four hours after subcutane-
ous placement of the silastic capsules, mice received an
IP injection of PBS containing a suspension of 8 to 10
human endometrial tissue fragments per mouse into the
ventral midline just below the umbilicus. Treatment with

Figure 1. Expression of TF in endothelial cells from human ectopic endo-
metrium: Immunohistochemistry was performed as described in the Meth-
ods. Eutopic proliferative endometrium from patients with endometriosis
showing low to no TF staining in glands or stromal cells; vessels walls and
endothelial cells are unstained (arrows) (original magnification, X100;
A and ©); ectopic endometriotic implants from the same patients, respec-
tively, displaying strong TF immunostaining in endothelial cells (arrows)
with moderate TF immunostaining of ectopic glands and stromal cells (orig-
inal magnification, X100; B and D). (1 = 06).

Icon was initiated 10 to 12 days after the injection of
tissue. Controls consisted of animals treated with saline
or nonspecific murine IgG. After completion of the treat-
ment regimen, mice were sacrificed by cervical disloca-
tion under anesthesia and direct examination of intraperi-
toneal lesion size and number were determined. Lesions
were measured in two dimensions; the largest denoted
‘a” and the smallest denoted “b.” The total volume of
lesions was calculated by standard methodology®® using
the formula: V = a X 2b X 0.5. We conducted 5 separate
studies using 5 endometrial biopsies. Each study used
the biopsy from one patient. Because biopsies varied in
size, the number of mice varied. Studies 1 to 5 used 10,
10, 12, 14, and 7 mice, respectively. We did not mix
samples from different women. Residual lesions were
removed and formalin-fixed/paraffin-embedded for anal-
ysis. Experiments described herein were approved by
Vanderbilt University Instructional Animal Care and Use
Committee in accordance with the Animal Welfare Act.

Table 1. Effect of Icon Treatment on Mice with
Endometriotic Lesions
No. of mice
Avg. vessel with disease
size pertotal % with
Mouse Tx (arbitrary units) P number disease P
Control 2.88 12/13 92%
Icon (5 png) 1.21 <0.05 7112 58% NS

Icon (10 ug) 1.50 <0.05 4/15 27% <0.05

All mice were treated as described in Methods. P refers to the level
of significance.



Toxicity, Fertility, and Teratogenicity Studies

Female ATN mice were treated IP with either Icon or
vehicle control once a week for four weeks (n = 4 per
group). Two weeks after the last injection, the mice were
allowed to breed. Pregnancy was determined by a vag-
inal plug. For these experiments, adult and neonatal mice
were euthanized by carbon dioxide inhalation. Mice were
necropsied and tissues evaluated blinded to the experi-
mental manipulation. All of the tissues were harvested
from each adult mouse and fetus/neonate. Whole fetuses,
pups, and adults, their respective sterna, one rear leg,
and head with skull cap and skin removed were placed in
Bouin’s Fixative (VWR International, Batavia IL). The re-
maining adult mouse tissues were placed in 10% Neutral
Buffered Formalin (VWR International, Batavia IL). A rou-
tine selection of tissues from all organ systems in adult
mice were chosen for histopathological examination. Two
fetuses and two neonatal pups were selected from each
litter for histopathological examination. All selected tis-
sues were processed, embedded in paraffin, sectioned
to 5 microns, and stained with hematoxylin and eosin
(H&E) (Sigma-Aldrich). All mice were examined visually
at necropsy for macroscopic lesions and all tissue sec-
tions were examined using light microscopy for experi-
mentally induced pathological changes.
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Figure 2. Gross morphological analysis: Rep-
resentative lesions from placebo (left) or
10-pg Icon-treated (right) ATN mice with es-
tablished human endometriotic lesions dis-
playing obvious differences in gross surface
vascularization (7 = 15). Arrows point to the
lesions.

Results

Immunohistochemistry

Figure 1, A-D demonstrates a failure to detect endothelial
TF by immunostaining in proliferative eutopic endome-
trium (Figure 1, A and C), whereas ectopic endometrium
from the same patient displays strong immunostaining for
endothelial TF (Figure 1, B and D). This finding of high TF
expression by endometrial ectopic endothelium led us to
determine whether administration of the TF-targeting lcon
molecule would eliminate such implants in a mouse
model of endometriosis.

Treatment of Endometriosis with Icon in a
Murine Model

The ATN mice were injected with approximately 1.0 ml
packed endometrial tissue and treated as described in
Methods. On gross morphological examination, 11 of 15
treated mice had no sign of residual disease after 4
weekly 10-ug Icon treatments compared with 5 of 12
mice treated with a 5-ug Icon dose. By contrast, 12 of 13
mice treated with vehicle control had well-defined endo-
metrial lesions (Table 1). Residual lesions in Icon-treated
mice were significantly smaller than those found in con-
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Figure 3. Microscopic endometriotic vessel analysis: Vessels in human peritoneal endometriotic implants present in ATN mice were visualized by immunohis-
tochemical staining for vWF after treatment with vehicle control (A) or 10 ug Icon (B; n = 5, X200). C: Morphometric analysis demonstrated that both 5 and 10
ug Icon resulted in a significant decrease in vessel size in mice with residual lesions. Vessel size is reported in arbitrary units. Statistical analysis was conducted

by analysis of variance (7 = 5, *P < 0.05).
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trol animals (Table 1), and it was difficult to observe any
vascularization (Figure 2).

To quantify the effects of 5- or 10-ug Icon treatments
versus vehicle control on vessel morphology, lesions
were removed, formalin-fixed, and paraffin-embedded as
described in Methods. Immunohistochemistry with an an-
tibody against vVWF was used to detect vascular endo-
thelium. As shown in Figure 3, treatment with 10 g Icon
resulted in vessels that were quantitatively smaller in
caliber with an aberrant appearance compared with con-
trols. Vessel number and size were then assessed by the
public domain software Image J in mice treated with
either vehicle control, or 5 or 10 png of Icon. Treatment
with 10 ug Icon resulted in a statistically significant de-
crease in vessel size compared with saline treated con-
trols (Figure 3C).

To confirm the tissue localization of Icon binding in the
mouse endometriosis model, FITC-conjugated Icon (10
wg) or vehicle control was injected IP for 4, 8, and 24
hours (n = 6 at each time point). Figure 4 indicates that
no FITC fluorescence was detected in control mice,
whereas blood vessels stain red (mouse-CD31) and the
nuclei stain blue (DAPI). By contrast, tissues extracted
four hours after injection of FITC labeled Icon (green)
show all three colors, colocalization of red and green
dyes in endothelium is indicated by the color yellow,
supporting the conclusion that lcon disrupts endometri-
otic lesions by targeting the vascular endothelium.

Toxicity, Fertility, and Teratogenicity Studies

The systemic and reproductive effects of prior Icon treat-
ment (10 wg) on fertility were conducted as described in
Methods. We observed that ATN mice treated with Icon
once a week for four weeks conceived normally and had
the same pregnancy rates as control ATN mice. Figure 5
demonstrates that the average number of viable embryos/
live born pups was 8.25 per litter for control and 8.5 for
mice previously treated with lcon; similar to the reported
average litter size of seven for ATN (personal communi-
cation, March 25, 2009, Jay Aeyers Harlan Laboratories
Technical Support). All pregnancies progressed nor-
mally. Histopathological examination of tissues from con-
trol and lcon-treated adult pregnant or postpartum fe-
male ATN mice showed no systemic or reproductive tract
pathology. Specifically, heart, lung, brain, liver, kidney,

Figure 4. Immunofluorescence for Icon: Human
endometrium recovered from control treated
mouse was immunostained consecutively for
CD31 (detected with phycoerythrin) and DAPI
(blue; left). Endometriotic lesion in an ATN
mouse extracted four hours after injection with
FITC-labeled Icon (green) were also stained with
CD31 and DAPI (right). (X400, 7 = 3).

spleen, bone, muscle, or Gl tract displayed no patholog-
ical abnormalities in either treated or untreated animals.
All embryos and postnatal day 1 mice collected at less
than six hours after birth from control and Icon-treated
mice appeared grossly and histologically normal with no
evidence of teratogenic effects. All embryos and postna-
tal day 1 mice collected at less than six hours after birth
from control and Icon-treated mice appeared grossly and
histologically normal. All pups fed and milk contents were
visible in their stomach.

Discussion

Prior studies from our laboratory demonstrated that in
normal endometrium, progestin markedly enhanced TF
protein and mRNA expression in decidualized stromal
cells during the luteal phase and in decidual cells
through term.2%:3°=41 We have also shown that glandular
epithelial cells display minimal TF expression throughout
the menstrual cycle.®%3%4° The present study sought to
determine the pattern and extent of TF expression in
endometriosis and observed anomalous endothelial ex-
pression of TF in ectopic versus eutopic endometrium.
This expression likely reflects the strong association of
endometriosis with increased inflammatory cytokine pro-
duction.®4243 Interleukin-18 and tumor necrosis factor-a
acting via the NF«B transcription factor increase TF gene
expression in endothelial cells from various tissues.**
Increased TF expression in endometrial endothelial cells
may also reflect genetic polymorphisms in the promoter

m Viable
pnon-vable

pup number
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Figure 5. Fertility studies: ATN mice were treated with Icon or placebo once
a week for four weeks. Two weeks after the last Icon treatment, mice were
mated. All mice conceived. The average number of viable pups is shown in
dark bars, whereas the number of nonviable pups is shown in light bars (12 =
4 per group; *P < 0.05).



region of genes known to regulate TF expression as well
as the TF promoter region.*>~47

The aberrant expression of TF in ectopic endometrial
endothelium suggested that this TF expression might be
an ideal therapeutic target for endometriosis. Toward this
end, we used the immunoconjugate molecule, Icon, in a
mouse model of endometriosis. Previous studies demon-
strated that Icon targeted TF that was aberrantly ex-
pressed by endothelial cells in malignant tumors.?*-2°
Icon also reduced the formation of pathological cho-
roidal neovasculature associated with macular degen-
eration.*®4° Thus, Icon specifically targets endothelial TF
expression in pathological vasculature while having no
effects on normal vessels. In this study we demonstrate
that Icon therapy largely destroys previously established
and well-vascularized human endometriotic lesions in a
mouse model of endometriosis. Because spontaneous
endometriosis occurs only in women and in nonhuman
primates, future studies will hopefully involve an animal
model that mimics the human disease as described by
D’Hooghe and coworkers.*°

Importantly, because Icon targets not only neoangio-
genesis, but pre-existing vessels aberrantly expressing
TF in their endothelium, it is the only available agent with
the potential to successfully treat pre-existent well-vas-
cularized lesions. This is an important point, as women
suffering from endometriosis are typically not diagnosed
for several years®"°? and thus would already have es-
tablished lesions. Although several treatments for endo-
metriosis are available, they are associated with high
recurrence rates and considerable side effects.>® Prior
studies have confirmed that Icon treatment does not pro-
duce toxicity in various animal species,?*26:48:49.54 gnd
we confirm no untoward effects on adult mice treated with
Icon. In addition, we now report that Icon treatment does
not interfere with subsequent fertility nor does it give rise
to teratogenic effects. Hence, Ilcon may be an ideal drug
of choice in the treatment of endometriosis and in partic-
ular for reproductive-age women suffering with this dis-
ease who desire subsequent fertility.
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