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Abstract

Endometriosis is a chronic disease in which epithelial and stromal cells that resemble the eutopic
endometrium are found in ectopic lesions. In order to examine how microenvironmental factors
such as extracellular matrix and macrophages influence disease progression, 12Z (an immortalized
ectopic epithelial cell line) were cultured on tissue culture plastic (TCP) or in gels of recombinant
basement membrane (rBM) or collagen 1. Unlike cells in other conditions, cells in rBM formed
multi-cellular structures in a 67 kDa non-integrin laminin receptor (67LR)-dependent manner. To
examine the impact of macrophage-secreted factors on cell behavior, 12Z cells on all three
substrates were treated with conditioned media from differentiated THP-1 (an immortalized
monocytic cell line). Significant proliferation and invasion was observed only with cells cultured
in rBM, indicating that extracellular matrix cues help dictate cell response to soluble signals. Cells
cultured on rBM were then treated with individual cytokines detected in the conditioned media,
with increased proliferation observed following exposure to interleukin-8 (CXCLB8/IL-8) and both
increased proliferation and invasion following treatment with heparin-binding EGF-like growth
factor (HB-EGF). This study suggests that rBM gels can be used to induce /in vitro lesion
formation in order to identify soluble factors that influence proliferation and invasion.
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Introduction

Endometriosis is a gynecological condition that affects approximately 10% of women and is
associated with pelvic pain and infertility.} Despite its prevalence and significant impact on
women’s health, a lack of appropriate in vitroand in vivo model systems has resulted in
limited knowledge about specific mechanisms that can be targeted to slow disease
progression or treat the associated infertility. The defining feature of endometriosis is the
presence of ectopic lesions composed of epithelial cells, stromal cells, and extracellular
matrix (ECM) that resemble the eutopic endometrium. Currently, the standard of care
includes surgical removal of lesions, pain medication, hormonal intervention (e.g., oral
contraceptives), or, possibly, removal of the uterus and ovaries, resulting in premature
menopause.?

The study of endometriosis has been hampered by a lack of relevant model systems and
most /n vitro studies have been performed using standard tissue culture substrates, despite
substantial evidence in other disease models that cell behavior is significantly impacted by
exposure to ECM proteins and culture in three-dimensional (3D) environments. Cells
interact with ECM proteins primarily through integrin receptors, which activate downstream
signaling cascades to direct gene expression and cell behaviors such as proliferation,
apoptosis, migration, and differentiation.3 The specificity of the integrin-ECM interaction
can result in different cell responses. For example, immortalized mammary epithelial cells
are capable of initiating branching in collagen I, but require basement membrane to undergo
full polarization and differentiation.# In addition, cells cultured in 3D gels of ECM proteins
often behave differently than cells cultured on two-dimensional substrates as the 3D matrix
provides additional cues that impact cellular organization and response to stimuli.>

The ECM in endometriotic lesions is similar to the eutopic endometrium, with a basement
membrane of collagen 1V and laminin, and stromal expression of collagen I, fibronectin, and
vitronectin.®=8 Despite this similar ECM profile, stromal cells isolated from ectopic lesions
have altered integrin expression levels and increased adhesion to adsorbed ECM proteins
compared to cells from healthy women.® ECM has been incorporated in several in vitro
models of the eutopic endometrium to examine the interactions between epithelial and
stromal cells, 10 11 put the impact of ECM on endometriotic cells and their response to
factors produced by macrophages has not been described. In this study, we cultured an
immortalized ectopic epithelial cell line (12Z)12 in 3D ECM gels in order to examine the
impact of ECM on the endometriotic cells. /n vivo, the ECM is a complex mixture of
components whose precise composition varies between tissues and likely between patients.
Therefore, as a first approximation, we utilized commercially-available recombinant
basement membrane (rBM) and collagen I to represent a basement membrane and stromal
context, respectively.

Macrophages have been suggested to play an important role in the establishment,
maintenance, and growth of endometriotic lesions, based on their elevated levels and the
increased concentration of various cytokines in peritoneal fluid of women with the
disease.13-17

Cell Mol Bioeng. Author manuscript; available in PMC 2016 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pollock et al.

Page 3

Depletion of macrophages in a mouse model of endometriosis inhibited the establishment of
new lesions and growth of established lesions, providing direct experimental evidence for a
role for macrophages.18 /n vitro studies also support that macrophages influence cell
behavior. Eutopic endometrial epithelial cells proliferated more when co-cultured with
macrophages from women with endometriosis compared to healthy controls® and eutopic
endometrial stromal cells treated with conditioned media from macrophages have altered
gene expression.20 In these studies, the use of co-culture or conditioned media mimics the Jn
vivo environment where macrophages secrete a number of cytokines simultaneously. While
prior studies have not examined the impact of the full set of macrophage-derived factors on
ectopic cells, these cells do respond to treatment with individual factors that macrophages
produce. For example, ectopic epithelial cells cultured on tissue culture plastic and treated
with saturating doses of TNFa had increased secretion of pro- and anti-inflammatory
cytokines.21 Using our Jn vitro models of the basement membrane and stromal context, we
examined ectopic epithelial cell response to macrophage-derived factors and determined that
these cells were more sensitive in the basement membrane context, showing increased
proliferation and invasion compared to cells in a stromal context or on tissue culture plastic.

Materials and Methods

Materials and Cell Culture

127 ectopic epithelial cells!? were a generous gift of Dr. Anna Starzinski-Powitz (Goethe-
Universitat Frankfurt) and were isolated under approval by the local ethical committee. 127
were maintained in culture in DMEM-F12 media supplemented with 10% FBS (Life
Technologies, Grand Island, NY). THP-1 cells were obtained from ATCC (Manassas, VA)
and maintained in suspension culture in RPMI-1640 supplemented with 10% FBS and 0.05
mM B-mercaptoethanol. Cells were routinely checked and confirmed to be mycoplasma-
negative using the MycoAlert kit (Lonza, Basel, Switzerland). Unless otherwise noted, all
chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Analysis of 12Z Adhesion to ECM

To examine the adhesion of 12Z cells, ECM proteins were immobilized on a black-walled
96-well plate as previously described.?2 Briefly, ECM proteins (collagen I (6 pg/mL,
PureCol ™, Advanced Biomatrix, San Diego, CA), collagen IV (6 ug/mL), laminin (6
pg/mL, LN-521™, BioLamina, Sundbyberg, Sweden), fibrinogen (1 mg/mL), or 1% BSA
as a negative control) were dissolved in a 15 mM sodium carbonate, 35 mM sodium
bicarbonate buffer (pH 9.6). 100 pL of collagen I, collagen 1V, laminin, or BSA were added
per well, incubated for 24 hours at 37°C and then washed one time with PBS. 100 pL of
fibrinogen was added per well, incubated for 23 hours at 37°C, washed with PBS (3 times
for 3 minutes), incubated with 215 U/mL thrombin in 0.1% BSA-PBS for 60 minutes to
generate fibrin, and washed with PBS (3 times for 3 minutes). 12Z were seeded in serum-
free media (10,000 cells/well) on these surfaces and incubated for 2 hours at 37°C. As a
positive control, 127 cells were also seeded in complete media. Non-adherent cells were
removed with a PBS wash and adherent cells were then fixed for 20 min with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100 (4 times for 5 min each).
Adherent cells were stained with 0.4 uM TO-PRO-3 for 1 hour (Invitrogen), washed with
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0.1% Tween in PBS (3 times for 5 min, shaking at 300 rpm), and allowed to dry completely.
Plates were scanned using a LI-COR Odyssey Infrared Imaging System and fluorescence
was quantified using the Odyssey software (LICOR, Lincoln, NE).

ECM Gels

12Z cells were cultured in recombinant basement membrane (rBM, growth-factor reduced
Matrigel ™, BD Biosciences, San Jose, CA) or collagen type | gels (Coll I, PureCol ™M)
following a previously-described protocol.23 Briefly, 120 L of soluble rBM was pipetted
into a 24-well tissue culture plate well (25-35 pL for 96-well plates) and allowed to gel at
37°C for 30 minutes. Coll | was combined 4:1 with phenol red containing media and
neutralized with HEPES and NaOH (to a final concentration of 2.48 mg/mL), then 120 uL
was pipetted into a 24-well tissue culture plate well (25-35 uL for 96-well plates) and
allowed to gel at 37°C for 60 minutes. 12Z cells were trypsinized, counted by
hemocytometer, and resuspended at appropriate concentrations in 250 pL of media (40 L
for 96-well plates) prior to gently pipetting onto the gelled ECM. For initial experiments,
cell density was varied from 5,000-175,000 cells/cm?2. Following a 30 minute incubation at
37°C, an overlay of 5% ECM in media was added by pipetting an equal volume of 10%
ECM diluted in media to the side of each well. rBM is recognized to be a mixture of
components (61% laminin, 30% collagen 1V, and 7% entactin), and as a natural biomaterial
shows variability from batch to batch. Therefore, experiments were repeated across different
lot numbers of rBM, and showed similar trends.

Fluorescent Staining and Microscopy

Cell morphology was examined by phase microscopy on either a Zeiss Axiovert 40C with
AxioCam ICc1 camera, and AxioVision software or an Olympus 1X51 with Hamamatsu
camera, and SimplePCI6 software. To determine cell viability, cells were stained with 10 uM
ethidium homodimer-1 and 0.1 uM calcein AM (Life Technologies) for 40 minutes and
imaged on a 3i / Olympus Deconvolution System with Spherical Aberration Correction
(fluorescence and phase contrast capabilities), Orca ER camera, and SlideBook imaging
software. Time-lapse microscopy was performed for the first 24 hours in culture using an
Olympus 1X71 inverted microscope with Orca-3 camera, CellSens imaging software,
fluorescence, environmentally-controlled incubation chamber, and motorized XYZ stage
with auto-Z-focus.

Functional Blocking of ECM Receptors

To determine the effects of blocking cellular interactions with specific rBM components 127
were trypsinized, resuspended, and incubated with 10 pg/mL anti-a6 integrin function
blocking antibody (GoH3, Biolegend, San Diego, CA), 50 ug/mL soluble collagen 1V, 30
mM melibiose (D(+)-Melibiose monohydrate, Acros Organics, Fair Lawn, NJ), or a rat
IgG2a isotype control (Biolegend) for 45 minutes at room temperature. Cells were then
plated in rBM as described above with the exception that each overlay was modified to
include the blocking treatments and imaged at 24 hours. To quantify the effect of each
inhibitor, images were taken in the middle of each well (n=3) and clusters were binned as
either small clusters (2-5 cells/cluster) or large clusters (>6 cells/cluster).
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Treatment with THP-1 Conditioned Media and Cytokines

Statistics

Results

To examine the impact of cytokines and growth factors secreted by macrophages, THP-1
were plated at a density of 1.2 x 10% cells/well in 6-well plates and stimulated with 100
ng/mL of phorbol 12-myristate 13-acetate (PMA) for 48 hours, resulting in their
differentiation to a macrophage-like state.2 THP-1 cells were then changed to serum-free
RPMI-1640 media for 24 hours to produce conditioned media. For control media, the
process was mimicked exactly, except without THP-1 cells, so that the conditioned media
and control media had similar baseline composition (including any residual PMA). The
composition of THP-1 conditioned and control media was analyzed for the presence of 36
cytokines and chemokines by the Human Cytokine Array Kit, Panel A and for levels of
ErbB ligands (transforming growth factor-a (TGF-a), neuregulin-1p (NRG-1p, and heparin-
binding EGF-like growth factor (HB-EGF)) by ELISA according to manufacturer’s
instructions (R&D Systems, Minneapolis, MN).

127 cells were plated in 96-well plates on tissue culture plastic (1,800 cells/well) or in rBM
(13,000 celis/well) or Coll | gels (5,200 cells/well) for 24 hours as described above, serum-
starved for 24 hours, and then treated with freshly collected THP-1 conditioned or control
media. These densities were empirically selected to result in cell densities that did not reach
full confluency during the timecourse of the experiment for the monolayer conditions (tissue
culture plastic, Coll I) and formed consistent aggregates for the rBM condition (which does
not proliferate to confluency). Cells were retreated 48 hours later with freshly collected
THP-1 conditioned or control media. After 48 and 72 total hours of treatment, cell number
was quantified by CellTiter Glo assay (Promega, Madison, WI) using a Veritas plate
luminometer (Promega). Readings were corrected to a blank of media incubated on the
corresponding substrate; blank readings were <0.1% of sample readings. For experiments
with individual cytokines, 12Z cells were plated in 96-well plates in rBM gels for 24 hours
as described above, serum-starved for 24 hours, and then treated with 100 ng/mL of
recombinant CXCLS8, IL-1ra, MIF (Peprotech, Rocky Hill, NJ), 10 ng/ml of recombinant
HB-EGF (Peprotech, Rocky Hill, NJ), or vehicle control in DMEM-F12. Cells were
retreated 48 hours later. After 72 total hours of treatment cell number was quantified by
CellTiter Glo.

Data was analyzed by t-test, Dunnett’s test for multiple comparisons, or Pearson’s chi-
squared test (JMP Pro software version 10.0.0; SAS Institute, Inc.)

Ectopic Epithelial Cells Adhere to Different ECM Proteins

To determine which ECM should be utilized for our 3D /n vitro studies, we first
characterized which ECM proteins 12Z adhered to by culturing 12Z cells on adsorbed
collagen 1V, laminin, collagen I, and fibrin, ECM proteins that are commonly used as 3D
matrices.25-27 127 showed the most adhesion on laminin and collagen IV coated surfaces
(Figure 1). This finding, combined with reports of a basement membrane in endometriotic
lesions,5 8 motivated the use of recombinant basement membrane as a 3D matrix in these
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studies. Cells also adhered to collagen | and fibrin (Figure 1), indicating that 12Z cells
express a wide range of integrins. As collagen | is a key component of most stromal matrices
and has been observed in ectopic lesions,? it was selected as an additional 3D matrix in
which to examine 12Z cell behavior /in vitro.

Ectopic Epithelial Cells Have Distinct Morphologies on Different Substrates

In order to examine the potential impact of 3D ECM on cellular behavior in endometriosis,
127 cells were cultured on tissue culture plastic (TCP), or in collagen I (Coll I) or
recombinant basement membrane (rBM) gels in densities ranging from 5,000 — 175,000
cells/cm2. On TCP, 12Z cells formed a monolayer with a characteristic epithelial
morphology at all cell densities tested (Figure 2, 5,000 cells/cm?). On Coll | gels, 12Z
initially exhibited a spindle-shaped morphology (in contrast to cells cultured on TCP), but
proliferated to form a confluent monolayer with a cobblestone appearance (Figure 2, 25,000
cells/cm?). In contrast, on rBM the cells formed 3D multi-cellular clusters. This behavior
was observed for cell densities ranging from 25,000-150,000 cells/cm?, although clusters
fused to form an irregular, web-like pattern at higher densities (Figure 2, 50,000 cells/cm?).
Clusters were morphologically stable for at least five days in culture, at which time cells in
some clusters were observed to invade into the underlying gel (Supplemental Figure 1).
Cluster formation appeared to be dependent on the identity of ECM as this behavior was not
observed on Coll I gels at any cell density. The multi-cellular clusters that formed in rBM
gels were composed primarily of viable cells with occasional dead cells dispersed randomly
in the cluster (Figure 3A). In contrast to breast epithelial cells cultured in similar
conditions,23 clusters did not appear to have formed a hollow center when examined by
multiphoton microscopy (Supplemental Figure 2). Despite the high cellular density that
occurred in the three-dimensional clusters, viability remained high throughout the culture
period. To further confirm cell viability, proliferation was monitored using CellTiter Glo.
Consistent with the increased size of clusters at 48 and 72 hours (Figure 2), 12Z cells
proliferated when cultured in rBM gels (Figure 3B). To determine if the multi-cellular
structures formed as a result of individual cells rapidly proliferating and forming clusters or
from cells migrating and ‘sticking’ together, 12Z cells were plated in rBM gels and imaged
using time-lapse microscopy. Analysis of the collected images demonstrated that cells
migrated in rBM gels and formed elongated, multi-cellular structures within four hours
(Figure 4). During this period of cluster formation, minimal cell proliferation was observed.
Over the next twelve hours, these elongated structures compacted to form spherical clusters
that were retained over extended time in culture.

Ectopic Epithelial Cells Utilize the 67-kDa Laminin Receptor (67LR) for Cluster Formation

To gain further insight into the mechanism of 12Z cluster formation, cells were treated with
inhibitors for receptors known to interact with specific rBM components. These inhibitors
included anti-a6 integrin monoclonal antibody (GoH3), full-length soluble collagen 1V to
block all cell surface receptors to collagen 1V,28 and 30 mM melibiose, an antagonist of the
67-kDa laminin receptor (67LR).2° Treatment with the anti-a6 integrin antibody did not
result in a noticeable morphological difference compared to the isotype control at 24 hours
(Figure 5A, B). Cells treated with exogenous collagen 1V formed some clusters but also
displayed areas of larger web-like patterns (Figure 5C), suggesting a role for collagen 1V in
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the development of isolated clusters. Finally, treatment with melibiose resulted in
significantly fewer large clusters (>5 cells) than the other conditions (Figure 5D, E),
suggesting a role for the 67LR in 12Z cluster formation. Treatments with combinations of
the inhibitors further support these findings (Supplemental Figure 3).

Ectopic Epithelial Cells in rBM were Sensitive to Macrophage-Derived Soluble Factors

Women with endometriosis have elevated levels of activated macrophages and cytokines,
indicating a potential role for macrophage-derived factors in the progression of the
disease.13: 14 To examine the interaction between these two cell types in more detail, 12Z
cells were cultured on TCP or in Coll I or rBM gels and exposed to conditioned media from
THP-1, a monocytic cell line that is frequently used as a model of macrophages. When
cultured on rBM, 12Z cells had increased proliferation when treated with THP-1 conditioned
media in comparison to control media (Figure 6). This increased proliferation was not
observed for cells cultured on TCP or in Coll I, indicating that the ECM environment
experienced by ectopic epithelial cells impacts their responsiveness to macrophage-derived
stimuli. 12Z cells treated with control media maintained a compact, multi-cellular
morphology in rBM gels throughout the culture period (Figure 7), similar to the morphology
observed with standard culture media (Figure 2). In contrast, cells treated with THP-1
conditioned media appeared to break out of their clusters, with cells on the edge of clusters
extending cellular processes along the surface of or invading further into the gel. After 48
hours of exposure, the cells had clearly invaded into the gel, with cells from the same cluster
observed on different focal planes. No obvious morphological changes were observed for
127 cells cultured on TCP or Coll I, further demonstrating that the response of ectopic
epithelial cells was ECM context-dependent (Supplemental Figure 4).

Macrophages have been shown to secrete a number of different growth factors spanning a
variety of protein families. To determine which macrophage-secreted factors were
responsible for the observed changes in 12Z behavior, THP-1 conditioned media was
collected and assayed using an array that screens for 36 different growth factors, cytokines,
and chemokines (Supplemental Figure 5). This screen detected three factors — interleukin-8
(CXCLS8/IL-8), macrophage migration inhibitory factor (MIF), and interleukin-1 receptor
antagonist (IL-1ra). Each of these factors has been reported to be elevated in women with
endometriosis and may play a role in disease progression.30-32 Additionally, macrophages
have been shown to secrete ErbB ligands, which are known to play a role in cellular
proliferation and migration.33 Therefore, we performed ELISAs to determine the levels of
three ErbB ligands (TGFa, NRG1p, and HB-EGF) that were not included in the screen.
THP-1 conditioned media contained detectable levels of HB-EGF, but not TGFa or NRG1p
(Supplemental Table 1). We examined the impact of each individual factor (CXCL8, MIF,
IL-1ra, and HB-EGF) on 12Z cells cultured in rBM gels. 12Z cells cultured in rBM
proliferated significantly in response to treatment with HB-EGF and CXCLS8, with the most
substantial impact resulting from HB-EGF (Figure 8). While morphological changes were
not observed for treatments with CXCL8, MIF, or IL-1ra (Supplemental Figure 6), cells
treated with HB-EGF broke out of their clusters and invaded into the rBM gels (Figure 9).
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Discussion

Analyzing the complex interactions between endometriotic cells and the cellular
microenvironment could potentially lead to the identification of new therapeutic targets to
slow or stop disease progression. In this study, we utilized an ectopic epithelial cell line
(12Z) and analyzed how cellular behavior was influenced by the ECM and factors secreted
by macrophages. Cells are capable of adhering to a vast range of ECM proteins depending
on their integrin expression. To determine which proteins 127 interact with we examined
127 adhesion to adsorbed ECM proteins and found that that the highest number of cells
adhered to laminin and collagen IV. As ectopic epithelial cells form glands with a basement
membrane /n vivo,® these results suggested that culture in rBM may be a more
physiologically relevant model to study endometriosis /n vitro. 12Z also adhered well to
collagen I, a main component of the stromal microenvironment.3# Therefore, we decided to
culture cells in overlay gels of either rBM extract or collagen | to mimic the basement
membrane and stromal environments, respectively. Our results demonstrated that the ECM
influenced cellular morphology and interactions, as 12Z formed multi-cellular clusters of
rounded cells in rBM overlay gels and a monolayer on TCP or in Coll | overlay gels. In
order to understand the mechanism of cluster formation we used several inhibitors to block
receptors for rBM components laminin and collagen IV and found that both proteins were
necessary for cell clustering. Surprisingly, we found that interaction with laminin through
the 67LR, and not the laminin integrin a6p1, was critical for clustering. We next examined
the impact of factors secreted by macrophages on these cells and determined that THP-1
conditioned media induced changes in cell morphology and proliferation, differences that
were unique to cells cultured in rBM. Similar results were observed when cells were treated
with conditioned media from differentiated HL-60, another macrophage cell model
(Supplemental Figure 7). Finally, we examined the composition of THP-1 conditioned
media and identified CXCL8 and HB-EGF as candidate stimuli that impact ectopic epithelial
cells.

Previous studies have reported that culture with rBM can induce the formation of multi-
cellular structures that appear to be more physiologically relevant than cells grown in
monolayers on TCP. For example, mammary epithelial cells cultured in rBM gels form
hollow acini that differentiate and secrete casein, while the same cells cultured as
monolayers on TCP do not.3% 36 Similarly, primary epithelial cells isolated from the eutopic
endometrium cultured on rBM inserts formed multi-cellular glands that remained responsive
to hormonal stimulation.11: 37 To our knowledge, this is the first reconstruction of a multi-
cellular model of ectopic endometriotic epithelial cells using rBM. When cultured in rBM
gels, 12Z formed multi-cellular clusters similar to the multi-cellular structures seen in
ectopic lesions /n vivo.38 These lesions can remain relatively benign or become invasive, an
event that may correlate to the development of severe pelvic pain.3? Interestingly, 12Z cells
were previously reported to be invasive when cultured on rBM coated filters.12 While
invasion into rBM was observed after long-term culture, treatment with THP-1 conditioned
media, or treatment with HB-EGF (Supplemental Figure 1, Figures 7 and 9), significant
invasion was not seen within the time frame previously reported for rBM coated filters (48
hours). Two important experimental variations may explain these differing observations.
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First, in the previous report,12 the 12Z cells were cultured on top of rBM while in this study
cells were cultured using a 3D overlay of rBM. Culture in 3D ECM rather than on top of 2D
ECM has been shown to impact morphology and gene expression for other cell types.40: 41
Secondly, cells were cultured at high densities in this study, resulting in the formation of
cell-cell contacts, which can also alter cells such that they exhibit a less invasive
phenotype.*2

Using this multi-cellular model, we observed differences in the 12Z response to
macrophage-derived factors compared to cells cultured on TCP (Figures 6 and 7). There are
several variations between rBM and tissue culture plastic that could explain the heightened
sensitivity to macrophage-derived factors observed for cells in rBM culture. First, the
stiffness of the two materials is very different - tissue culture plastic has a modulus of
approximately 10° Pa,*3 while rBM gels are approximately 450 Pa.*4 Numerous studies
have demonstrated that material stiffness can impact sensitivity of cells to soluble

stimuli4® 46 and influence cell behaviors such as adhesion, proliferation, migration, and
differentiation.?” Secondly, the interactions between cells cultured in rBM gels were
different than those of cells in a monolayer as cells in rBM form multi-cellular clusters
(Figure 2). Maintenance of multi-cellular structures has been shown to impact cellular and
tissue level functions.8 Finally, cells cultured in ECM gels interact with these gels through
different integrins than cells cultured on TCP substrates, which could alter cellular response
to growth factors. rBM is primarily composed of collagen 1V and laminin, which are bound
by a1B1, al0p1, a3pl, abPl, a6p4, and the non-integrin 67 kDa laminin receptor while Coll
| is bound by a1B1 and a2p1.4° Cells interact with TCP through adsorbed serum proteins
such as vitronectin,® which is bound by integrins such as avB1, avp3, and avp5.4° To
clarify which difference was responsible for the increased sensitivity on rBM, 12Z cells
were cultured in Coll I gels, which have similar stiffness to rBM gels (approximately 300
Pa®1) but do not induce multi-cellular structures (Figure 2). Cells cultured in Coll | behaved
similarly to cells cultured on TCP, indicating the increased sensitivity was not a result of
stiffness changes alone and could be in response to differential integrin activation or the
altered cell morphology. To explore the role of outside-in signaling from the ECM, cell
receptors for collagen IV or laminin were blocked. When all receptors for collagen 1V were
blocked using soluble collagen 1V, 12Z created long web-like patterns (Figure 5C)
suggesting that collagen 1V in the basement membrane may play a role in the contraction of
cells into tightly packed clusters. Further, when 12Z were treated with the 67LR antagonist
melibiose, but not with the anti-a6 integrin antibody, overall cluster size significantly
decreased. Instead of forming large tight clusters, as in the vehicle control, 12Z formed
small clusters comprised of fewer cells, suggesting that laminin plays a major role in cluster
formation specifically through its interaction with the 67LR receptor (Figure 5D). Previous
studies have shown that the 67LR is associated with increased invasiveness in many different
cancers®2 33 and has been shown to increase cancer cell adhesion.>* Thus, it is possible that
the 67LR mediates 12Z multicellular cluster formation by promoting cell motility.

To examine which factors from macrophage-conditioned media were responsible for the
increase in cell proliferation on rBM, 12Z cells were treated with factors that were identified
in the THP-1 conditioned media. Of the factors investigated, 12Z cells responded only to
CXCL8 and HB-EGF. CXCLS8 is a ligand for CXCR1 and CXCR2, and stimulates
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angiogenesis as well as proliferation and migration of cells.5> CXCLS8 levels were reported
to be elevated in endometriosis, 3% 56 although the level of CXCLS8 did not correlate with
pain experienced by patients.>” Analysis of the role of CXCL8 in endometriosis has
primarily focused on its impact on stromal cells, which produce CXCLS that directs cell
proliferation in an autocrine manner.58 12Z cells have previously been shown to produce
CXCL8 when stimulated with TNFa,>9 but the impact of CXCLS8 on ectopic epithelial cell
proliferation has not been reported. HB-EGF is a member of the epidermal growth factor
(EGF)-like growth factor family that acts as a ligand for both the EGF receptor (ErbB1) and
ErbB4. HB-EGF has been shown to activate proliferation through ErbB1 and chemotaxis
and migration through ErbB4 in NIH 3T3 cells engineered to express only ErbB1 or
ErbB4.50 HB-EGF has been shown to have increased expression prior to implantation in the
apical surface of the luminal epithelium in the human endometrium.61 Further, increased
expression of HB-EGF has been found in cytotrophoblasts and syncytiotrophoblasts of the
chorionic villi early in pregnancy in humans and has been found to stimulate the invasion of
embryonic trophoblasts into the surrounding epithelium during implantation in humans.52 To
our knowledge, the effect of HB-EGF in endometriosis has not been reported. It is
interesting to note that in contrast to CXCL8, HB-EGF treatment also led to increased
invasion into the rBM. This is of particular interest as invasive and proliferative
characteristics of endometriotic lesions differ based on the stage and severity of the
disease.3 Thus, this data lends HB-EGF as a possible growth factor involved in the
pathophysiology of endometriosis.

Combined, our results indicate that soluble factors secreted by macrophages impact ectopic
epithelial cell morphology, proliferation, and invasiveness, and that these effects were
observed when cells were cultured in a basement membrane context and not in a stromal
context. These results suggest that in order to develop new therapeutic approaches to control
endometriosis, it will be critical to develop physiologically-relevant /n vitro models. Future
studies using the rBM overlay culture system could incorporate additional cellular elements
to more completely capture the /n vivo physiology. For example, stromal cells make up a
large portion of the ectopic lesion and are involved in the aberrant hormonal response seen
in endometriosis.?* Additionally, the use of primary macrophages would allow for
characterization of how /n vitro lesions differ in response to M1 or M2 macrophages or
macrophages from healthy women versus women with the disease.18
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FIGURE 1.
127 preferentially adhered to laminin and collagen 1V, two key components of the basement

membrane, with lower levels of adhesion to collagen I and fibrin. 12Z were plated in serum-
free media for 2 hours on adsorbed ECM proteins, stained with the nuclear stain TO-PRO-3,
and the number of adherent cells was quantified via fluorescence intensity. Cells that were
plated in complete media were used as a positive control and wells coated with 1% BSA
were used as a negative control.
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rBM

FIGURE 2.
127 ectopic epithelial cells have distinct morphologies when cultured with different

substrates. Cells were plated on tissue culture plastic (TCP, 5,000 cells/cm?) or in collagen |
(Coll 1, 25,000 cells/cm?) or recombinant basement membrane (rBM, 50,000 cells/cm?) gels
and observed for 72 hours. Scale bar equals 100 um.

Cell Mol Bioeng. Author manuscript; available in PMC 2016 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pollock et al.

Page 17

A 48h 72h B. .
‘:’92
3
x,

724 a8

Time (h)

FIGURE 3.
12Z cells formed viable structures in rBM gels and continued to proliferate. (a) 12Z cells

were viable in the multi-cellular structures observed in rBM gels. Cells were plated at a
density of 50,000 cells/cm? and stained with Live/Dead (green/red, respectively) after 48
and 72 hours of culture. Scale bar equals 50 pm. (b) 12Z proliferated in the multi-cellular
structures observed in rBM gels. Cells were plated at a density of 50,000 cells/cm? and cell
number was assayed by CellTiter Glo. Data plotted as average + SEM, * indicates
significantly different than 24 hours, p<0.05 (n=3).
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FIGURE 4.
12Z cells formed multi-cellular structures through migration. Cells were plated in rBM gels

at a density of 50,000 cells/cm? and examined by time-lapse microscopy. Numbers indicate
time elapsed in culture in hours (imaging started approximately 30 minutes after the rBM
overlay was applied).
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FIGURE 5.
127 cells formed significantly fewer large clusters (>5 cells/cluster) when the 67LR was

blocked. Cells were pretreated with &) isotype control, b) 10 ug/mL anti-a6 integrin
blocking antibody GoH3, c) 50 pg/mL soluble collagen 1V, or d) 30 mM melibiose for 45
minutes and then cultured in rBM gels for 24 hours. Scale bar equals 250 um. €) The effect
of each inhibitor was determined by manually binning clusters according to size (2-5 cells =
small, >5 cells = large). * indicates significantly different than control as determined by
Pearson’s chi-squared analysis, p<0.01.
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127 cells proliferated in response to THP-1 conditioned media when cultured in rBM gels.
Cells were plated on TCP or in Coll | or rBM gels and treated with THP-1 conditioned
media. Cell number was assayed by CellTiter Glo relative to control-treated 12Z cells
cultured with the same substrate. Data plotted as average + SEM normalized to control
media for the same substrate; * indicates significantly different than control for the same
substrate, p<0.05 (n=3-4).
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FIGURE 7.
Multi-cellular structures were disrupted after exposure to THP-1 conditioned media. Cells

were plated in rBM gels, treated with control or conditioned media, and observed for 72
hours. Scale bar equals 50 pm.
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FIGURE 8.
127 cells proliferated in response to CXCL8 or HB-EGF when cultured in rBM gels. Cells

were plated in rBM gels and treated with 100 ng/mL of CXCL8, MIF, or IL-1ra or 10 ng/mL
HB-EGF. Cell number was assayed by CellTiter Glo after 72 hours of treatment relative to
vehicle-treated 12Z cells cultured in rBM. Data plotted as average + SEM, * indicates
significantly different than vehicle control, p<0.05 (n=4).
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FIGURE 9.
Multi-cellular structures were disrupted after exposure to HB-EGF. Cells were plated in

rBM gels, treated with vehicle or 10 ng/mL HB-EGF, and observed for 72 hours. Scale bar
equals 50 pm.
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