o © oo N o o A~ W N -

G G |
A WOON -

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.15.480583; this version posted March 23, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Endometriotic Organoids: A Novel In Vitro Model of Endometriotic Lesion
Development.

Yong Song't, Gregory W. Burns't, Niraj R. Joshi', Ripla Arora’, J. Julie Kim? and Asgerally
T. Fazleabas™

'Department of Obstetrics, Gynecology and Reproductive Biology, Michigan State University,
Grand Rapids, MI 49503, USA

’Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern University,
Chicago, IL, USA

"These authors contributed equally.

*Corresponding author. Email: fazleaba@msu.edu

One Sentence Summary:
Endometriotic organoids are an appropriate model to study epithelial-stromal interactions and

model cell invasion associated with lesion development.
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ABSTRACT

The development and progression of endometriotic lesions are poorly understood, but immune
cell dysfunction and inflammation are closely associated with the pathophysiology of
endometriosis. A lack of suitable 3D in vitro models permitting the study of interactions between
cell types and the microenvironment is a contributing factor. To address this limitation, we
developed endometriotic organoids (EO) to explore the role of epithelial-stromal interactions and
model peritoneal cell invasion associated with lesion development. Using a non-adherent
microwell culture system, spherical organoids were generated with endometriotic epithelial cells
(12Z) combined with immortalized endometriotic stromal cells (iEc-ESC) or immortalized uterine
stromal cells (iHUF). Organoids self-organized with stromal cells occupying the center and
epithelial cells on the periphery of the organoid. Endometriotic organoids (EO), containing iEc-
ESC, resulted in the development of stratified 12Z epithelial cells compared to those with iIHUF
where the 12Z cells developed as a single layered epithelium. Transcriptomic analysis found
4,522 differentially expressed genes (DEG) between EO and 12Z/iHUF organoids, and the top
DEG included increased expression of interleukins and prostaglandin synthase enzymes. An
overlap of the EO DEG with baboon endometriotic lesions was highly significant. Finally, to mimic
invasion of endometrial tissue into the peritoneum, a model was developed using EO and
extracellular matrix containing human peritoneal mesothelial cells (LP9). Invasion of EO into the
extracellular matrix-LP9 layer was increased in presence of estrogen or THP1-derived
proinflammatory macrophages. Taken together, our results strongly support the concept that EO
are an appropriate model for dissecting mechanisms that contribute to endometriotic lesion

development.
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INTRODUCTION

Endometriosis is a chronic inflammatory hormone-dependent disorder which is characterized
by the presence of endometrial tissue outside the uterus (7). It affects between 10 and 15% of all
women of reproductive age, 70% of women with chronic pelvic pain, and 20-50% women with
infertility (2, 3). An average 7-10 years delay between the onset of symptoms and definitive
diagnosis places an enormous emotional and financial burden on both the patient and the
healthcare system, with annual costs exceeding $78 billion each year in the United States alone
(endofound.org). Quality of life is reduced in women with endometriosis due to painful symptoms,
which result in a loss of 11 hours of productivity per week (endofound.org). The etiology and
pathogenesis of endometriosis remains unclear, but lesion development has been associated with
cellular proliferation and invasion, and interactions between endometriotic cells, immune cells and
their microenvironment (4, 5). Appropriate in vitro platforms that allow dissection of the underlying
mechanisms of these processes will inform the understanding of the disease and development of
novel therapeutics.

Clinical samples from patients with endometriosis are the first line model to investigate the
disease. One of the major limitations to understanding the pathological events associated with
endometriosis is the significant delay of 8-11 years for diagnosis and subsequent variations in
disease etiology and progression. Thus, both in vivo and in vitro models are indispensable to
study the cellular and molecular mechanisms associated with endometriotic lesion development
at different stages, The non-human primate and rodent models of endometriosis have been used
most exclusively for in vivo studies. Non-human primates offer a physiologically relevant model
and provide an opportunity to study both the early events and the disease progression (6, 7).
Rodent models are advantageous due to the ability for tissue-specific gene manipulation and
initial in vivo therapeutic testing (8). Most in vitro studies utilize two-dimensional monolayer culture
of primary or immortalized endometrial cells. This method allows for the study of endometriosis
associated mechanisms in a cell-specific manner and is easily manipulated for testing of
treatments. However, the interactions are limited to the horizontal plane and cells are exposed to
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a uniform concentration of factors, so monolayer cultures are unable to mimic the architecture
and function of tissues in situ. Thus, there is a significant gap between in vivo models and current
in vitro cell culture techniques. Three-dimensional (3D) spheroids, or organoids, provide an
exciting method to bridge the gap by incorporation of more complex structures and multiple cell
types.

Organoids are self-organizing, genetically stable, 3D culture systems containing both
progenitor/stem and differentiated cells that resemble the tissue of origin (9-73). Boretto et al. first
established endometriotic epithelial organoids in a Matrigel organoid culture system using ectopic
lesions from patients with endometriosis and reported that the organoids replicated disease-
associated functional and genomic traits (74). This system only allowed for the culture of
endometriotic epithelial cells. However, endometrial assembloids containing epithelium and
stroma were possible when epithelial organoids were later combined with stromal cells in a
collagen hydrogel (15). Wiwatpanit et al. generated endometrial organoids containing both
epithelial and stromal cells from endometrial biopsies using micro-molded agarose plates and the
scaffold-free organoids resembled the physiology of the normal endometrium (73). The micro-
molded agarose plate organoid culture system is more cost effective, does not require exogenous
scaffold materials but relies on de novo secretion of extracellular matrix, and allows for self-
organization and growth of multiple cell types.

An SV40-tranformed endometriotic epithelial cell line derived from peritoneal endometriosis,
12Z, is widely used for the study of endometriosis (76) and we recently developed an
endometriotic stromal cell line (iEc-ESC) from ovarian endometriosis (77). In this study, our aim
was to develop an endometriotic organoid model containing both endometriotic epithelial and
stromal cell lines. We hypothesized that the transcriptome of scaffold-free organoids containing
both endometriotic cell types would mirror endometriotic lesions from the baboon model and
provide a model to explore peritoneal invasion associated with endometriotic lesion initiation.
RESULTS
Epithelial and Stromal Cells Self-Organize in Organoids
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92 Epithelial and stromal cells are the two main cell types found in endometriotic lesions that are
93 hypothesized to be descended from retrograde menstrual endometrial fragments. The cells
94  employed in this study were immortalized ectopic epithelial cells (12Z), ectopic stromal cells (iEc-
95 ESC)and human uterine fibroblasts (iHUF) (16, 17). For live visualization of cell-type organization,
96 epithelial 12Z cells were modified to express red fluorescent protein (RFP) and both stromal cell
97 lines to express Azurite blue. Endometrial organoids were generated from epithelial 12Z or
98 stromal iEc-ESC alone, 12Z+iHUF, and 12Z+iEc-ESC in micro-molded agarose well plates. A
99  preliminary study empirically determined that the optimal ratio of epithelial cells to stromal cells
100 for co-culture was 1:50. Time-lapse imaging demonstrated that epithelial and stromal cells
101 reorganized autonomously in the agarose wells (Supplemental Video 1). The organization was
102  confirmed by confocal image Z-stack reconstructions and immunohistochemical staining on days
103 4 and 7 (Fig 1). In 12Z+iHUF (Fig 1A) and 12Z+iEc-ESC (EO) (Fig 1B) organoids, epithelial cells
104  were located on the periphery of a stromal cell core by day 4. EO developed multiple epithelial
105 cell layers (Fig 1B), while 12Z+iHUF resulted in a single layer of epithelial cells at day 7 (Fig 1A).
106  Organoids containing only epithelial 12Z or stromal iEc-ESC formed simple spheroid structures
107  (Supplemental Fig 1).
108 Endometriotic Organoids Invade a 3D Model of the Peritoneum
109 Cell invasion is one of the key processes involved in endometriotic lesion initiation and
110  development. To simulate cell invasion that occurs in vivo, we developed a 3D endometriotic
111 organoid invasion model. As shown in Fig 2A, human peritoneal mesothelial cells, LP9,
112  expressing GFP were grown in Matrigel to mimic the structure of the peritoneum. Endometriotic
113  organoids containing iEc-ESC and 12Z were seeded on the top of the LP9/Matrigel layer. The
114  invasion of organoids was tracked using a fluorescent confocal microscopy every other day for 7
115  days. The Z-stack images were reconstructed to produce 3D models with Imaris image analysis
116  software by Bitplane. As shown in Supplemental Video 2 and Fig 2C, the organoids invaded the
117  Matrigel and continued penetrating the LP9 cell layer. Interestingly, stromal cells were always
118 noted at the leading edge of invasion and as the first cell type to penetrate the LP9 cell layer. The
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119  organoid invasion was quantified, and data are shown in Fig 2B. Combined, these results support
120 the idea that the organoid invasion model could be an ideal in vitro tool to study the early events
121 of endometriosis, particularly with respect to cell invasion.

122  Estrogen Stimulates Invasion of Endometriotic Organoids

123 Endometriosis is estrogen-dependent disease and estrogen can promote the migration and
124  invasion of endometrial stromal cells and endometriotic epithelial cells in two-dimensional culture
125 (18, 19). However, the effect of estrogen on organoids is unknown but we hypothesized that
126  estradiol would stimulate invasion in our model. Invasion of Day 4 EO through the Matrigel/LP9
127  cell layer was monitored in the presence of 20nM estradiol (E2) or vehicle for 4 days. Organoids
128 were imaged on Day 1 and Day 4 by fluorescent confocal microscopy. The invasion rate of
129  endometriotic organoids was increased at 1.8-fold in the presence of E2 compared to vehicle
130  (p<0.05; Fig 3).

131 Stromal Cell Origin Alters Organoid Gene Expression

132 We profiled the transcriptomes by RNA-sequencing of organoids containing ectopic stromal
133  and epithelial cell lines (iIEc-ESC/12Z; EO) and compared the profile to normal stromal and ectopic
134  epithelial organoids (iIHUF/12Z) to identify the global transcriptomic effect of ectopic stromal cells
135 inthe organoids. As an indication of broad transcriptome differences, EO and iHUF/12Z organoid
136 samples were separated by principal component analysis across PC1 (65.7%, Fig 4A) and
137  unsupervised hierarchical clustering (Fig 4B). Indeed, there were 4,522 differentially expressed
138 genes (DEG), with 2,175 increased and 2,347 decreased, in EO compared to iHUF/12Z organoids.
139 The top 50 DEG included increased expression of interleukins (IL1B, IL24), prostaglandin
140 synthase enzymes (PTGS1, PTGS2), and telomerase reverse transcriptase (TERT). Of note,
141 stromal cell lines were immortalized by constitutive expression of TERT via lentiviral transduction,
142  but TERT was not differentially expressed in an analysis of organoids containing only stromal
143  cells (Supplemental Fig 2), indicating the altered expression was due to an interaction between
144  the epithelial and stromal cells.

145 Prostaglandin synthase enzymes, PTGS71 and PTGS2, CXCL8, TIMP3, an inactivator of
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146  extracellular matrix remodeling enzymes, IL1A, and LIF, an estrogen response gene, were
147  increased in EO while STRA6 and CRABP?2, retinoic acid binding proteins, and PGR were down-
148 regulated (Fig 5A). Gene set enrichment analysis (GSEA) results included NFKB target genes,
149  two senescence gene sets, and TNFa response via p38 mitogen-activated protein kinases as the
150  most highly increased gene sets for EO, while stem cell-associated genes, including CDKN2C,
151  CDH11, and ROR1, were decreased (Fig 5B).

152  Ectopic Organoids are Similar to Endometriotic Lesions

153 RNA-sequencing data from baboon endometrium and endometriotic lesions was compared
154  to the human organoids and overlap of gene expression between these comparisons was highly
155  significant, with 12,504 commonly expressed genes (Fig 6A). Additionally, GSEA using hallmark
156  gene sets found similarities for comparisons of EO versus iHUF/12Z organoids and spontaneous
157  baboon ectopic lesions versus eutopic endometrium (Fig 6B). TNF signaling via NFKB,
158 inflammatory responses, and hypoxia associated genes were increased in EO and baboon
159 lesions, while interferon alpha response was decreased in EO and increased in lesions. Similarly,
160 allograft rejection and IL6 JAK/STAT3 signaling gene sets were increased in baboon ectopic
161 lesions compared to eutopic tissues but absent from the organoid comparison. Gene ontology
162 analysis of 2,518 genes identified only as expressed in baboon tissues resulted in significant
163  enrichment for PANTHER GO-slim terms associated with the immune system (Table 1).

164  Proinflammatory Macrophages Increase Endometriotic Organoid Invasion

165 Immune cell dysfunction and local inflammation in the endometriotic environment have been
166  considered to play a pivotal role in the pathogenesis of endometriosis (20). The recruitment of
167 macrophages within the endometriotic lesion have been demonstrated to facilitate the
168  development and maintenance of endometriosis (27-23). In support of a role for macrophages in
169 the pathophysiology of endometriosis, immunoreactive CD68, a pan-macrophage marker, was
170 detected in a baboon endometriotic lesion (Supplemental Fig 3). Proinflammatory, or M1,
171 macrophages have the capacity to secrete inflammatory cytokines, including IL-6. These
172  inflammatory cytokines may further promote endometriotic cell growth and invasion (24). To
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173  address the effect of activated proinflammatory macrophages on EO invasion, M1 were
174  differentiated from naive (M0O) macrophages derived from the THP1 cell line by exposure to IFN-
175 vy and lipopolysaccharide (LPS) for 24 hours. The resulting proinflammatory macrophages were
176  acclimatized for 24-36 hours in the organoid culture medium. As before, EO added to the top of
177  the Matrigel/LP9 layer and proinflammatory macrophages were added to the wells three hours
178 later. The EO were imaged on days 1 and 3 using fluorescent laser-scanning confocal microscopy.
179  Co-culture with either 7,500 or 15,000 macrophages increased EO invasion by 1.6- or 1.7-fold,
180 respectively, while there was no difference between the macrophage treatment groups (Fig 7).
181  Thus, the addition of proinflammatory macrophages promoted the endometriotic organoid
182 invasion in support of the hypothesis that macrophages facilitate the establishment of
183  endometriotic lesions.

184  DISCUSSION

185 A 3D organoid consisting of both epithelial and stromal cells hold promise as an excellent
186  model for dissecting mechanisms associated with early endometriotic lesion development. Most
187 cases of endometriosis are hypothesized to be the result of retrograde menstruation of
188  endometrial fragments containing both epithelium and stroma (25, 26). Therefore, inclusion of
189  both cell types more closely resembles the pathophysiology of endometriosis and advances the
190 potential for in vitro discovery. Ultra-low attachment plates and hanging drop culture have been
191 used to generate spheroids with 12Z cells, immortalized stromal cells or primary ectopic stromal
192 cells, or a combination of epithelial and stromal cells to investigate endometriosis (27, 28).
193 Interestingly, both of these culture models formed self-organizing spheroid structures, but
194  separate epithelial and stromal cell compartments were evident only in ultra-low attachment
195  conditions (27); indicating that ultra-low attachment culture might be more suitable for developing
196  organoids with multiple cell types.

197 In this study, we developed EO with endometriotic epithelial and stromal cell lines using a
198  micro-molded agarose plate culture system. Organoids self-organized and resulted in a stromal
199  cell core surrounded by epithelial cells, a morphology is similar to that of endometrial organoids
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200  derived from primary endometrial cells (73). Interestingly, the origin of the stromal cells, normal or
201  ectopic, altered the organoid structure with stratified epithelial cells forming only with ectopic
202  stromal cells. The observed epithelial stratification is consistent with reports of endometriotic
203 epithelial organoids grown in Matrigel (14) and suggests that the ectopic stromal cells promoted
204  epithelial cell proliferation and loss of apical-basal polarity. Transcriptomic analyses revealed that
205 known pathways dysregulated in endometriotic lesions were present in EO, supporting the idea
206 that EO reproduce many hallmarks of the endometriosis-associated transcriptome. Of note,
207  normal endometrial epithelial cell lines were not included in this study and are not currently readily
208 available, although an SV40-transfromed endometrial epithelial cell line, hEM3 was recently
209 reported (29). Therefore, some of the gene signatures obtained from the classic comparison of
210  endometriotic lesion versus normal endometrium may be absent from our study due to the
211 limitation that both organoid types included diseased epithelium. This comparison, however,
212 highlighted the effect of stromal cell origin on epithelial phenotype and poses important questions
213  regarding the contribution of each cell compartment to the pathophysiology of lesions. Overall,
214 our results support the idea that EO largely recapitulate the properties of endometriotic lesions
215  with respect to morphology, function, and gene expression.

216 Attachment and invasion are important steps in the development of endometriotic lesions (4).
217  Most current methods to study cell invasion are based on single cell types in 2D culture or
218 Transwell assays. We developed a 3D organoid invasion model based on peritoneal
219  endometriotic lesions to more accurately simulate the cell invasion process that occurs in vivo. To
220  ourknowledge, this is the first 3D invasion model which includes the three main cell compartments,
221 epithelium, stroma and peritoneal mesothelium. Endometriotic organoids migrated through a layer
222  of Matrigel, contacted, and penetrated through a layer of mesothelial cells, to mimic peritoneal
223 invasion. Interestingly, our results identified stromal cells at the leading edge of invasion despite
224  their location at the center of the organoid. This observation agrees with previous studies
225 investigating adhesion and invasion of endometrium to peritoneum using both nude mice and ex
226  vivo tissue explant culture models (30, 37). Endometrial stromal cells from women with
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227  endometriosis undergo changes in adhesive properties and mesenchymal characteristics in
228 response to peritoneal mesothelial cells that might be part of the underlying mechanisms of lesion
229 initiation (32). Our data indicate that endometriotic organoids have the capacity to invade a
230  monolayer of mesothelial cells in a manner hypothesized to occur in physiological conditions. The
231 utility of this model was further supported by increased invasive capacity in the presence of
232  estrogen or activated proinflammatory macrophages. Collectively, this model expands the
233  possibilities to study mechanisms of endometriotic lesion establishment in vitro.

234 Stromal cell origin significantly altered the transcriptome of endometriotic organoids with over
235 4,500 DEG. These observations support the utility of a 3D organoid comprised of endometriotic
236  epithelium and stroma. Indeed, the genes expressed by EO largely mirrored those from
237  spontaneous endometriotic lesions in the baboon, and GSEA analyses confirmed coordinated
238 increases in TNFa signaling via NFKB, inflammatory responses, and hypoxia associated gene
239  sets. Analysis of organoid gene expression alterations associated with the origin of the stromal
240 cells identified several pathways known to be altered in endometriotic lesions, for example,
241  retinoic acid (RA) signaling, both the uptake of retinoid (33) and the production of retinoic acid
242  (RA) (34). Several enzymes in the RA pathway were altered in endometriotic organoids, including
243  decreased expression of STRA6 and CRABP2 (35), and increased CYP26B1. Telomerase
244  reverse transcriptase (TERT) expression was increased in ectopic organoids, as TERT was
245  amongst the most highly upregulated genes but was not altered in a comparison of stroma-only
246  organoids (Supplemental Fig 2). There is significant evidence for increased expression of TERT
247  in endometriosis in eutopic secretory endometrium (36-40) and endometriotic lesions (47). In
248  further support of the model, endometriotic lesions are progestin resistant (42) and, concordantly,
249  progesterone receptor expression was downregulated in EO. The expression of leukemia
250 inhibitory factor (LIF) was increased in EO, possibly due to local estrogenic activity (43) or
251 inflammatory signals (44, 45). These results demonstrate significant alignment of the EO
252  transcriptome with spontaneous disease and specific dysregulated pathways in endometriosis.
253 The immune system plays an important role in the establishment and progression of
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254  endometriosis (24, 46, 47). Tissue resident immune cells are refluxed with menstrual tissue and
255  additional cells are recruited into the peritoneum where they interact with endometriotic lesions
256  (48). The pro-inflammatory cytokine /L6 is common to all three coordinately increased hallmark
257 gene sets from EO and spontaneous endometriotic lesions from baboons (data not shown).
258 Interleukin-6 expression was increased in the spontaneous baboon lesions and EO and is
259  associated with chronic inflammation, endometriosis, and the presence of macrophages (27, 48-
260  50). IL-6 activates the expression of CCL2 (also referred to as monocyte chemoattractant protein
261 1 or MCP1) in endothelial cells to recruit monocytes (57) and IL-6 is further produced by the
262  recruited macrophages and dendritic cells. Indeed, macrophages affect lesion establishment and
263  growth in a mouse model of endometriosis (21, 47, 48) and peritoneal macrophages from women
264  with endometriosis produce more IL-6 (52). Genes expressed in spontaneous lesions, but absent
265 from EO, were enriched in immune-related pathways indicating a role for immune cells in the
266  pathophysiology of endometriotic lesions that was absent in the model. Importantly, the invasive
267 capacity of EO was increased with the addition of proinflammatory macrophages, further
268  supporting this hypothesis. The mechanism by which the macrophages altered EO invasion is
269 undetermined, but IL-6 may be a key cytokine for the crosstalk between endometriotic lesions
270 and infiltrating macrophages. Our organoid model is an ideal system to uncover the crosstalk
271 between lesions and immune cells and is a subject for future studies.

272 Here we describe scaffold-free self-organized endometriotic organoids, comprised of both
273  endometriotic epithelial and stromal cells, combined with a novel model of attachment and
274  invasion of the peritoneum. Our findings support the idea that 3D culture systems allow for the
275  study of complex cell interactions and pathologically relevant processes like invasion and are a
276  promising new pre-clinical tool to evaluate therapeutic treatments for endometriosis. EO
277  recapitulated many of the transcriptomic features of spontaneous peritoneal endometriotic lesions
278 from the baboon and the model allowed for real-time imaging and quantification of organoid
279 invasion. The complexity of this model could be increased by altering conditions with exogenous
280 compounds or other cell types. Future studies utilizing this system can capitalize on this flexibility
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281  with combinations of additional cell types, cell type genomic editing, and pharmacological
282  compounds. At present our in vitro model does not reflect the full complexities of macrophage
283  populations observed in vivo (21, 47, 48) and future experiments should investigate the interaction
284  of peripheral monocytes or naive macrophages on EO and determine the effect on all cell types,
285 including the resultant macrophage phenotypes. Furthermore, EO could be integrated with
286  microfluidics cultures containing endometrium (53, 54) to study endometriosis associated
287  endometrial receptivity failure and decidualization defects.

288 In conclusion, our study suggests that EO recapitulate the characteristics of endometriotic
289 lesions and support the concept that organoids are an appropriate model for dissecting the
290 mechanisms that contribute to endometriotic lesion establishment.

291 MATERIALS AND METHODS

292  Cell Lines

293 Immortalized human endometriotic epithelial cells (12Z cells) (76) were cultured using
294  Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Gibco, USA) supplemented with 10%
295  Charcoal-dextran treated fetal bovine serum (CDS-FBS; Gibco, USA), 1X Pen/Strep (Gibco, USA)
296 and 1X sodium pyruvate (Gibco, USA)(76, 55). The human peritoneal mesothelial cell line LP9
297  was kindly provided by Dr. James G. Rheinwald (Harvard Medical School, Boston, MA, USA).
298  LP9 cells were maintained in a 1:1 ratio of M199 and Ham F12 media (Gibco), supplemented with
299  15% fetal bovine serum, 1% Penicillin/Streptomycin, 1% HEPES (Gibco), 1% GlutaMAX (Gibco),
300 10 ng/ml epidermal growth factor (EGF; Sigma, St Louis, MO, USA) and 400 ng/ml hydrocortisone
301 (Sigma). The immortalized human endometriotic stromal cell line (iEc-ESC) was established in
302 our laboratory (717). iEc-ESCs were cultured with phenol red—free DMEM/F12 medium
303  supplemented with 10% charcoal dextran stripped fetal bovine serum (CDS-FBS), 100 units/ml
304  of penicillin/streptomycin, and 1 mM sodium pyruvate. An immortalized human uterine fibroblast
305 cell line (IHUF) was established from the decidua parietalis from term placenta in our laboratory.
306  iHUF cells were cultured in phenol-red-free RPMI 1640 (Thermo Fisher Scientific) supplemented
307  with 10% CDS-FBS, 100 units/ml of penicillin/streptomycin, and 1 mM sodium pyruvate. THP1
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308 cells (kindly provided by Dr. Margaret Petroff, Michigan State University) were grown in T75 flask
309 using RPMI1640 with 10% FBS in the presence of Antibiotic-Antimycotic in the suspension culture.
310  These cells were sub-cultured either in 6-well plates or T-25 flask and treated with 100nM (1:5000
311 ul of media) PMA (Phorbo 12-Myristate 13-Acetate, Cayman Chemicals, USA) to yield 60-70%
312  adherent cells at the end of 24 hours. The PMA exposure was repeated, and any floating non-
313  confluent cells were removed. The cell obtained following PMA treatment were designated as MO
314  macrophages and kept in pre-differentiated (MO) state for 2-4 days before exposing them to M1/
315 M2 differentiation. These MO adherent macrophages were activated with 20 ng/ml IFN-gamma
316  (R&D Systems, USA) and 10pg/ ml of LPS (Sigma, USA.) for 24 hours to differentiate into M1
317  proinflammatory macrophages utilized to study effect of proinflammatory M1 macrophage on
318  endometriotic organoid culture system. All cell lines were maintained at 37°C in an atmosphere
319  of 5% CO2 in air.

320 RFP lentiviral vector (Ploc-RFP) was used to generate fluorescently tagged 12Z-RFP cell line.
321  EGFP lentiviral vector (pHX-EGFP) was utilized to generate LP9-GFP stable cell lines. iIEC-ESCs
322 and iHUF cells were tagged with Azurite blue using pLV-Azurite (Addgene plasmid 36086).
323  Lentiviral transductions were performed according to manufacturers’ protocols and successfully
324  tagged cells were further sorted on a Beckman Coulter MoFlow Astrios (Indianapolis, IN, USA).
325 Generation of Endometriotic Organoids

326 12Z and stromal cells were trypsinized in the flask and cell suspensions were centrifuged at 200
327  xg for 5 minutes. Both epithelial and stromal cell pellets were then suspended in complete
328 MammoCult human medium (STEMCELL Technologies, Inc., 05620) supplemented with
329  hydrocortisone and heparin as per the manufacturer’s instructions and 1% pen/strep (Sigma,
330 P0781) to similar densities. Epithelial and stromal cells were mixed at a 1:50 ratio by volume and
331 50uL of epithelial-stromal cell suspension was seeded into 1.5% (w/v) agarose 3D micro-molded
332 plate, prepared according to the manufacturer’s instructions (MicroTissues® 3D Petri Dish®
333  micro-mold spheroids, Sigma, Z764043). Media was changed every 2-3 days. 12Z+iHUF
334  organoids were used as a control, since a normal epithelial cell line of endometrial origin is not
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335  currently available.

336  Organoid Invasion Model

337 To mimic the structure of the peritoneum, an ice cold LP9 cell suspension was mixed with ice
338  cold Matrigel (Corning, 536232) at a ratio of 2:1(v:v), 30ul drops of Matrigel-cell suspension were
339 plated into 96-well plate, at a density of 2-2.5x10* cells per well, allowed to set at 37°C for 3-4
340  hours until solidified and overlaid with 100ul MammoCult growth medium. The next day, the day
341 4 endometriotic organoids were harvested from 3D Petri Dishes® by pipetting and then seeded
342  on to the top of Matrigel-LP9-GFP layer in 96-well plates in 100ul MammoCult growth medium.
343  Organoid invasion into the LP9-GFP/Matrigel layer were imaged every 48 hours using confocal
344  microscopy.

345 Organoid Imaging

346 Organoids were imaged using a Nikon Eclipse Ti inverted microscope using a Nikon C2 +
347  confocal microscope laser scanner. For each organoid, z-stacks were generated with a 10um
348 increment, and tiled scans were set up to image the entire width and depth of the organoid with
349  10x air objective. The position of the each organoid was recorded as x,y coordinate by ND
350  Acquisition of NIS-Elements software. For organoid sections, z-stacks were generated with 0.5um
351 increment using 40X oil objective. Images were merged using NIS-Elements C2 version 4.13.
352  Quantification of Invasion

353 Commercial software Imaris x64 7.4.2 (Bitplane) was used for image analysis. In order to
354  quantify the invasion of the organoid stromal cells into the peritoneal mesothelial cells, 3D surface
355 models of the LP9-GFP cell layer, and the stromal cells-Azurite blue were created. Using the
356  measurement function in Imaris, and using orthogonal slicers in XY, YZ and ZX planes, the linear
357  distance between the organoid tip and the organoid migrating front on to the peritoneal cells were
358 calculated. The distances were calculated at different time points in order to calculate velocity of
359  organoid movement as a function of time. Seven to ten organoids for each time point in different
360 groups were evaluated to account for heterogeneity in organoid structure as well as movement.
361 Immunofluorescence Staining
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362 Agarose 3D Petri Dishes® containing organoids were removed from the tissue culture plate
363 and the medium inside was removed gently by pipetting under a dissecting microscope.
364  Organoids were sealed within the agarose dish with lukewarm 1.5% (w/v) agarose in 1xPBS. The
365  sealed 3D Petri Dishes® containing organoids were then fixed in 4% paraformaldehyde in 1xPBS
366  at4°C overnight, rinsed briefly in 1xPBS, stored in 70% EtOH and processed for standard paraffin
367 embedding and sectioning at 6um. Organoid sections were dewaxed, and then rehydrated with a
368 graded alcohol series, followed by heat-mediated antigen retrieval in citrate buffer (Vector
369 Laboratories, H3300) and then hydrogen peroxide treatment. Sections were blocked for 1 hiin 10%
370 normal horse serum (Vector Laboratories, S-2000) in PBS and incubated overnight at 4°C in
371 primary antibodies. Organoid sections were incubated in respective species specific
372  fluorochrome-conjugated secondary antibodies following an overnight incubation with the primary
373  antibodies. Slides were then mounted with Antifade Mounting Medium with DAPI (Vector
374  Laboratories, H-1200). Images were captured with a Nikon Eclipse Ti inverted microscope using
375  software from NIS Elements, Inc. (Nikon, Melville, NY). The primary antibodies used were
376  Vimentin polyclonal antibody (5741S) from Cell Signaling Technology, Inc. (Waltham, MA).
377  Cytokeratin, pan (mixture) monoclonal antibody (C2562), from Sigma-Aldrich (St. Louis, MO). The
378 secondary antibodies were: DyLight 594 goat anti-rabbit IgG antibody (DI-1594) from Vector
379  Laboratories (Burlingame, CA). Alexa Fluor® 488 AffiniPure donkey anti-mouse IgG (715-545-
380  150) from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA).

381 RNA-sequencing and Data Analysis

382 For RNA-sequencing, the Arcturus PicoPure RNA Isolation Kit (Themo Fisher Scientific,
383  12204-01), including an on-column DNA digestion using the RNAse-free DNAse set (Qiagen;
384  79254), was used to purify RNA from whole organoids. Total RNA was isolated from snap-frozen
385 tissues homogenized in TRIzol reagent (Thermo Fisher; 15596018) following the manufacturer’s
386 instructions. RNA was stored at -80°C in nuclease-free water and concentration was determined
387  with a Nanodrop 1000 instrument (Thermo Fisher Scientific). Samples were sent to a sequencing
388 facility (Novogene Corporation Inc., Chula Vista, CA) for RNA integrity analysis, library preparation,
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389  and sequencing. Libraries were prepared with an TruSeq mRNA kit (lllumina Inc., San Diego, CA)
390 and sequenced (paired end 150 bp) on a NovaSeq 6000 instrument (lllumina Inc.) to an average
391  depth of 39 million fragments per sample. Reads were quality trimmed and adapters were
392 removed using TrimGalore (version 0.6.5) (56), and quality timmed reads were assessed with
393 FastQC (version 0.11.7). Trimmed reads were mapped to Homo sapiens genome assembly
394  GRCh38 (hg38) or Papio anubis (version 3.0) using using HISAT2 (version 2.0.3) (57). Reads
395 overlapping Ensembl annotations (version 99) (58) were quantified with featureCounts (version
396 1.6.2) (59) prior to model-based differential expression (DE) analysis using the edgeR-robust
397  method (version 4.0.3) (60) in R. Genes with low counts per million (CPM) were removed using
398 the filterByExpr function from edgeR. Transcriptome-wide read distributions were plotted to
399  ensure a similar distribution across all samples with boxplots of log-transformed CPM values.
400 Multidimensional scaling plots, generated with the plotMDS function of edgeR, were used to verify
401 group separation prior to statistical analysis. Principal component analysis of normalized counts
402  was conducted with the prcomp function in R using the top 500 variable genes. Differentially
403 expressed genes (DEG) were identified as false discovery rate (FDR) p-value less than 0.05.
404 The hclust package was used for hierarchical clustering (ward.D) of Euclidean distances.
405 Heat maps were generated using log-transformed transcript per million values (TPM) in pheatmap
406  (version 1.0.12). Where necessary, baboon Ensembl genes were converted to human entrez
407 identifiers with the human ortholog table downloaded from Biomart (version 101). The phyper
408 function in R was used for hypergeometric tests of overlapping genes. Gene set enrichment and
409 over-representation analyses were completed with clusterProfiler package (version 3.16.1) using
410 mSigDB and KEGG reference databases.

411  Statistical Analysis

412  Unless otherwise stated, statistical analysis was performed using GraphPad Prism 9.00
413  (GraphPad). All data were expressed as mean = SD. The student’s t test was used for
414  comparisons between the 2 groups, and 1-way ANOVA with a post hoc test least-significant
415  difference was used for multiple comparisons. P < 0.05 was considered statistically significant (2-
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416  tailed).
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417  LIST OF SUPPLEMENTARY MATERIALS

418  Fig. S1. Epithelial and stromal cell organization in organoid culture.

419  Fig. S2. Telomerase reverse transcriptase (TERT) expression in organoids.

420 Fig. S3. Macrophages present in baboon endometriotic lesions.

421 Movie S1. Endometriotic organoids self-organize into epithelium and stromal compartments.

422  Movie S2. Confocal live imaging of EO invasion through a mesothelial cell layer over 8 days.
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631  Fig 1. Organoid structure. Time course of organoid development derived from (A) 12Z-
632 RFP/iHUF-Azurite Blue and (B) 12Z-RFP/iEc-ESC-Azurite Blue (endometriotic organoids,
633 EO). The left panels are 3D views and inserts are phase contrastimages. The right panels
634 are immunofluorescent staining of vimentin (blue) and pan-cytokeratin (red). Scale bar =

635 25 pum.
636
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Fig 2. Organoid invasion model. Endometriotic organoids invade a 3D model of the
peritoneum. (A) Schematic of the organoid invasion model. (B) Time course of organoid
invasion quantified with Imaris image analysis software and relative to invasion into
the mesothelial cell layer. Ectopic stromal cells were the leading edge of invasion through
the LP9 cells. Note the penetration of organoids through the extracellular matrix and
mesothelial cell layer in a time dependent manner. (C) Representative side view and

bottom view of an EO invading the LP9 cells with stromal cells at the leading edge.
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649 Fig 3. Estrogen stimulates invasion of endometriotic organoids (EO). Day 4 EO were
650 seeded on an LP9/Matrigel layer and treated with vehicle (ethanol, n=8) or estradiol (E2,
651 20nM, n=10) for 4 days. The EO were imaged on days 1 and 4 using fluorescent confocal
652 microscopy and invasion, relative to the LP9 cell layer was quantified. Invasion was

653 increased by 1.8-fold in the presence of E2. *P<0.05
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Fig 4. Stromal cell origin alters organoid gene expression. (A) Principal component
plot demonstrating transcriptome separation between iEc-ESC/12Z (EO) and iHUF/12Z
organoids. (B) Unsupervised hierarchical clustering dendrogram confirming separation of
sample groups and (C) a heat map of the top 50 differentially expressed genes with

hierarchical gene clustering.
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665 Fig 5. Transcriptome alterations in EO versus iHUF/12Z organoids. (A) Volcano plot
666  highlighting several top downregulated and upregulated genes in EO. (B) The top
667 MSigDB C2 enriched gene sets from human organoids. A positive normalized enrichment

668 score (NES) indicates activation, or increased expression, of the gene set in EO.
669
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Fig 6. Endometriotic organoids (EO) and baboon lesion gene expression
signatures are similar. (A) The overlap of all expressed genes in EO and baboon lesions
from spontaneous endometriosis is highly significant. (B) Gene set enrichment analyses
showed similar enrichment of NFKB, inflammatory response and hypoxia genes. NES=

normalized enrichment score
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Fig 7. Proinflammatory macrophages increase EO invasion. (A) Day 4 EO were
seeded on an LP9/Matrigel layer and M1 macrophages (7,500 or 15,000) were added to
the plates after 3h. The EO were imaged on days 1 and 3 using fluorescent confocal
microscopy and (B) invasion relative to the LP9 cell layer, was quantified. Invasion of EO
was increased in co-culture with 7,500 or 15,000 macrophages by 1.6- or 1.7-fold,

respectively. Control n=8; M1 7,500 n=7; M1 15,000 n=8 *P<0.05
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686 Table 1. Enrichment for immune-related genes in spontaneous endometriotic lesions. Top 10 enriched biological

687  process gene ontology terms from genes expressed in baboon lesions and not human organoids.

688

PANTHER GO Slim (BP) REFLIST Input Expected Direction Fold Enrichment p-value FDR
immune system process (GO:0002376) 258 128 44.67 + 2.87 3.56E-20 7.74E-18
immune response (GO:0006955) 163 90 28.22 + 3.19 9.35E-17 1.13E-14
cell surface receptor signaling pathway

544 177 94.18 + 1.88 1.44E-12 1.49E-1
(GO:0007166) 9E-10
signaling (G0O:0023052) 1208 321 209.14 + 1.53 2.95E-12 2.92E-10
cell communication (GO:0007154) 1219 320 211.05 + 1.52 1.29E-11 1.08E-09
multicellular organismal process

682 204 118.08 + 1.73 1.45E-11 1.17E-
(GO:0032501) > 09
signal transduction (GO:0007165) 1136 208 196.68 + 1.52 7.61E-11 4.73E-09
regulation of immune system process

127 64 21.99 + 2.91 7.87E-11 4.75E-
(G0O:0002682) SE-09
leukocyte activation (GO:0045321) 57 40 9.87 + 4.05 2.04E-10 1.11E-08

positive regulation of immune system

7 15.
process (GO:0002684) 8 50 5.06

+

3.32 2.25E-10 1.19E-08
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