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Abstract

This study tested the hypothesis that reciprocal communication occurs between macrophages and
cultured human endometrial stromal cells and that this communication may contribute to the
pathology of endometriosis. An endometrial stromal cell line (T-HESC) was treated with
macrophage conditioned medium (CM) = estradiol+progesterone. Macrophages were treated
without or with T-HESC CM. DNA microarray identified 716 differentially expressed genes in T-
HESC cells in response to factors secreted by macrophages. Up-regulated genes in T-HESC
included IL8/CXCL8, MMP3, phospholamban, CYR61/CCN1, CTGF/CCNZ2, tenascin C, and
NNMT, whereas integrin alpha 6 was down-regulated. In contrast, 15 named genes were
differentially expressed in macrophages in response to factors secreted by endometrial stromal
cells. The data document reciprocal communication between macrophages and endometrial
stromal cells and suggest that interaction with macrophages stimulates the expression of genes in
endometrial stromal cells that may support the establishment of endometriosis.
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Introduction

Although endometriosis is considered a benign disease, the implantation of endometrial
tissue in the peritoneal cavity causes significant pain, debility, and infertilityl 2. It has been
proposed that the immune system is faulty in women who develop endometriosis® 4 and
endometriosis is clearly an inflammatory disease 2. Bone marrow-derived cells are
plentiful in endometriotic explants and in the peritoneal fluid of women with the disease®”,
yet the immune system fails to destroy endometrial cells in the peritoneal cavity of those
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women. The presence of cytokines, growth factors, and chemokines secreted by bone
marrow-derived cells alters the peritoneal environment in endometriosis and it has been
proposed that these factors contribute to the development of endometriosis’-11.

Yet, despite the abundance of macrophages and monocytes found in peritoneal fluid and
endometriotic lesions of women with endometriosis, little is known regarding the role of
these cells in the etiology of endometriosis or their interplay with endometrial cells. In order
for endometriosis lesions to develop, endometrial cells must survive transit from the uterus
to the peritoneal cavity in the absence of a blood supply, adhere to the peritoneum or ovarian
surface, invade through the surface of the tissue to which they adhere, develop a new
vascular supply, and grow. We hypothesize that communication between macrophages and
endometrial cells can stimulate events associated with the development of endometriosis.
More specifically, we theorize that interactions with macrophages tip the balance for
endometrial cells from death to survival, adhesion, invasion, neovascularization, and growth.
We have shown that monocytes and endometrial stromal cells communicate directly with
each other'2. The current study was designed to test the hypothesis that reciprocal
communication occurs between macrophages and cultured human endometrial stromal cells
and that this communication, translated to the in vivo state, may contribute to the pathology
of endometriosis.

The current studies used cultured cells as a model system. These experiments were designed
to model potential interactions between peritoneal macrophages and endometrial stromal
cells that have mislocated to the peritoneal cavity, as well as the effect of decidualization on
those interactions. Two cell lines were used, telomerase-immortalized human endometrial
stromal cells (T-HESC)13 and U-937 macrophages!4. Cell culture simplifies study of the
interactions among cells by limiting the numbers of cell types in the system. Moreover, cell
culture allows examination of cell interactions in a controlled environment. These
experiments analyzed the effect of factors secreted by macrophages on gene expression in T-
HESC cells, and the effects of factors secreted by T-HESC cells on gene expression in
macrophages. Genes that were differentially expressed in this study were compared to genes
that were differentially expressed in endometriosis tissuel® and in cultured endometrial cells
exposed to factors secreted by monocytes!2.

Methods and Materials

Experimental design

In experiment 1, T-HESC cells were treated with vehicle or estradiol plus
medroxyprogesterone acetate in the presence and absence of macrophage conditioned
medium. In experiment 2, macrophages were treated under control conditions in the absence
or presence of T-HESC conditioned medium. Total RNA was extracted from the cells and
gene expression was measured by DNA microarray and by real time RT-PCR for both
experiments.

Reprod Sci. Author manuscript; available in PMC 2015 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eyster et al.

Cell Lines

Page 3

American Type Culture Collection was the source for human endometrial stromal cells
immortalized by telomerase (T-HESC) and the U-937 monocytic cell line. Phenol red-free
DMEM/F12 (Sigma, St. Louis, MO) supplemented with 1% ITS+ (insulin, transferrin,
selenious acid, bovine serum albumin, and linoleic acid) (Becton Dickinson, Franklin Lakes,
NJ), 10% charcoal/dextran treated fetal bovine serum albumin (FBS) (HyClone, South
Logan, UT), 1% penicillin/streptomycin (Sigma), and 500 ng/ml puromycin (Sigma) was
used for routine maintenance of T-HESC cells. RPMI-1640 media (ATCC) supplemented
with 10% charcoal/dextran treated FBS and 1% penicillin/streptomycin was used for routine
maintenance of the U-937 cell line.

Preparation of the U-937 macrophage conditioned medium

For maintenance of the cell line, U-937 cells were grown as monocytes in suspension in
10% FBS RPMI-1640 with pen/strep media until the cells covered 80% of the flask surface.
The cells were treated with 32 nM phorbol myristate acetate (PMA) for 48 hours to
stimulate differentiation into macrophages!®. The PMA- and FBS-containing medium was
removed from the macrophages and the cells were rinsed with phosphate buffered saline
(PBS). Fresh serum-free, phenol red-free DMEM/F12 media supplemented with 1%
penicillin/streptomycin was placed on the cells for 24 hours. The conditioned medium was
collected, centrifuged, and filtered through a 0.2 micron filter and stored at —70°C until used
as macrophage conditioned medium (CM). The U-937 macrophage CM was supplemented
with 1% ITS+ and puromycin before use. The U-937 cells differentiated from the monocytic
phenotype (suspension culture) to the macrophage phenotype (adherent and containing
inclusion bodies) in response to PMA16 (data not shown).

Preparation of T-HESC conditioned medium

T-HESC cells were maintained in their routine media (phenol red-free DMEM/F-12 with
10% charcoal/dextran treated FBS supplemented as described above) until 80% confluent.
The cells were rinsed with PBS and the DMEM/F-12 media was replaced with serum-free
phenol red-free RPMI-1640 supplemented with 16.4 mM L-glutamine, 10 mM HEPES, and
1% penicillin/streptomycin for 24 hours, at which time the medium was removed from the
T-HESC cells, centrifuged, filtered through a 0.2 micron filter, and stored at —70°C until
used as T-HESC CM.

Hormone and Conditioned Medium Treatments and RNA extraction12

For experiment 1, 4 flasks each of three separate passages of T-HESC cells were cultured
for 8 days. Two flasks of each passage were grown in the presence of 0.1% ethanol (vehicle
control) and the remaining 2 flasks were treated with 1078 M estradiol + 10~ M
medroxyprogesterone acetate (E+P) (Sigma, St. Louis, MO)12 13, \/ehicle or E+P was
added to the cells every 48 h when the media was changed. This dose and duration of E+P
treatment induces a decidual-like reaction in cultured endometrial stromal cells.2® Cells were
serum starved beginning on day 6 of the experiment. U-937 macrophage CM was added to
one flask of each treatment group (vehicle and E+P) on day 7. The remaining two flasks of
cells were treated with non-conditioned control medium (serum-free, phenol red-free
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DMEM/F12 supplemented with 1% penicillin/streptomycin). To collect total RNA on day 8,
the medium was removed from the T-HESC cells, and 1 ml TRI reagent (Molecular
Research Center, Cincinnati, OH) was added to each flask of rinsed cells. A cell scraper was
used to suspend and homogenize the cells. Bromochloropropane (200 pl) and 3M sodium
acetate (60 pl) were added to the homogenate and the mixture was centrifuged to elicit phase
separation. The aqueous phase of each sample containing the RNA was collected and
purified on an RNeasy column (Qiagen, Valencia, CA). The possibility of contamination of
the RNA with DNA was eliminated by with an on-column RNase-free DNase. The RNA
quality and quantity were assessed using the RNA 6000 Nano LabChip in an Agilent
Bioanalyzer (Agilent Technologies, Waldbronn, Germany).

For experiment 2, 2 flasks each of 3 separate passages of U-937 cells were grown in their
routine RPMI-1640 media (ATCC) supplemented with 10% charcoal/dextran treated FBS
and 1% penicillin/streptomycin until the cells covered 80% of the flask surface. The cells
were treated with 32 nM PMA for 48 hours to stimulate differentiation of the monocytes
into macrophages. The macrophages were serum-starved for 24 hours, then the medium was
replaced with T-HESC CM or with non-conditioned control medium for 24 hours. Total
RNA extraction and assessment of RNA were carried out as described above for T-HESC
cells.

DNA Microarrays

Applied Microarrays (Tempe, AZ) was the source of the CodeLink Whole Human Genome
Bioarrays!? 1. 17. 18 ysed for the analysis of gene expression in experiments 1 and 2. In
experiment 1, T-HESC cells were treated with vehicle, E+P, vehicle + macrophage CM, or
E + P + macrophage CM (n=3 passages/group, no samples were pooled). In experiment 2,
U-937 macrophages were treated with nonconditioned medium or T-HESC conditioned
medium (n=3 passages/group, no samples were pooled). CodeLink microarrays are spotted
with single-stranded 30-mer oligonucleotide probes for 53,000 human genes/transcribed
sequences. Total RNA was the starting material for the synthesis of biotinylated
complementary RNA (cCRNA) as described!®. Biotinylated cRNA was hybridized with the
CodeLink microarrays for 18 h, and hybridized slides were processed and scanned as
described!®. GenePix Pro software (MDS, Inc., Toronto, Canada) was used to acquire the
microarray images. Microarray data were aligned, background correction applied, and
individual spots were associated with their gene identifiers using CodeL ink software
(Applied Microarrays, Tempe, AZ). Acuity software (MDS, Inc., Toronto, Canada) was
used to obtain fold expression values. Statistical analysis of the microarray data,
normalization of the expression of each gene to the median gene expression and of each
slide to the 50t percentile of gene expression were carried out using GeneSpring 7.3
software (Agilent, Santa Clara, CA). Comparisons of differential gene expression in the
current study were made to lists of differentially expressed genes in endometriosis tissuel®
and to cultured T-HESC cells that had been treated with monocyte conditioned medium?2.

Real time RT-PCR

Real time reverse transcription-polymerase chain reaction (real time RT-PCR) was used to
confirm differential expression of selected genes identified by DNA microarray. Pre-

Reprod Sci. Author manuscript; available in PMC 2015 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eyster et al.

Page 5

designed primers and minor groove binding probes and TagMan Gold reagents were
obtained from Applied Biosystems (Foster City, CA) as described!2. Differences in
expression of each gene of interest were calculated relative to the expression of an
endogenous control, GAPDH (housekeeping gene). The qBase softwarel® package was used
to analyze real time RT-PCR data.

Statistical analyses

Results

The GeneSpring 7.3 (Agilent, Santa Clara, CA) software package was used to analyze the
DNA microarray data by analysis of variance. The multiple testing correction used the
Benjamini and Hochberg false discovery rate. Approximately 5% of the identified genes
would be expected to pass this restriction by chance. Real time RT-PCR data were analyzed
by ANOVA followed by Newman-Keuls Multiple Comparison Test using GraphPad Prism
4.0 software (GraphPad Software, San Diego, CA).

An increase in prolactin expression is considered a universal marker for decidualization13,
Assessment of prolactin expression by real time RT-PCR showed an increase from 3.04 +
0.7 in control conditions to 60.34 + 7.2 in the presence of E+P. The cells also underwent
phenotypic changes in response to E+P as described with decidualizationl? (data not
shown). The increase in prolactin expression and phenotypic changes in the presence of E+P
confirm the endometrial identity of the T-HESC cell line. The presence of macrophage CM
reduced prolactin expression to 1.0 + 0.3 in control conditions and 6.77 = 1.1 in the presence
of E+P.

Statistical analysis demonstrated that treatment of T-HESC cells with macrophage CM
resulted in two-fold up- or down-regulation of 716 named genes with p values of 0.05 or less
and with expression values greater than 1. Of those genes, 644 responded to macrophage
CM in the absence or presence of E+P (Supplemental Table 1). The remaining 72 genes
responded to E+P but not to macrophage CM (Supplemental Table 2). The genes were
sorted into 23 gene ontologies based on the categories of differential expression in response
to macrophage CM (Table 1); some of the ontologies were empty in the E+P-only
responding genes. The entire data set for all DNA microarrays in this study has been
deposited in the National Center for Biotechnology Information Gene Expression Omnibus
(GEO; www.ncbi.nlm.nih.gov/geo) as recommended by Minimum Information About a
Microarray Experiment (MIAME) standards2°. The data can be accessed through GEO
Series accession number GSE19834.

Real time RT-PCR was used to confirm the differential expression of selected genes.
Treatment of cultured T-HESC cells with macrophage conditioned medium (CM)
significantly increased the expression of interleukin 8, also known as chemokine CXCL8
(IL8/CXCLB); the presence of E+P did not affect IL8/CXCL8 expression in the presence or
absence of macrophage CM (Figure 1A-B). Treatment of cultured T-HESC cells with
macrophage conditioned medium (CM) significantly increased the expression of matrix
metalloproteinase 3 (MMP3) as shown by both DNA microarray and by real time RT-PCR.
The presence of E+P significantly reduced the up-regulation of MMP3 expression caused by
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treatment with macrophage CM (Figure 1C-D). Matrix metalloproteinase 1 (MMP1) showed
a similar pattern of expression as MMP3 (Supplemental Table 1). In contrast, the expression
of integrin alpha 6 (ITGA6) was significantly reduced by treatment with both E+P and
macrophage CM (Figure 1E-F). The presence of macrophage CM stimulated a significant
increase in the expression of phospholamban (PLN). The addition of E+P reduced the
expression of phospholamban to control levels (Figure 1G-H).

The expression of cysteine-rich angiogenic inducer 61, also known as CCN1 (CYR61/
CCN1) was significantly increased in T-HESC cells in the presence of macrophage CM. The
addition of E+P had no effect on control expression of CYR61/CCN1 but down-regulated its
expression in the presence of macrophage CM (Figure 2A-B). The presence of macrophage
CM stimulated a significant increase in the expression of connective tissue growth factor,
also known as CCN2 (CTGF/CCN2). The addition of E+P reduced the expression of CTGF/
CCN2 to control levels (Figure 2C-D). Treatment of cultured T-HESC cells with
macrophage conditioned medium (CM) significantly increased the expression of tenascin C
(TNC) as shown by both DNA microarray and real time RT-PCR. For tenascin, the presence
of E+P significantly reduced the up-regulation of expression caused by treatment with
macrophage CM (Figure 2E-F). Nicotinamide N-methyltransferase (NNMT) expression was
significantly increased in T-HESC cells treated with macrophage CM. The presence of E+P
caused a further increase in expression of NNMT in cultured T-HESC cells in the presence
of macrophage CM (Figure 2G-H).

The genes that were differentially expressed in T-HESC cells in response to treatment with
macrophage CM (Supplemental Table 1) were compared to the genes that were shown to be
differentially expressed in endometriosis in a previous study from our laboratory® using
Access database and Excel to identify duplicates in the two gene lists. Forty-six genes
appeared in both lists (Table 2). The list of overlapping genes included 6% of each
individual gene list (Figure 3A). Five genes from the group that appeared on both lists were
in the group chosen for follow-up with real time RT-PCR in T-HESC cells described above
(integrin alpha 6, phospholamban, CYR61/CCN1, CTGF/CCN2, and NNMT).

The genes that were differentially expressed in T-HESC cells in response to macrophage
CM (Supplemental Table 1) were also compared to the genes that were differentially
expressed in T-HESC cells in response to monocyte CM as described in a previous study
from our laboratory!? using Access database and Excel to identify duplicates in the two gene
lists. Under control conditions, 98 genes were differentially expressed in T-HESC cells in
response to treatment with either macrophage CM or monocyte CM (Supplemental Table 3).

Secreted factors synthesized by macrophages grown under control conditions that are
expected to be responsible for stimulating differential gene expression in T-HESC cells were
identified by DNA microarray (Table 3). The group of factors secreted by macrophages was
compared to the list of factors secreted by monocytes reported previouslyl2. There was
substantial overlap of the factors secreted by monocytes with the factors secreted by
macrophages (Figure 3B). Of the 58 factors secreted by monocytes, 54 were also secreted by
macrophages. In contrast, there was less overlap of factors secreted by macrophages in that
54 of the 116 macrophage-secreted factors matched those of monocytes (Figure 3B).
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However, the overlap of differentially expressed genes in response to macrophage CM
versus monocyte CM was not as great as the overlap of factors secreted by the two cell types
(Figure 3C).

Treatment of U-937 macrophages with T-HESC CM resulted in the differential expression
of 15 named genes that exhibited more than 2-fold difference (increase or decrease)
compared to control and with p values of 0.05 or less (Table 4). Five genes that were up-
regulated in U-937 macrophages in response to treatment with T-HESC CM were also up-
regulated in T-HESC cells treated with macrophage CM. These five genes were matrix
metalloproteinase 3 (MMP3), metallothionein 1X, oxidised low density lipoprotein receptor
1, tumor necrosis factor receptor superfamily member 21 (TNFR21), and inhibin beta A.

Discussion

The most important finding of this study is that reciprocal communication occurs between
cultured endometrial stromal cells and macrophages. First, treatment of cultured endometrial
stromal cells with macrophage CM resulted in changes in expression of a large number of
genes which indicates that macrophages secrete factors that act on endometrial stromal cells.
Secretory activity increases dramatically when monocytes differentiate into macrophages'6
and we identified a number of secreted factors from macrophages using DNA microarray.
These secreted factors include cytokines, chemokines, growth factors, and other ligands, all
of which may contribute to the changes in gene expression observed in cultured endometrial
stromal cells. Endometrial stromal cells up-regulate the expression of cytokines, chemokines
and other ligands in response to macrophage CM. These factors may act on macrophages
and other cell types of an endometriosis lesion, and they may act in a paracrine manner on
neighboring endometrial stromal cells. Genes in ontologies associated with cellular
functions associated with the establishment of endometriosis such as cell survival (cell
cycle/cell death ontology), adhesion, neovascularization (angiogenesis ontology), and
invasion (ontologies: proteases and related, extracellular matrix, signal transduction, and
cytoskeleton) were found to be differentially expressed in response to macrophage CM.
Second, treatment of macrophages with CM from cultured endometrial stromal cells resulted
in changes in expression of genes in the macrophages, albeit a smaller number than with the
converse treatment. Together, these data confirm our hypothesis that macrophages and
endometrial stromal cells communicate with each other and that this communication,
translated to the in vivo state, may contribute to the pathology of endometriosis.

Although the number of differentially expressed genes in macrophages in response to
treatment with endometrial stromal cell CM was not large, it is interesting to note that 5
genes were reciprocally up-regulated in both cell types in response to conditioned medium
from the other cell type. These data suggest the potential for positive feedback between the
two cell types. Of the 5 genes, MMP3 has been proposed to be involved in the invasive
processes of endometriosis?L. A role for tumor necrosis factor a (TNFa) in endometriosis
has been proposed??; one of its receptors, TNFR21, is another of the 5 genes for which
positive feedback may occur between endometrial stromal cells and macrophages.
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The list of genes that was differentially expressed in cultured endometrial cells treated with
macrophage CM overlapped with the list of genes that was differentially expressed in
endometriosis lesions reported previouslyl®. The overlap of the two gene lists supports our
hypothesis that communication between macrophages and endometrial stromal cells
contributes to the pathology of endometriosis. As described further below, many of the
genes that appear in both lists have been associated with endometriosis. However, it is also
important to note that the list of overlapping genes included only 6% of each individual gene
list. The endometriosis tissue samples were obtained from well-established lesions which
had been chronically exposed to the inflammatory conditions of the lesion, whereas the
cultured endometrial stromal cells were newly exposed to the factors secreted by
macrophages, so the cellular responses may be different based on time of exposure.
Moreover, endometriosis lesions are composed of multiple cell types including endometrial
stromal and epithelial cells, vascular cells, and various types of leukocytes, whereas the
cultured cells are composed of a single cell type, so the cultured cells can only express a
partial response compared to the multicellular lesion. In addition, it has been reported that
the peritoneal mesothelial cells lining the peritoneal cavity interact with endometrial cells in
a model of early development of endometriosis, and that this interaction results in changes in
gene expression in both cell types?3. This interaction most likely also contributes to the gene
expression changes in endometriosis that do not overlap with the genes reported here for
cultured endometrial stromal cells.

Cysteine-rich angiogenic inducer 61 (CYR61)/CCN1, connective tissue growth factor
(CTGF)/CCN2, and tenascin C are all matricellular proteins which are proteins of the
extracellular matrix (ECM) that do not have a structural role2*. Rather, matricellular proteins
are adaptors and modulators of cell-ECM interactions. They interact with and integrate
subsets of the actions of cytokines, growth factors, proteases, ECM structural proteins, and
cell adhesion receptors in a cell type-specific manner24, CYR61/CCN1 and CTGF/CCN2
support a number of functions associated with endometriosis including cell adhesion, cell
migration, and angiogenesis?4. CTGF/CCN2 is known to synergize with transforming
growth factor B (TGFp) in the synthesis of ECM proteins during normal wound healing and
in pathological fibrosis?®26. An interaction between CTGF/CCN2 and TGFB may be
responsible for the fibrosis that occurs in endometriotic lesions!. Both CTGF/CCN21° and
CYR61/CCN12": 28 have been associated with endometriosis. Up-regulation of tenascin C
has also been reported in endometriosis!® 3132, Tenascin C is associated with cellular
functions associated with endometriosis such as migration and invasion, angiogenesis2%: 30,
and cell proliferation3?,

Cleavage of components of the extracellular matrix such as collagen by MMPs is believed to
play an important role in the remodeling of the extracellular matrix33: 34 that allows
endometrial cells to invade the peritoneum during the establishment of endometriosis
lesions?L. In addition, MMPs may release active growth factors and cytokines from inactive
precursors that are bound to the extracellular matrix34 and which may also contribute to the
development of endometriosis. Moreover, suppression of MMP expression with E+P
reduced the formation of endometriosis-like lesions in the nude mouse model of
endometriosis3®. Thus, our finding that macrophage CM stimulates the expression of MMPs
1 and 3 in cultured endometrial cells, and that MMP 1 and 3 expression was decreased by
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treatment with E+P, support the hypothesis that communication between macrophages and
endometrial cells may contribute to the pathology of endometriosis.

IL8, also known as chemokine CXCLS, is a chemotactic factor primarily for neutrophils and
lymphocytes3®, but has effects on other cell types as well37: 38, In addition, IL8/CXCLS8 is a
potent angiogenic factor3?. Increases in IL8/CXCL8 expression have been reported in
endometriosis?® and IL8/CXCLS is significantly increased in peritoneal fluid of women with
endometriosis*!. Moreover, IL8/CXCL8 expression by cultured endometrial stromal cells
has been reported#2. Thus our demonstration of increased IL8/CXCL8 expression in
endometrial stromal cells in response to macrophage CM corroborates information in the
literature. Our data also support the hypothesis that communication between macrophages
and endometrial cells contributes to the pathology of endometriosis through stimulating
neovascularization. The recruitment of neutrophils to the endometrial stromal cells by IL8/
CXCLS8 brings on board an additional cell type that is likely to contribute to the developing
intercellular communication network and may further exacerbate the pathology of
endometriosis.

Phospholamban was shown to be increased in endometriosis in a microarray study®, and in
the current study, macrophage CM increased phospholamban in cultured endometrial
stromal cells. Phospholamban suppresses the activity of the Ca?*-ATPase pump that returns
cytoplasmic calcium levels to basal concentrations by pumping calcium into the
endoplasmic reticulum (ER)*3. The primary focus of phospholamban research has been on
cardiac muscle contractility because of the importance of returning calcium to the
sarcoendoplasmic reticulum after each muscle contraction**. Recently, a new role for
phospholamban has been proposed in cell survival. A decrease in calcium levels in the ER
reduces the sensitivity of a cell to apoptosis, whereas an increase in ER calcium increases
the sensitivity of the cell to apoptosis*4-46. We can speculate that an increase in expression
of phospholamban in endometrial stromal cells in response to factors secreted by
macrophages may reduce cellular sensitivity to apoptosis and support endometrial cell
survival outside the uterus.

Nicotinamide N-methyltransferase (NNMT) is involved in the metabolism of xenobiotics*’
and its expression has been shown to be a prognostic indicator in cancer®®. NNMT is up-
regulated in endometriosis tissue® and is expressed in normal endometrium4®. Recently,
NNMT expression has been associated with increased cell migration and tumor invasion in
bladder cancer cell lines®0. The increased expression of NNMT in endometrial stromal cells
treated with macrophage CM may be related to the migration and invasion of endometrial
cells that occurs during the establishment of endometriosis.

Adhesion of endometrial cells to the peritoneum is an integral step in the establishment of
endometriosis* 1. Integrins are one of the large families of cell adhesive molecules®?: 52
and are considered to be important players in adhesion of endometrial cells in the peritoneal
cavity during the development of endometriosis. In addition to adhesion, integrins act as
mediators of signal transduction®? as well as cell motility®3. The expression of integrin alpha
6 was shown to decrease in endometriosis'® 54 and its expression is depolarized in the
endometrium of women with endometriosis®®. The reduction in expression of integrin alpha

Reprod Sci. Author manuscript; available in PMC 2015 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eyster et al. Page 10

6 in cultured endometrial cells in response to macrophage CM in the current study mimics
the data from endometriosis tissue. This change in expression may reflect a shift in the
migratory and/or adhesive properties of the endometrial stromal cells that ultimately
contribute to the establishment of endometriosis.

A comparison of the list of factors secreted by macrophages to that of monocytes
demonstrated that only 4 factors secreted by monocytes were not secreted by macrophages
as well. On the other hand, macrophages secreted 62 factors not present in monocytes. The
pattern of overlap of the gene expression responses of cultured endometrial stromal cells to
macrophage versus monocyte CM was different from the pattern of overlap of secreted
factors. Although we had expected that macrophage CM would elicit the expression of many
genes that did not respond to monocyte CM, we were surprised to observe the large number
of genes that were expressed in response to monocyte CM but not macrophage CM. A
possible explanation for this discrepancy lies in the fact that the expression of many genes is
regulated by multiple factors. The presence of a single factor, ie, a monocyte secreted factor,
may up-regulate the expression of a gene, whereas the presence of a second factor in
addition to the first may prevent the expression of that gene. Although gene expression
responses of endometrial stromal cells to monocyte CM and macrophage CM were different,
they do not appear to oppose each other. Rather, the responses to both seem to support
development of endometriosis. Since both monocytes and macrophages are present in
endometriosis lesions and have different effects on endometrial stromal cells, it is likely that
the effects of both cell types influence the development and maintenance of endometriosis
and may even synergize in their effects on endometriosis.

In summary, this report documents reciprocal communication between macrophages and
endometrial stromal cells. The data lead us to propose that this intercellular dialogue
contributes to the establishment of endometriosis
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Figure 1.
Differential expression of interleukin 8/CXCL8 (IL8/CXCLS8, A, B), matrix

metalloproteinase 3 (MMP3, C, D), integrin alpha 6 (E, F), and phospholamban (G, H) in
cultured human endometrial stromal cells treated with vehicle (control, C) or estradiol plus
medroxyprogesterone acetate (E+P) in the absence or presence of macrophage CM as
measured by DNA microarray (A, C, E, G) and by real time RT-PCR (B, D, F, H).
Significance was determined by ANOVA using GeneSpring software for microarray data
and GraphPad 4 for real time RT-PCR data, p<0.05, n=3. Bars with different letter
superscripts denote that the data for those groups were significantly different from each
other.
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Figure 2.
Differential expression of cysteine rich angiogenic inducer 61/CCN1 (CYR61/CCN1, A, B),

connective tissue growth factor/CCN2 (CTGF/CCN2, C, D), tenascin C (E, F), and
nicotinamide N-methyltransferase (NNMT, G, H) in cultured human endometrial stromal
cells treated with vehicle (control, C), estradiol plus medroxyprogesterone acetate (E+P) in
the absence or presence of macrophage CM as measured by DNA microarray (A, C, E) and
by real time RT-PCR (B, D, F). Significance was determined by ANOVA using GeneSpring
software for microarray data and GraphPad 4 for real time RT-PCR data, p<0.05, n=3. Bars
with different letter superscripts denote that the data for those groups were significantly
different from each other.
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671
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Figure 3.
A. Overlap of genes in cultured endometrial cells that were differentially expressed in

response to macrophage CM and genes that were differentially expressed in
endometriosis!®. B. Overlap of factors secreted by monocytes!? versus factors secreted by
macrophages. C. Overlap of genes in cultured endometrial cells that were differentially
expressed in response to macrophage CM versus monocyte CM12,
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Ontologies of genes that were differentially expressed in endometrial stromal cells (T-HESC cell line) in the
presence of macrophage conditioned medium (Mph CM) + estrogen plus progesterone (E+P) compared to
ontologies of genes differentially expressed in T-HESC cells in response to E+P only (no response to Mph
CM) compared to control conditions.

Signal transduction
Proteases and related
Steroid metabolism
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Genes differentially expressed both in endometriosis® and in T-HESC+Macrophage CM.?

Table 2

NM_004098
NM_032638
NM_133443
NM_002147
NM_000210
NM_181354
NM_007169
NM_019012
NM_020809
NM_004755
M77810
NM_015833
NM_000682
NM_170732
NM_203416
NM_005623
NM_002089
NM_001276
NM_016206
BCO070085
NM_000760
NM_001901
NM_001554
NM_004946
NM_003507
NM_005512
NM_139211
NM_005525
NM_181501
NM_006332
NM_002185
NM_001557
NM_020169
NM_012320
NM_002317
NM_000900
NM_005952
NM_006169
NM_002667

empty spiracles homolog 2 (EMX2)

GATA binding protein 2 (GATA2)

glutamic pyruvate transaminase 2 (GPT2)

homeo box B5 (HOXB5)

integrin, alpha 6 (ITGA6)

oxidation resistance 1 (OXR1)
phosphatidylethanolamine N-methyltransferase (PEMT)
phosphoinositol 3-phosphate-binding protein-2 (PEPP2)
Rho GTPase activating protein 20 (ARHGAP20)

ribosomal protein S6 kinase, 90kDa, polypeptide 5 (RPS6KAS)

transcription factor GATA-2 (GATA-2)

adenosine deaminase, RNA-specific, B1 (ADARBL)
adrenergic, alpha-2B-, receptor (ADRA2B)
brain-derived neurotrophic factor (BDNF)

CD163 antigen (CD163)

chemokine (C-C motif) ligand 8 (CCL8)

chemokine (C-X-C motif) ligand 2 (CXCL2)

chitinase 3-like 1 (cartilage glycoprotein-39) (CHI3L1)
colon carcinoma related protein

colony stimulating factor 2 receptor, beta, low-affinity
colony stimulating factor 3 receptor (granulocyte) (CSF3R)
connective tissue growth factor (CTGF)

cysteine-rich, angiogenic inducer, 61 (CYR61)
dedicator of cytokinesis 2 (DOCK?2)

frizzled homolog 7 (FZD7)

glycoprotein A repetitions predominant (GARP)
homeodomain-only protein (HOP)

hydroxysteroid (11-beta) dehydrogenase 1 (HSD11B1)
integrin, alpha 1 (ITGA1)

interferon, gamma-inducible protein 30 (IF130)
interleukin 7 receptor (IL7R)

interleukin 8 receptor, beta (IL8RB)

latexin (LXN)

lysophospholipase 3 (lysosomal phospholipase A2) (LYPLA3)

lysyl oxidase (LOX)

matrix Gla protein (MGP)

metallothionein 1X (MT1X)

nicotinamide N-methyltransferase (NNMT)
phospholamban (PLN)

Fold Eosisb
0.50
0.40
0.40
0.40
0.40
0.50
0.50
0.40
0.50
0.50
0.40
2.00
3.10
4.00
9.20
6.20

10.70
9.90
2.70
2.80
5.10
3.10
4.60
2.80
8.10
2.30
3.20

10.60
2.50
3.30
7.40
2.70
3.70
4.00
2.90
3.90
2.30
7.40

13.30

Fold T-HESC®
0.35
0.44
051
0.52
0.21
0.54
0.64
0.56
0.38
0.22
0.42
2.25
4.81
1.74
191

3.2
3.23
172
1.68

13.02
1.78
6.46
4.78

18
1.34
2.66
7.93

25.38
343
2.21
3.34
1.63
3.35
6.19
1.99
6.95
1.57
5.63
38.4
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Fold Eosis®  Fold T-HESC®
NM_004675 ras homolog gene family, member | (ARHI) 10.60 4.65
NM_002928 regulator of G-protein signalling 16 (RGS16) 2.80 3.72
NM_206963 retinoic acid receptor responder 1 (RARRES1) 4.40 1.81
NM_002889 retinoic acid receptor responder 2 (RARRES2) 2.90 1.66
NM_001175 Rho GDP dissociation inhibitor (GDI) beta (ARHGDIB) 2.30 1.99

a., . .. . . . . .
Statistical differences in gene expression were calculated with GeneSpring 7.3 software.

Fold decrease or increase in expression in ectopic endometriosis (eosis) tissue compared to eutopic endometrial tissuel5.

c . . . .
Fold decrease or increase in expression in T-HESC cells treated with macrophage CM compared to control.
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Table 3

Page 20

Factors secreted by macrophages. Fold expression compares macrophage secretion to monocyte secretion of

the same factor.?

Genbank Accession #

NM_138284
NM_001252
NM_001562
NM_006573
NM_000606
NM_002415
NM_022059
NM_009588
NM_002988
NM_000660

AK023341
NM_005746
NM_006072
NM_005409
NM_003807
NM_172369

NM_000064
NM_002089
NM_002982
NM_004591
NM_001565
NM_000572
NM_000576

NM_002984
NM_002983

NM_006273
NM_000584

NM_005623

NM_002704

NM_002981
NM_182486

Gene Name

Cytokines/Chemokines

interleukin 17D (IL17D)*

tumor necrosis factor (ligand) superfamily 7 (TNFSF?)*
interleukin 18 (interferon-gamma-inducing factor) (IL18)*
tumor necrosis factor (ligand) superfamily 13b (TNFSFlsB)*
complement component 8, gamma polypeptide (CBG)*
macrophage migration inhibitory factor (MIF)*
chemokine (C-X-C motif) ligand 16 (CXCL16)"
lymphotoxin beta (TNF superfamily, member 3) (LTB)*
chemokine (C-C motif) ligand 18 (CCL18)

transforming growth factor, beta 1 (TGFBl)*

similar to Pre-B cell enhancing factor precursor
pre-B-cell colony enhancing factor 1 (PBEF1)
chemokine (C-C motif) ligand 26 (CCL26)

chemokine (C-X-C motif) ligand 11 (CXCL11)

tumor necrosis factor (ligand) superfamily 14 (TNFSF14)

complement component 1, g subcomponent, gamma
polypeptide (C1QG)

complement component 3 (C3)

chemokine (C-X-C motif) ligand 2 (CXCL2)
chemokine (C-C motif) ligand 2 (CCL2)
chemokine (C-C motif) ligand 20 (CCL20)
chemokine (C-X-C motif) ligand 10 (CXCL10)
interleukin 10 (IL10)

*

interleukin 1, beta (IL1B)
chemokine (C-C motif) ligand 4 (CCL4)

chemokine (C-C motif) ligand 3 (CCL3)
chemokine (C-C motif) ligand 7 (CCL7)

interleukin 8 (IL8)*
chemokine (C-C motif) ligand 8 (CCL8)

pro-platelet basic protein (chemokine (C-X-C motif) ligand 7)
(PPBP)

chemokine (C-C motif) ligand 1 (CCL1)

C1q and tumor necrosis factor related protein 6 (CLQTNF6)

Macrophage Expression

15.16
32.57

4.27

10.39
24.62

6.25
14.15
3.70
3.80
5.63
3.28

10.73
10.67
36.98
8.89
9.05
17.92
328.10

40.08
124.58

82.37
353.04

31.88

42.78

99.19
2.49
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0.2
0.3
0.4
0.4
0.5
0.5
2.2
2.3
2.3
2.7

5.0
5.2
7.3
8.1
8.9
10.6

15.1
17.3
23.2
23.6
24.2
25.8
26.2

28.0
40.1

55.2
76.5

103.2

114.4

274.0
nd
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Genbank Accession #
NM_002995
NM_002990
NM_005064
NM_002991
NM_002985

NM_002996
NM_001511

NM_002090
NM_016951

NM_144601
NM_138460
NM_017801
NM_138410
NM_178868

NM_015991
NM_182528
NM_001734
NM_000063
NM_001928
NM_021268
NM_000605
NM_014440
NM_002187

NM_004513

NM_013278
NM_013371

NM_020525
NM_016584
NM_181339
NM_000589
NM_000600

NM_004221
NM_002975

NM_003326

Gene Name

chemokine (C motif) ligand 1 (XCLl)*

chemokine (C-C motif) ligand 22 (CCL22)"
chemokine (C-C motif) ligand 23 (CCL23)
chemokine (C-C motif) ligand 24 (CCL24)

chemokine (C-C motif) ligand 5 (CCL5)
chemokine (C-X3-C motif) ligand 1 (CX3CL1)

*
chemokine (C-X-C motif) ligand 1 (CXCL1)
chemokine (C-X-C motif) ligand 3 (CXCL3)

chemokine-like factor (CKLF)*

chemokine-like factor super family 3 (CKLFSFS)*
chemokine-like factor super family 5 (CKLFSFS)*
chemokine-like factor super family 6 (CKLFSFG)*
chemokine-like factor super family 7 (CKLFSF?)*

chemokine-like factor super family 8 (CKLFSF8)*
complement component 1, g subcomponent, alpha (C1QA)
complement component 1, g subcomponent-like 2 (C1QL2)
complement component 1, s subcomponent (C1S)
complement component 2 (C2)

D component of complement (adipsin) (DF)

interferon, alpha 17 (IFNA17)

interferon, alpha 2 (IFNA2)

interleukin 1 family, member 6 (epsilon) (IL1F6)

*
interleukin 12B (IL12B)

*
interleukin 16 (IL16)
interleukin 17C (IL17C)

interleukin 19 (IL19)"

interleukin 22 (IL22)*

interleukin 23, alpha subunit p19 (IL23A)*
interleukin 24 (IL24)*

interleukin 4 (IL4)*

*
interleukin 6 (interferon, beta 2) (IL6)
natural killer cell transcript 4 (NK4)
stem cell growth factor; lymphocyte secreted C-type lectin

(SCGR)”

tumor necrosis factor (ligand) superfamily 4 (TNFSF4)

Macrophage Expression
9.51
56.91

4.15

98.65

3.72
6.37

3.93
89.05

28.39

34.22

20.92

9.50
11.93
12.66
51.29
14.32

4.47

3.12

4.56

8.20

15.92

4.09
3.40

3.24

167.69
10.55

3.74
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nd

nd
nd
nd
nd

nd
nd

nd
nd

nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd

nd

nd
nd

nd
nd
nd
nd
nd

nd
nd

nd
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Genbank Accession #
NM_000074

NM_000594

NM_005860
NM_032536

NM_020415
NM_015973
NM_003393

NM_003395
NM_138573

NM_001719
NM_016362
NM_001953
NM_020530
NM_002192
NM_024866
NM_015985
NM_006129
NM_014482

NM_005448

NM_022640
NM_000759

NM_005618
NM_020892
NM_032890
NM_003792
NM_004952
NM_005227
NM_001962
NM_001963

NM_002087
NM_004494

NM_016073

NM_032631
NM_031479
NM_199349
NM_002309

NM_002405

Gene Name

tumor necrosis factor (ligand) superfamily 5 (TNFSF5)

*
tumor necrosis factor (TNF superfamily 2) (TNF)
Ligands/Growth factors
follistatin-like 3 (secreted glycoprotein) (FSTL3)

netrin G2 (NTNG2)
resistin (RETN)
galanin (GAL)

*
wingless-type MMTYV integration site family 8B (WNT8B)

wingless-type MMTYV integration site family 9A (WNT9A)

neuregulin 4*

bone morphogenetic protein 7 (BMP7)
ghrelin precursor (GHRL)

endothelial cell growth factor 1 (ECGF1)
oncostatin M (OSM)

inhibin, beta A (INHBA)
adrenomedullin 2 (ADM2)

angiopoietin 4 (ANGPT4)

bone morphogenetic protein 1 (BMP1)

*
bone morphogenetic protein 10 (BMP10)

*
bone morphogenetic protein 15 (BMP15)

chorionic somatomammotropin hormone 1 (CSH1)

colony stimulating factor 3 (granulocyte) (CSF3)*
delta-like 1 (DLL1)

deltex homolog 2 (DTX2)

dispatched homolog 1 (DISP1)

endothelial differentiation-related factor 1 (EDF1)
ephrin-A3 (EFNA3)

ephrin-A4 (EFNA4)

ephrin-A5 (EFNA5)

epidermal growth factor (beta-urogastrone) (EGF)*

granulin (GRN)

hepatoma-derived growth factor (HDGF)*

hepatoma-derived growth factor, related protein 3
(HDGFRP3)

hepatoma-derived growth factor-related protein 2 (HDGF2)
inhibin, beta E (INHBE)

kielin-like

leukemia inhibitory factor (LIF)*

manic fringe homolog (MFNG)

Macrophage Expression
5.27

5.44

3.91
4.05

28.54
13.15
22.50

3.74
14.85

6.04
11.90
8.43
6.27
18.69
4.35
9.44
9.97
6.50

3.78
10.62

7.64
5.15
4.76
68.19
9.97
3.93
9.31
43.71

95.45
105.76

3.44

20.19
3.95
7.75
6.52

27.22
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nd

nd

0.3
0.3

0.4
0.5
0.5

2.0
2.6

4.1
4.2
5.7
8.1
11.6
nd
nd
nd
nd

nd

nd
nd

nd
nd
nd
nd
nd
nd
nd
nd

nd
nd

nd

nd
nd
nd
nd

nd
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Genbank Accession #

NM_002514
NM_006181

NM_006179

NM_000266
AKO055132
Al583741

AA461028
NM_003377

BC058855
NM_005430

NM_057168
NM_033131

NM_030761
NM_058238

NM_002658
NM_004995
NM_002424
NM_004994
NM_022792
NM_002423
NM_002426
NM_002421
NM_004132
NM_002776
NM_002425
NM_004530
BC047614

NM_022468
NM_021801
NM_002422
NM_004142
NM_173462

Gene Name

nephroblastoma overexpressed gene (NOV)
netrin 2-like (chicken) (NTN2L)*

neurotrophin 5 (neurotrophin 4/5) (NTFS)*
Norrie disease (pseudoglioma) (NDP)

similar to bone morphogenetic protein 1

. - . *
similar to Neuregulin-3

similar to protein FGF-5 precursor

vascular endothelial growth factor B (VEGFB)*

vascular endothelial growth factor

wingless-type MMTYV integration site family 1 (WNTl)*
wingless-type MMTV integration site family16 (WNT16)

wingless-type MMTYV integration site family 3A (WNT3A)*
wingless-type MMTV integration site family 4 (WNT4)
wingless-type MMTV integration site family 7B (WNT7B)

Secreted proteinasesC

plasminogen activator, urokinase (PLAU)

matrix metalloproteinase 14 (membrane-inserted) (MMP14)
matrix metalloproteinase 8 (neutrophil collagenase) (MMP8)
matrix metalloproteinase 9 (gelatinase B) (MMP9)

matrix metalloproteinase 19 (MMP19)

matrix metalloproteinase 7 (matrilysin, uterine) (MMP7)
matrix metalloproteinase 12 (macrophage elastase) (MMP12)
matrix metalloproteinase 1 (interstitial collagenase) (MMP1)
hyaluronan binding protein 2 (HABP2)

kallikrein 10 (KLK10)

matrix metalloproteinase 10 (stromelysin 2) (MMP10)
matrix metalloproteinase 2 (gelatinase A) (MMP2)

matrix metalloproteinase 24 (membrane-inserted)

matrix metalloproteinase 25 (MMP25)

matrix metalloproteinase 26 (MMP26)

matrix metalloproteinase 3 (stromelysin 1) (MMP3)

matrix metalloproteinase-like 1 (MMPL1)

papilin, proteoglycan-like sulfated glycoprotein (PAPLN)

Macrophage Expression

43.87
3.96

16.82

5.55
5.21
5.57

20.60
2.19

13.88
51.07

3.59
19.24

3.10
3.19

30.38
13.77
421
48.50
22.23
109.09
10.31
752.87
3.73
4.75
50.42
5.43
7.20
14.22
5.14
52.72
7.43
5.22

Fold Exp Mph/Monoa
nd
nd

nd

nd
nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

0.5
24
16.1
17.7
22.4
95.3
104.2
118.6
nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

b Expression of secreted factor in macrophages divided by expression of the secreted factor in monocytes

different from macrophage data.

12

. nd = monocyte data not significantly

a., . . . . . .
Statistical differences in gene expression between macrophages and monocytes were calculated by GeneSpring 7.3 software.

c . . .
Expression values for secreted proteinases were not reported previously for monocyteslz.

*

= data for monocyte-secreted factors has been reported previously12
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Differentially expressed genes in macrophages in response to T-HESC conditioned medium (CM).a

Table 4

GenBank Accession #
NM_001657
NM_004591
NM_006072
NM_002984
NM_004369
NM_004091
NM_005143
NM_002192
NM_000627
NM_002422
NM_005952
NM_002543
NM_006573
NM_014452
NM_007115

Gene name

amphiregulin (AREG)

chemokine (C-C motif) ligand 20 (CCL20)
chemokine (C-C motif) ligand 26 (CCL26)
chemokine (C-C motif) ligand 4 (CCL4)

collagen, type VI, alpha 3 (COL6A3)

E2F transcription factor 2 (E2F2)

haptoglobin (HP)

inhibin, beta A (INHBA)

latent transforming growth factor p binding protein (LTBP1)
matrix metalloproteinase 3 (stromelysin 1) (MMP3)
metallothionein 1X (MT1X)

oxidised low density lipoprotein receptor 1 (OLR1)
tumor necrosis factor (ligand) 13b (TNFSF13B)
tumor necrosis factor receptor 21 (TNFRSF21)

tumor necrosis factor, alpha-induced protein 6 (TNFAIP6)

Control
3.43
8.89
3.70

40.08
3.10
6.23
2.65

18.69
1.99

52.72

17.64
1.61

32.57
7.13
2.77

T-HESC CM
7.47
34.84
7.67
94.61
6.43
171
11.32
39.81
8.07
108.74
42.22
5.82
14.75
14.80
7.12

Page 24

a., . . . . Lo . .
Statistical differences in gene expression in macrophages (Mph) under control conditions and in response to T-HESC CM were calculated by

GeneSpring 7.3 software.
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