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Abstract

The human endometrium is a dynamic tissue that lines the uterus and undergoes constant
remodeling, making it especially susceptible to gynecological diseases like endometriosis and
endometrial cancer. The molecular mechanisms of these conditions are not well understood, partly
due to the lack of in vitro models that mimic endometrial physiology, which limits options for
targeted intervention and treatment of these diseases. Mouse models are also inadequate, as
common laboratory strains do not naturally undergo a menstrual cycle comparable to that of
humans. This study addresses this need by developing a 3D multi-compartment assembloid that
mimics the architecture of endometrial tissue and recapitulates all three phases of the menstrual
cycle (proliferative, secretory, and menstrual regression) within a single platform. The cellular and
extracellular matrix (ECM) components in each compartment are carefully tuned based on a 3D
spatial cellular map of endometrial tissue. The model contains endometrial epithelial cells
enveloped in a basement membrane and endometrial stromal cells in a surrounding collagen-rich
layer; this architecture allows realistic interactions between these cells and their respective ECMs.
This assembloid successfully supports the controlled growth and organization of these cells,
revealing reciprocal regulation of cell behavior and exhibiting compartment-specific hormonal
responses, i.e., stromal decidualization. This platform enables the study of dynamic, phase-
resolved, and compartment-specific paracrine signaling in human endometrial biology. By
combining tissue-informed design, modular fabrication, and full-cycle hormonal responsiveness,
this model sets a new benchmark for blastocyst implantation studies, organ modeling, and precision

diagnostics in human reproductive health.
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Introduction

The endometrium is a critical component of the human uterus that undergoes highly dynamic,
cyclical remodeling during a woman’s reproductive years in preparation for potential pregnancy
(1). This frequent remodeling, combined with exposure to both endogenous and exogenous factors,
makes endometrial tissues particularly susceptible to pathological conditions, including
gynecological diseases, such as endometriosis and endometrial cancer (2, 3). These diseases affect
millions of women worldwide and significantly impact quality of life (4, 5). Diagnosis requires
surgical evaluation and histological confirmation. Current standard-of-care treatments include the
use of non-steroidal pain medications to treat symptoms, hormone-based therapies, surgery,
adjuvant radiotherapy, chemotherapy, and total hysterectomy with or without oophorectomy. These
therapies, often met with high recurrence rates, are contraindicated in individuals seeking to
preserve fertility or pursue pregnancy (6, 7). A major barrier to therapeutic advancement is the
incomplete understanding of the complex physiological environment of the endometrium (8). This
limitation stems from the lack of validated models that recapitulate the complex cellular
heterogeneity, architecture, mechanical functions and native cell-cell and cell-extracellular matrix
(ECM) interactions of the endometrium (9—11). There is also no 3D map of the endometrium at the

single cell level.

The cellular and non-cellular composition, the complex architecture, and the intercellular
interactions in the endometrium are not captured in traditional 2D in vitro cultures (12). Mouse
models are also inadequate, as key endometrial diseases do not naturally occur in mice (9, 10, 13).
Only 3D systems composed of human cells can replicate the cellular diversity, architecture, and
mechanics of the tissue (10, 11). Recent advances in 3D in vitro modeling have substantially
enhanced our ability to interrogate human endometrial biology in systems that recapitulate tissue-
specific structure and function (/4-37, 37-40). Organoid models, derived from primary
endometrial epithelial fragments embedded in solubilized basement membrane (Matrigel), have
been instrumental in enabling long-term culture of hormone-responsive epithelium and have
yielded key insights into endometrial epithelial lineage dynamics, secretory transformation, and
hormone-regulated gene expression (41, 42). Nonetheless, these models only contain epithelial cells

and lack stromal components (35). Their reliance on bulk Matrigel and specialized media further
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81  limits interlaboratory reproducibility and constrains the study of cell-ECM or tissue—tissue

82  interactions.

83  To overcome these limitations, endometrial stromal—epithelial organoids co-culture models have
84  emerged, where epithelial organoids are co-embedded with primary stromal cells in either collagen-
85  based or synthetic extracellular matrices for improved anatomical accuracy (43) . These platforms
86  have enabled the investigation of paracrine signaling and hormone-mediated remodeling across
87  compartments, with recent advances employing defined, tunable ECMs to improve anatomical
88  relevance and experimental control. However, these systems generally rely on sequential assembly
89  within a shared ECM, where endometrial epithelial and stromal populations are matured separately
90  before being combined, limiting opportunities for synchronized co-development and obscuring
91  compartment-specific matrix signaling (/9, 43). Assembloids represent the most integrated
92 approach to date, spatially organizing endometrial epithelium and stromal cells into physiologically
93  relevant 3D configurations (44). These models have advanced functional studies of decidualization,
94  inflammation, and embryo implantation, but often capture only discrete phases of the menstrual
95  cycle, most commonly the proliferative or mid-secretory stages, and rarely simulate menstrual
96  regression (16, 44).

97

98  Here, we present a novel, highly tunable multi-compartment assembloid model that enables the
99 coculture of endometrial epithelial and stromal cells within spatially distinct, tissue-specific ECM
100  compartments (which we call a coculture assembloid), designed to replicate the native architecture
101 and functional complexity of the human endometrium (45). The cell types and ECMs in each
102 compartment are carefully selected and optimized based on histological references and informed
103 by a new 3D map of the human endometrium generated using the Al-based spatial tissue-mapping
104  method CODA(45—47). By seeding endometrial epithelial and stromal cells in anatomically
105 relevant adjacent matrices, this model supports physiologically correct cell-cell and cell-ECM
106  interactions that drive coordinated development.

107

108  Unlike previous co-culture or assembloid systems that rely on shared ECM environments or
109  sequential assembly strategies, our platform enables synchronized tissue development within ECM-
110 defined, compartment-specific niches. Structurally, molecularly, and functionally validated, the
111 assembloids form mature epithelial networks that resemble the interlinked glandular structures
112 observed in the CODA map of endometrial tissue, retain apicobasal polarity, and express

113 characteristic lineage markers. The model exhibits robust responsiveness to ovarian sex hormones,
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114 including estradiol- and progesterone-driven transitions, and uniquely captures hormone
115 withdrawal-induced menses using RU-486, allowing simulation of the entire menstrual cycle in
116  vitro.

117

118  Materials and Methods

119  Experimental design

120 Traditional in vitro models of the human endometrium have been limited in their ability to
121 recapitulate the tissue’s multicellular architecture and supportive stromal microenvironment needed
122 for physiological function. To address these limitations, we developed a three-dimensional (3D)
123 multi-compartment assembloid model that recapitulates human endometrial tissue structurally,
124 molecularly, and functionally, guided by a 3D reconstructed reference map of endometrial tissue
125  generated using Al-based 3D tissue mapping method CODA (46—48). We employed an oil-in-water
126  droplet method to assemble the endometrial epithelium core and stromal corona sequentially (45,
127 49). For validation, we assessed the assembloids for anatomical fidelity and functional competence.
128  Immunofluorescence and Western Blot analyses were performed to verify proper glandular
129  structure formation and the expression of characteristic epithelial and stromal markers. We further
130 evaluated hormonal responsiveness by treating assembloids with 17B-estradiol and progesterone,
131 confirming physiologic functional responses in both compartments.

132

133 CODA mapping of eutopic endometrium

134 To generate CODA maps of eutopic endometrium, we first serially sectioned endometrial tissue
135 samples retrieved from pathology archives at Johns Hopkins Medicine from donors with no history
136 of disease (Fig. 1a). All procedures were approved by the Johns Hopkins Internal Review Board.
137 The tissues were transported in saline on wet ice, formalin fixed (10%, VWR 16004-121), and
138 paraffin embedded. The entire tissue was serial sectioned at 4-pum thickness at Johns Hopkins
139 Oncology Tissue Services. Tissue sections were stained with hematoxylin and eosin (H&E). Tissue
140  sections were scanned at 20 or 40x magnification (Hamamatsu NanoZoomer S210). One in every
141 two tissue sections was H&E stained.

142

143 To train a deep-learning model to semantically segment these tissue components in the entire stack
144 of tissue sections, cellular or extracellular components were manually labeled from a small subset
145  of these H&E images. Our main tissue components of interest were identified and labelled as the
146  glandular epithelium and endometrial stroma (Fig. 1b). Following the method we have devised and

147 detailed in (48, 50) to train the model and align completely labelled section, we produced 3D maps
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148 of the tissue at the single-cell level. Tissue architectural parameters were quantified with CODA
149 maps. The number of distinct cell types per unit volume of their corresponding tissue components
150  (e.g., the number of epithelial cells in the endometrium), the ratios of epithelial to stromal cells
151  within a 3 mm diameter of the epithelium (distance determined by assembloid corona size), the
152 volume of the gland and lumen, and the depth of the gland across successive sections are all
153 examples of quantifiable tissue parameters. Additionally, the 3D reconstructions made it possible
154 to quantify the total number of glands in a single tissue and visualize the 3D connection of glands
155  that were visible in a 2D tissue segment.

156

157 Cell culture

158  Endometrial epithelial and stromal immortalized cells (hREM3 endometrial epithelial cells and
159  9700N gynecological stromal cells) were obtained from Dr. Tian-Li Wang’s lab at Johns Hopkins
160  Medicine and expanded in cell culture medium containing RPMI-1640 (Gibco 11875-093)
161 supplemented with 10% Fetal Bovine Serum (FBS, Corning 35-010-CV) and 1% Penicillin-
162 streptomycin (Sigma P0781) at 37°C with 5% CO: in the incubator. Luciferase and mCherry were
163 artificially expressed by hEM3 and GFP by 9700N. Endometrial Uterine primary epithelial cells
164  (LifeLine Cell Technology FC-0078) were cultured in complete ReproLifeTM Medium (LifeLine
165  Cell Technology LL-0068) for up to 3 passages. Normal Human Uterine Primary Fibroblasts
166  (LifeLine Cell Technology FC-0076) were cultured in complete FibroLife Medium (LifeLine Cell
167  Technology LL-0011) for up to 3 passages. All cells were cultured at 37°C and 5% CO; in a
168 humidified incubator and did not surpass 15 cell passages.

169

170  Multi-compartment assembloid

171 Oil columns preparation

172 To prepare the oil columns, a new wafer of filterless 10 pL pipette tips was loaded into a pipette tip
173 box (USA Scientific 1111-3700). Using a P10 multichannel pipette, 10 pL of cell culture medium
174 was added to the bottom of each pipette tip. The tips were then carefully returned to their original
175  positions, leaving the liquid in place. Next, a P300 multichannel pipette was used to add
176  approximately 100 pL of mineral oil (Sigma 69794) to the upper portion of each pipette tip forming
177  stable oil columns.

178

179 Fabrication of assembloid core

180  Endometrial epithelial cells (4 x 10°) were pelleted by centrifugation at 1000 RPM for 5 minutes

181  in a 1.5 mL Eppendorf tube. The pellet was gently resuspended in 100 pL. growth factor-reduced
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182 Matrigel (Corning 354230), keeping the mixture on ice to prevent mature gelation and minimizing
183 bubble formation. For droplet loading, a 10 pL low-binding pipette tip was primed by drawing up
184 1 pL of mineral oil and dispensing it onto a gloved hand to coat the inner surface of the tip; any
185  excess oil on the tip was removed. Using the primed tip, 1 uL droplets of the cell-Matrigel mixture
186 were dispensed into individual oil columns. The tip was wiped between each drop to ensure
187  consistency. This process was repeated, changing tips every 1-2 columns of the tip box, with each
188 tip primed. The embedded cores were incubated at 37 °C and 5% CO: for 1 h to allow for gelation.
189  Meanwhile, 10 mL of culture medium was pre-warmed in a 37 °C water bath for downstream use.
190

191 Core harvest and wash

192 After gelation, the cores were collected from the oil columns using a cut 300 uL pipette tip and
193 transferred into a 15 mL conical tube containing 4-7 mL of pre-warmed culture medium. Any
194  mineral oil that came in the transfer was carefully vacuumed from the top. Some medium was also
195  aspirated, being careful not to disturb the cores, until only 2-3 ml of core-containing medium was
196 left in the conical tube so the cores could be transferred to a new 15 ml conical tube using a cut
197 1000 uL pipette tip without getting the pipette inside the liquid. This step was repeated several
198  times to ensure no oil stayed with the cores, as this would make the core separate from the corona
199 in the future.

200

201  Encapsulation of assembloid corona

202 To prepare our collagen layer, 500 pL of collagen I solution was prepared at the desired
203  concentration. If stromal cells were to be included, they were suspended thoroughly into the
204  collagen solution to ensure homogenous cell density. Approximately 20 cores were transferred into
205 50 uL of the collagen mixture using a cut 300 uL pipette tip, then gently mixed. Using a cut P20
206  pipette tip single cores were individually aspirated in 10 pL of collagen, ensuring the core was
207  centered in the collagen droplet. Each droplet was then dispensed into fresh oil columns. Each
208  pipette tip was cleaned between droplets to avoid oil disturbing the adequate formation of the
209  assembloids. All assembloids were incubated at 37 °C and 5% CO- for 1.5 h to complete gelation
210 of collagen. In parallel, 15 mL of cell culture medium was pre-warmed.

211

212 Assembloid harvest and wash

213 Fully gelled assembloids were harvested from the oil columns using a cut 300 pL pipette tip and
214 placed into a 15 mL conical tube containing 4-7 mL of warm medium. Any remaining oil and excess

215 medium were aspirated as in the previous wash. To ensure complete cleaning, assembloids were
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216  transferred into a new 15 mL conical tube using a cut 1000 pL pipette tip and complete cell culture
217 medium was added for plating.

218

219 Plating and culture

220  Individual assembloids were plated into 96-well round-bottom plates (Genesee Scientific 25-224),
221 using a cut 200 pL pipette tip in 200 L. of medium. one assembloid was placed per well. The
222 assembloids were cultured at37 °C in a humidified incubator with 5% CO. and was medium
223 changed every 2-3 days until samples were collected for downstream applications.

224

225  Standard organoid

226  The protocol for the standard organoid generation was previously described (47). Briefly,
227  Endometrial epithelial cell pellets were resuspended in growth factor reduced Matrigel with pellet
228 volume: Matrigel volume at 1: 5. A 20 pL drop of Matrigel-cell mixture was then plated on a glass
229 bottom plate and gelled for 1 h. The organoid was maintained in the organoid expansion medium
230 at 37°C with 5% COx: in the incubator, as described (47). Media changes were every 3 days.

231

232 PrestoBlue proliferation assay

233 PrestoBlue cell viability assay was performed on the assembloid to track epithelial proliferation. At
234 first, 100 pL of medium was removed from every well in the assembloid culture plate, and 100 pL.
235  of medium was added to 3 - 5 blank wells as a background reference. 10X PrestoBlue reagents
236 (ThermoFisher A13262) were diluted to 2X in cell culture medium. 100 pL of 2X PrestoBlue
237  solution was then added into every well to dilute PrestoBlue to 1X final concentration. Then the
238 assembloids were incubated avoiding light at 37 °C with 5% COx for 3 h. The red fluorescence
239  (RFU) was read on a SpectraMax plate reader. After reading, assembloids were washed with DPBS
240  (Corning 21-031-CV) thrice and washed with cell culture medium thrice, then replenished with 100
241 pL of medium. The plate was put back into the incubator and cultured until the next timepoint.

242

243 Luciferase assay

244 Luciferase assay was used as an endpoint assay to measure Luciferase-tagged epithelial cell
245  proliferation in the coculture with stromal cells. Dead control wells were prepared as the reference
246  of background signals one day ahead of the measuring day. To prepare dead control wells, 180 uL
247  of an assembloid with medium was transferred to the white microplate, and 20 uL of 10% Triton-
248 X solution (Sigma T9284) was added to each well to kill the cells. On the measuring day, 4 - 5

249  assembloids were washed with DPBS thrice, and 50 pL of the assembloid with medium was
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250 transferred to the same white microplate. 50 uL of 4 mg/mL collagenase (Gibco 17018029) solution
251  was added to each well. Then the plate was put into the incubator. After 1 h, 100 uL of Luciferase
252 reagent was added to each well. The plate was then shaken at 200 rpm for 5 minutes and had the
253 luminescence reading on a SpectraMax plate reader.

254

255  Hormone treatment

256  The hormone treatment timeline is described in (Fig. Sa). The generated assembloids were
257  maintained in Phenol red-free RPMI-1640 (Gibco 11835030) supplemented with 10% Fetal Bovine
258 Serum and 1% Penicillin-streptomycin at 37°C with 5% COx in the incubator until day 3. Hormones
259 were pre-diluted in ethanol prior to dilution to the phenol red-free medium. At day 3, 100 pL of
260  medium was substituted with fresh medium containing 40 nM of E2 for the proliferative phase
261  induction, and the final E2 concentration for cell culture was 20 nM. Secretory phase induction
262 started at day 7, 100 pL of medium was substituted with fresh medium containing 2 uM of P4 and
263 40 nM of E2. At day 12, E2 and P4 were washed out from the culture medim, and 1 pM of RU-486
264  was added to the fresh medium, aiming to induce the menstrual phase.

265

266  Assembloid imaging

267  Assembloids were imaged on a Nikon Ti2 microscope (phase-contrast) and a Nikon A1R
268  confocal/Nikon Eclipse Ti inverted microscope (DIC, fluorescence and immunofluorescence
269  confocal). Assembloids were collected in the 1.5 mL Eppendorf tube and washed once with DPBS.
270 The assembloids were fixed in 4% paraformaldehyde (PFA) for at least 1 h at 4 °C. After that, cells
271 fixed in the ECM were permeabilized with 0.5% Triton-X-100 (Sigma T9284) diluted in DPBS for
2721 h at room temperature and blocked with 5% Normal Goat serum (NGS) for 3 h. Primary
273 antibodies used for IF are listed in Table 1. Primary antibodies were diluted in 1% NGS using the
274  pre-decided dilution rate and added to the assembloid for overnight incubation at 4 °C. Antibody
275 diluent was removed and washed with DPBS three times. Secondary antibodies were diluted in 1%
276~ NGS at 1:100 along with 1:200 Hoechst 3342 (ThermoFisher H3570) and 1:400 phalloidin
277 conjugates (Invitrogen A12379) and incubated with assembloid for 3 h at room temperature. After
278 3 washes with DPBS, fructose-glycerol clearing solution (60% glycerol, 2.5 M fructose in DI water)
279 was added to cover the assembloids and incubate for 20 minutes at room temperature to enhance
280  signal quality (57). To image the stained assembloids with a confocal microscope, an assembloid
281  with 50 uL DPBS was placed on a petri dish with a glass bottom. For the immunofluorescent
282  images, maximum intensity projection of z-stacking images was processed by ImagelJ (FLJI).

283
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284  Western blot assay

285  Protein samples were prepared by lysing the assembloids in 2x clear sample buffer (120 mM Tris
286  pH 6.8, 4% SDS). Lysates were sonicated with a needle probe sonicator (15 pulses, VWR
287  Scientific), denatured at 100°C for 5 minutes and centrifuged at 16,000 rpm for 15 min at 4 °C.
288  Supernatants were collected and stored at -80°C, and protein concentration was determined using
289  amicroBCA protein assay (ThermoFisher, 23235). Equal amounts of protein (45 pg per lane) were
290  mixed with 2x Laemmli sample buffer (BioRad 1610737) containing 10% B-mercaptoethanol and
291  heated at 100 °C for 5 min, then microcentrifuged for 30 seconds. Proteins were separated by 4-
292 15% precast polyacrylamide gels (BioRad PowerPac) at 165 V for 45 min and transferred onto 0.2
293 um PVDF precut blotting membranes (Bio-Rad) using a Trans-Blot Turbo transfer system (BioRad
294  1704156) in 7 minutes. Membranes were blocked in 5% non-fat milk in Tris-buffered saline with
295 0.1% Tween-20 (TBST) for 1 h at room temperature. Blocking was followed by a 5-minute wash
296 in TBST and membranes were incubated overnight at 4 °C with primary antibodies diluted in
297  blocking buffer. After three washes with TBST (5 min each), membranes were incubated with HRP-
298  conjugated secondary antibodies anti-rabbit (7074) and anti-mouse (7076) also diluted in 5% nonfat
299 milk in TBST at 1:2000 ratio for 1 h at room temperature. Signal detection was performed using
300  Prometheus Femto ECL Reagent (Genesee Scientific 20-302) and visualized on a ChemiDoc XRS+
301  Imaging system (Bio-Rad). Band intensities were quantified using Image Lab (Bio-Rad) software

302 and normalized to housekeeping controls (e.g., HSP90 or GAPDH) as indicated.

303 RTqPCR assay

304  Primers were ordered from IDT and reconstituted at 100 uM. Total RNA from the samples was
305  first extracted and quantified using a nanodrop. RNA was then converted to cDNA to amplify the
306  level of gene expression. RT-qPCR reactions were prepared using a SYBR Green-based detection
307 system. Each 10 uL of RT-qPCR reaction contained 5 pLL of SYBR Green Master Mix, 1.5 pL of
308  cDNA, 3 pL of qPCR water and 0.5 pL of a master mix containg qPCR water, forward and reverse
309  primers (All primer sequences are listed in Table 2). Reactions were set up in triplicates in a 384-
310  well plate, with a no-template control included to check for contamination. RT-qPCR was
311 performed on a CFX384 Real-time system (Bio-Rad) using the following thermal cycling
312 conditions: Initial denaturation at 95 °C for 30 s, followed by 40 cycles of 95 °C for 10 s and 60 °C
313 for 30 s. Real time data was imported to the CFX Manager software (Bio-Rad) and the

314  quantification cycles (Cq) normalized to a panel of housekeeping genes that consists of B-Actin,
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315 GAPDH, aTub, 18s, RPLI13A. All analyses were performed using data from six biological

316  replicates, each with 3 technical triplicates.

317

318  Table 1. Antibodies and hormones used

319
Antibody Source Cat number
Vimentin Cell Signaling 5741
CK7 Cell Signaling | 4898
CKS8 Cell Signaling | 4546
E-cadherin Cell Signaling 3195
EpCAM Cell Signaling | E8Q1Z
Estrogen Receptor Cell Signaling 8644
Laminin Abcam ab78286
Ki67 Cell Signaling | 9449
CC3 Cell Signaling | 9661
Progesterone receptor . )

Cell Signaling | 8757

(PGR)
Hormones Source Cat number
B-Estradiol (E2) Sigma E2758
Progesterone (P4) Acros Organics | A0432237
RU-486 Sigma M8046

320

321  Table 2. Primers used in RT-qPCR

322
Gene FWD/RVS | Sequence
GADD45A | FWD TCT CGG CTG GAG AGC
GADD45A | RVS GGC TTT GCT GAG CACT

OPN FWD
OPN RVS

AGACCTGACATCC AGTACCCTG
GTGGGTTTCAGCACTCTGGT
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GPX3 FWD CATCCCCTTCAAGCAGTATGCT
GPX3 RVS GCCCGTCAGGCCTCAGTA

MAOA FWD ACCATCCTGTCACTCACGTT

MAOA RVS CCATTGGAAGCCGCTGAATT

PAEP FWD GTTCAAGATCAACTATACGGTGG
PAEP RVS GCTCTTCCATCTGTTTCAAGTC

PRL FWD GCCTCTGTATCATCTGGTCACG
PRL RVS TGCGTAGGCAGTGGAGCAG
CRABP2 FWD CTGGGGGTGAATGTGATGCT
CRABP2 RVS CCTCAAACTCCTCCCCAACC

EDN3 FWD ATTGCCACCTGGACATCATT

EDN3 RVS GCAGGCCTTGTCATATCTCC

OLFM1 FWD CGGATCATATGCCAGGTCGTTGGAGGTGG
OLFM1 RVS CATGCTCAGCCTACAACTCGTCGGAGCGGAT
18s FWD AGAAGTGACGCAGCCCTCTA

18s RVS GAGGATGAGGTGGAACGTGT
ATUB FWD AGGAGTCCAGATCGGCAATG

ATUB RVS GTCCCCACCACCAATGGTTT

ACTB FWD CATGTACGTTGCTATCCAGGC
ACTB RVS CTCCTTAATGTCACGCACGAT
GAPDH FWD GGAGCGAGATCCCTCCAAAAT
GAPDH RVS GGCTGTTGTCATACTTCTCATGG
RPLI3A FWD CCTGGAGGAGAAGAGGAAAGAGA
RPLI3A RVS TTGAGGACCTCTGTGTATTTGTCAA

323
324

325
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Results

The multi-compartment assembloid is designed to mimic the microenvironment of the

human endometrium

We developed a multi-compartment assembloid model to produce a structurally, molecularly, and
functionally accurate model of the human endometrium. In particular, it is designed to mimic the
microenvironment where epithelial glands are supported by a basement membrane and surrounded
by densely packed, collagen-rich endometrial stroma (Fig. 1a-b). Human endometrial epithelial
cells (either cultured or primary) were resuspended in a droplet of Matrigel (i.e., the assembloid
core), and the endometrial stromal cells (either cultured or primary) were resuspended in a
surrounding collagen I corona (Fig. 2a). This biphasic configuration contrasts with the conventional
organoid model as described above (4/), where endometrial epithelial cells are cultured in a
solubilized basement membrane, such that a single cell type is cultured in a single ECM
compartment (Fig. 2b). The core and corona were generated on the same day to allow stromal

regulation of epithelium formation starting from the beginning of endometrium regeneration (52).

a Tissue collections and processing b Microanatomical tissue labelling
zoom-in H&E location zoom-in segmented location
P Bl S P ot

Endometrium tissue block

b

Segmented images

P e

» Vasculature stroma @ Endometrial stroma Glandular epithelium
¢ Assembloid optimization framework

3D mapping of Endometrium samples 3D mapping of Endometrium assembloids

Endometrial assembloid iterations

Biomimetic comparison and iterative process to adjust assembloid

Figure 1. Spatial architecture of the human endometrium revealed by CODA-based 3D tissue
mapping (A) A human eutopic endometrium obtained from donors with no history of disease was

formalin fixed, paraffin embedded and serially sectioned at 4-um thickness. Every other section
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345  was stained with hematoxylin and eosin (H&E) and scanned at 20x or 40x magnification. (B) A
346  deep-learning model was trained to semantically segment tissue components using manually
347  labeled H&E images from a subset of sections. The primary components of interest were the
348  glandular epithelium and endometrial stroma. (C) 3D reference map of human eutopic
349  endometrium generated using the computational platform CODA. The model was trained and
350 applied to the aligned sections to generate single-cell resolution 3D reconstructions. Endometrial
351  stroma (purple) and glandular epithelium (yellow) are isolated for visualization. A single-cell
352 resolution zoom in of glandular epithelium shows that epithelial ducts are interconnected in 3D.
353

354

355  To guide our initial cell seeding density and ECM parameters, we used the 3D single-cell resolution
356  reference map of a non-diseased human endometrial tissue generated using CODA (Fig. 1). To
357  inform our custom endometrial assembloid design and verify the resulting assembloid architecture,
358  an archived endometrial tissue pathology sample was serially sectioned, stained, and scanned at
359  sub-micron resolution (Fig. 1a). The images were registered with sub-micron resolution and a
360  convolutional neural networks (CNN) algorithm was trained and validated to detect and segment
361  the glandular epithelium, endometrial stroma, myometrium, and vasculature. Hematoxylin and
362 eosin channels were deconvolved to identify individual nuclei in these tissue components. This map
363  revealed a dense packing of stromal cells surrounding a complex network of interlinked glandular
364  epithelium, which we aimed to capture in our assembloid model.

365

366  The first parameter that we adjusted for the design of the assembloid was the concentration of
367  collagen I in the stromal compartment, which was increased to improve the structural stability of
368 the outer collagen-rich corona, preventing collapse during long-term culture. This modification also
369  enhanced anatomical fidelity by better mimicking the compact, ECM-dense stroma seen in H&E-
370  stained sections of native endometrial tissue, particularly in terms of collagen fiber density and
371  spatial organization. To determine the right concentration of collagen I, we tracked the assembloid
372 development via phase-contrast microscopy. The final concentration of collagen I chosen for the
373 assembloid design was 4 mg/mL; lower concentrations did not support long-term culture (Fig. 2c¢).
374  Inthe endometrial tissue, we observed dense stromal cell packing (Fig. 1a), which is another feature
375  that could be mimicked in the assembloid design (Fig. 2d). Stromal cells seeded in the collagen I
376 were previously shown to remodel the ECM (53, 54), and we observed that stromal cells induced
377  changes in the corona thickness and the overall morphology of our assembloids (Fig. 2e).

378  Furthermore, by tagging our epithelial cells with luciferase, we could measure their relative cell


https://doi.org/10.1101/2025.08.22.671545

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.22.671545; this version posted August 23, 2025. 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.

379  count without interference from the stromal cells. As expected, the epithelial proliferation was
380  significantly suppressed when the stromal cells were added to the conditioned medium and to the
381  collagen corona (Fig. 2f). For the initial stromal cell seeding density, we tested 200, 500, and 1 x
382 10° stromal cells/uL collagen. By day 6, only the 1 x 10° cells/uL condition consistently resulted
383  in dense stromal cell networking, suggesting that this concentration provides the most effective
384  parameter for establishing a physiologically relevant stromal compartment (Fig. 3a).

385

386  Epithelial morphology is another important factor that was considered carefully. The CODA map
387  showed that the glands were more intricately linked and complex than observed in standard 2D
388  histological tissue sections (Fig. 1b). In the first generation of assembloids, we seeded 1 x
389 10* cells/pL epithelial cells in the Matrigel core (Fig. 2e). When the epithelial cells were cultured
390  in the Matrigel core with an empty collagen corona (which we call monoculture assembloid), we
391  were able to identify a portion of the interconnected epithelium by monitoring the growth of the
392 endometrial structure. As seen in Fig. 2f, and as previously observed by (535), stromal cells regulate
393 epithelial growth, which made epithelium rapidly lose its networking structure once they were
394 introduced to the collagen layer. As we increased the initial epithelial cells to 4 x 10* cells/uL in
395  each Matrigel core, the epithelial network started to form in as little as 3 days and matured by day
396 9, with more connections between the epithelial branches (Fig. 3b). When the epithelial cells were
397  cocultured with stromal cells, the interconnection of the epithelium persisted and was more complex
398  than the monoculture system.

399

400 These optimizations established a structurally stable and physiologically relevant
401  multicompartment assembloid that recapitulates key architectural and functional features of the
402  human endometrium, providing a robust platform for modeling dynamic stromal-epithelial

403  interactions during the menstrual cycle.
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Figure 2. Design of endometrial multi-compartment assembloids. (A and B) Schematics to
generate multi-compartment assembloids (A) and standard endometrial organoids (B). (C) Phase-
contrast images of endometrial epithelial cells cocultured with gynecologic stromal cells in the

corona with increasing collagen concentration. 4X magnification. Scale bar, 800 um. (D) Cartoon
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409  depicting the assembloid design with coculture of epithelial and stromal cells in distinct ECM
410  compartments. (E) Confocal microscopy images of endometrial epithelial cells cocultured with
411 gynecologic stromal cells in the corona with increasing stromal cell concentration. Magenta,
412 stromal cells. Blue, nuclei. Green, F-actin. 10X magnification. Scale bar, 250 um. (F) Relative
413 proliferation of epithelial cells in multi-compartment assembloids measured by a luciferase assay.
414  Assembloid conditions include Control (E): monoculture, E + S (CM): epithelial cells with 2D
415 stromal cell conditioned medium, E + S (2L): 2-layer co-culture, N = 3, n = 3-5. One-way ANOVA,
416  **P <0.01, *P <0.05.

417

418

419  Multi-compartment assembloids mimic endometrial tissue-specific architecture and cellular
420  composition

421

422 Using the methodology described in Fig. 2a, we seeded hEM3 (4 x 10* cells/uL) in the assembloid
423 core and 9700N (1 x 10 cells/uL) in the corona to capture this ECM microenvironment in vitro.
424  We used growth factor-reduced Matrigel (core), and 4 mg/mL collagen I (corona) in these
425  assembloids. The conventional endometrial model (47) consists of embedding isolated epithelial
426  cells in recombinant basement membrane (Fig. 2b), followed by a minimum of one week of culture
427  in a specialized medium supplemented with growth factors and pathway inhibitors (47). This
428  method supports the formation of hormone-responsive organoids and enables long-term expansion.
429  However, the approach typically yields dozens to hundreds of organoids per well in bulk culture,
430  resulting in significant heterogeneity in organoid size, morphology, and developmental state. These
431  limitations, highlighted in subsequent studies and reviews (34, 44), reduce experimental
432 reproducibility and hinder physiological relevance due to lack of cell-cell and cell-matrix
433 interactions and the absence of stromal—epithelial crosstalk. In contrast, our multi-compartment
434 assembloids are uniform in size (49, 56), owing to the spatial control enabled by compartmentalized
435  cell and ECM seeding through oil-in-water droplet microtechnology. Each assembloid is
436  individually isolated, eliminating organoid-organoid crosstalk and allowing consistent exposure to
437  nutrients and signaling molecules. This system also enables medium-throughput production: we
438  routinely generate multiple96-well plates, each containing a single assembloid per well, tailored to
439  the specific requirements of the downstream experiments. Multiple plates can be fabricated in a

440  single day, demonstrating the scalability and efficiency of this method for downstream applications.


https://doi.org/10.1101/2025.08.22.671545

441
442

443
444

445

Fold change (/day 1)

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.22.671545; this version posted August 23, 2025. 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.

1Y
o

from cell lines . ;
cell lines cell lines

Day 3 Day 6 Day 3 Day 6 Day 9 Day 9

= o
> 0|2
© =4 =
= Q 3
Q S| 9
o B8
= 3|8
3 ===
) =
o [}
8 =

Q
N ) )

22

<8

| O
c
[
[}
i)
E
5 c Standard MC endometrial epithelial CC endometrial coculture
% assembloids assembloids
2 Day 6+ &%
g P
3 h)
N
= — 5 @ @ £ DCOHagenI
— = Vi
Collagen | @ ~ I:] Matrigel

5 Matrigel :l Matrigel W é_ & Epithelial cells
(=] ~ = 7 " o
) = [ Endometrial [E%] Endometrial [5=] stromal cells
3 = S ithelial cells = epithelial cells
-l
=2 n i itheli ri
3 Sandard'made MC e dometr al epithelial cC endomet ial coculture
5 assembloids made from assembloids made from
o
o
o
o

d Epithelial Proliferation
54 _ -
Multi-compartment dctin 250 ym
4 Standard
e  Standard made MC endometrial epithelial ~ CC endometrial coculture
fiomeprimaryicells assembloids made from assembloids made from
34 P Ry primary cells primary cells
24
~
>
3
1-
0 T T T T T 1 ﬂ
1 2 3 4 5 6 7

Day

Figure 3. Multi-compartment endometrial assembloids mimic native tissue architecture
and cell composition (A) Development of the assembloid with low epithelial cell seeding
density. Representative images of endometrial assembloid structure in the monoculture model

seeded 1 x 10* epithelial cells/core in coculture with 200, 500, and 1 x 103 stromal cells/uL in
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446 the assembloid corona, from day 3 to day 9. Blue, nuclei. Green, F-actin. Magenta, stromal
447 cells. Red, epithelial cells. For fluorescent images, scale bar, 250 um (10X magnification). For
448 phase contrast images, scale bar, | mm (4X magnification). (B) Development of the assembloid
449 after raising epithelial cell seeding density. Representative images of endometrial assembloid
450 structure in the monoculture model seeded at 4 x 10* cells epithelial cells/core in coculture with
451 gynecologic stromal cells in the assembloid corona, from day 3 to day 9. Blue, nuclei. Green,
452 F-actin. Magenta, stromal cells. Red, epithelial cells. 10X magnification. For fluorescent
453 images, scale bar, 250 um; 10X magnification. For phase contrast images, scale bar, 300 pum;
454 10X magnification. (C) Comparison of the multi-compartment endometrial assembloid model
455 with the standard organoid method, and representative fluorescent images of endometrial
456 epithelial cells grown in the standard model (left), the monoculture (middle), and coculture
457 (right) multi-compartment models at day 7. Blue, nuclei. Green, F-actin. Red, vimentin. Scale
458 bar, 250 um; 10X magnification. (D) PrestoBlue proliferation of total epithelial cells in both
459 models. N=3, n=5+, data are mean = SEM. Statistical test: t test, ns P> 0.05. Data are mean +
460 SEM. Significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 (E)
461 Immunofluorescence images of assembloid structures made from primary cells in the standard
462 model, monoculture (MC) model seeded at 2 x 10* epithelial cells/core, and in coculture (CC)
463 with gynecologic stromal cells in the assembloid corona. Blue, nuclei. Green, F-actin. Red,
464 stromal cells. 10X magnification. Scale bar, 250 pm.

465  For structural validation, the endometrial multi-compartment assembloids generated by our oil-in-
466  water microtechnology were comparatively analyzed to conventional endometrial organoid models
467  (Fig 3c¢). We tracked the epithelial proliferation for 7 consecutive days after generation using a
468  Presto Blue proliferation assay (Fig. 3d). The cell proliferation pattern during epithelium formation
469  in multi-compartment assembloids matched physiological expectations more closely than standard
470  organoids, demonstrating cell proliferation at the first 3 days, followed by structural assembly
471  during maturation (Fig. 2e). Endometrial epithelial cells have limited proliferation capacity,
472 increasing in the first 3 days and staying consistent subsequently (Fig. 3d), but structural maturation
473 occurs at or around Day 6 (Fig. 2e). Thus, we can conclude that the network structure is matured

474 by cell reorganization and interaction with the ECMs during the later stages.

475 By comparing the epithelial structures of each model, we also identified an interlinked network in
476  the multi-compartment model, which was not observed in the standard model (Fig. 3c). This
477  organization more closely resembles the native architecture of the endometrium, as shown in the

478  H&E-stained tissue section (Fig. 1a). This suggests that inclusion of the secondary stromal
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479  compartment not only provides appropriate cell-ECM type-specific interactions and paracrine
480  signaling between epithelial and stromal cells, but also contributes to the establishment of a layered
481  architecture that more closely resembles native endometrial tissue (Fig. 1).The multi-compartment
482  endometrial assembloid architecture matures after culture for 3-6 days and can be maintained until
483  at least Day 14 for extended experimental timelines. The structure of a mature assembloid with
484  complex 3D interconnected epithelial networking in the Matrigel core is shown in Fig. 3¢. This
485  includes the scenario where the assembloid is cocultured with densely packed stromal cells in the
486  collagen corona.

487  To more accurately replicate native endometrial physiology and establish a baseline for disease
488  modeling, we generated assembloids using primary cells derived from endometrial tissue.
489  Assembloids were made using the same parameters previously optimized for cell line—based
490  assembloids: 4 x 10* cells/uL epithelial cells in the Matrigel core, a stromal cell density of 1 x
491  10° cells/pL, and a collagen I concentration of 4 mg/mL in the surrounding corona. The primary
492 cells used were commercially sourced endometrial (uterine) epithelial cells (placed in the core) and
493  normal human uterine fibroblasts (placed in the corona). Each cell type was cultured in the
494  recommended medium provided by the supplier, as detailed in the Materials and Methods section.
495  For coculture assembloids, primary reproductive epithelial cell medium was used to support
496  optimal growth, given the sensitivity of epithelial cells under these conditions. Representative
497  images of monoculture and coculture assembloids derived from primary cells are shown in Fig. 3e.
498  Stromal cells in the coculture model were identified by vimentin immunostaining. Compared to
499  established cell lines, primary endometrial cells are larger and require longer culture times, which
500  extends the overall maturation process of the assembloid and results in a rounder epithelial cell
501  morphology. However, they remain compatible with coculture conditions. Together, these findings
502  confirm that our multi-compartment assembloid platform properly models the cellular architecture,
503  growth dynamics, and tissue organization of the native endometrium.

504
505  Multi-compartment assembloids reflect key molecular markers of native tissue

506  In native endometrial tissue, glandular epithelial cells express characteristic markers, including
507  intermediate filament protein specific to epithelial cells cytokeratin 7 (CK7) and CK8, membrane-
508  localized cell-cell adhesion protein E-cadherin which is essential for epithelial polarization and
509  migration, estrogen receptor (ER), and epithelial cell adhesion molecule (EpCAM) (41, 56-59).
510  Accordingly, we performed immunofluorescence staining followed by confocal microscopy for

511  CK8 and E-cadherin, which were both expressed in monoculture and coculture assembloids. The
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512 epithelial cells retained their standard organization and displayed continuous CK8 and E-cadherin
513  staining (Fig. 4a), indicative of preserved epithelial identity and network formation. Western blot
514  analysis showed that monoculture and coculture assembloids derived from cell lines (Fig. 4b) and
515  primary cells (Fig. 4¢) featured sustained expression of epithelial markers of CK7, CK8, EpCAM,
516  and ER (60).

517  The stromal compartment expressed vimentin (Fig. 3c,e), confirming that each compartment
518  maintained its lineage-specific marker profile and identity in both assembloids made either from
519  cells lines or primary cells. To further assess epithelial organization, laminin distribution was
520  analyzed as a marker of epithelial polarization. Laminin typically localizes to the stromal-facing
521  basal surface of the epithelium (43). In monoculture assembloids, laminin staining revealed
522 deposition in the basement membrane, confirming proper epithelial polarity within the assembloid
523 architecture In monoculture assembloids, laminin staining revealed strong localization at the
524  basolateral surface of epithelial cell clusters—specifically at the interface where the cells contact
525  the Matrigel core—consistent with cell-deposited basement membrane and proper epithelial
526  polarity. (Fig. 4d). These results demonstrate that our endometrial assembloids recapitulate key
527  structural and molecular features of native epithelium, including lineage-specific marker

528  expression, epithelial-stromal organization, and polarized architecture.

529
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Figure 4. Multi-Compartment assembloids maintain key tissue-specific molecular
markers. (A) Immunostaining of CK8 and E-cadherin in monoculture and coculture
assembloids. CK8 (red), E-Cadherin (Magenta), and zoom-in overlay with F-actin. 10X
magnification. (B-C) Western blot of assembloids derived from (B) cell lines and (C) primary
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535 cells to analyze the expression of epithelial markers EpCAM, cytokeratins 7 and 8, and Estrogen
536 Receptor alpha; HSP90 expression was used as a loading control. (D) Immunostaining of
537 laminin in the monoculture assembloids. Images from left to right are laminin (red), overlay
538 with nuclei (blue) and F-actin (green), and zoom-in overlay with F-actin. 10X magnification.
539

540  Multi-compartment assembloids recapitulate native tissue functionality and dynamic

541 response

542 Inthe human endometrium, both epithelial and stromal cells respond to cyclic sex steroid hormones,
543 with a series of changes regarding their morphological and molecular patterns (67). To observe
544 whether our assembloids respond to the sex hormones, we designed a hormone treatment timeline
545  (Fig. 5a). 17B-estradiol (E2) and progesterone (P4) were used to simulate the microenvironment of
546  proliferative and secretory phases. RU-486 (also known as mifepristone) is a progesterone
547  antagonist, which was used to simulate the menstrual phase. During the 2 weeks of treatment,
548  phenol red-free culture medium was used, as phenol red is a weak estrogen (62).

549

550  Our results demonstrate a physiological response of our assembloid model to these hormone
551  stimuli. Stromal cells experience molecular and morphological changes during the menstrual cycle.
552 Decidualization is induced by P4 to prepare the endometrium for possible pregnancy (63), while
553 the morphology of stromal cells changes from a spindle shape to a more rounded shape (64). We
554  observed similar morphological changes in the stromal cells of the coculture assembloid models,
555  from elongated to a circular shape after P4 stimulation (Fig Sb). This change in response to sex
556  hormones indicated the possibility of decidualization in our endometrial assembloid, which was
557  further confirmed via prolactin (PRL) relative expression (Fig. Sh) (65). Relative expression of
558  progesterone receptor (PGR) in the coculture assembloid also changed in response to P4 presence.
559  After P4 addition, the expression level of PGR was downregulated (Fig. 5¢), as determined by the
560  ratio of PGR expression to that of the control, which aligned with our expectations (66).

561

562 During the proliferative phase, rising levels of estrogen (E2) are known to induce PGR expression,
563  particularly in the epithelial compartment (67, 68). Once the cycle transitions into the secretory
564  phase, progesterone (P4) levels increase, which induces a negative feedback loop that actively
565  downregulates PR expression, especially in the glandular epithelium. This mechanism ensures that
566 PR does not remain persistently active, preventing prolonged progesterone signaling which could

567  disrupt endometrial function.
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570 Figure 5. Hormonal regulation of morphology, proliferation, and gene expression in
571 multi-compartment endometrial assembloids. (A) Hormone treatment timeline.

572 Proliferation and apoptosis of endometrial assembloids in response to hormone stimulation.
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573 (B). Morphology of stromal cells in different treatment groups. Blue, nuclei. Green, F-actin.
574 Scale bar = 200 pm; 20X magnification. (C). Normalized signal intensities of PGR to the
575 loading control GAPDH was determined with image J analysis by normalizing the signal
576 intensity of the target band divided the intensity of the loading control band. PGR/GAPDH:
577 Control = 2.05, Proliferative phase = 3.47, Secretory phase = 2.72, Menses = 0.78. (D).
578 Zoomed in Immunostaining of Ki67 (red) in coculture assembloid. Green, F-actin and Blue,
579 Nuclei. Scale bar, 200 um; 10X magnification. (E) Quantification of Ki67 expression as
580 average fluorescence intensity per nuclei area. For each group, N =3, n=3 (F-K) RTqPCR
581 Panel of gene response to hormonal treatment. (F) GADD45A, (G) GPX3, (H) PRL, (I)
582 PAEP, (J) OPN, (K) CRABP2. For each group, N =6, n=3. E and F, Statistical test: one-
583 way ANOVA, ns P > 0.05. Data are mean + SEM. Significance is indicated as *p < 0.05,
584 **p <0.01, ***p <0.001.

585  To capture cell proliferation, which is fundamental to the regenerative capacity of the endometrium,
586  we used IF imaging to examine expression levels of the proliferation marker Ki67. After E2 was
587  added, Ki67 was upregulated in the epithelium, which is characteristic of the proliferative phase
588  (Fig. 5d, e). The withdrawal of E2 triggered a drop in the Ki67 expression in the IF, which also
589  matched our expectations.

590  We measured the molecular response of the endometrial assembloids to the hormone treatment via
591  RT-qPCR (Fig. 5f-k). Apoptosis marker Growth Arrest and DNA Damage Inducible alpha
592 (GADDA45A) helps regulate cell turnover in the endometrial epithelium and stroma, ensuring
593 controlled proliferation (69, 70). GADDA45A significantly increased during the secretion phase as a
594  result of P4 counter effect in proliferation, and there was once again another increase during the
595  menses phase in response to RU-486, which induced apoptosis in the assembloid cells (Fig. 5f)
596  Glutathione Peroxidase 3 (GPX3) acts as an antioxidant and plays a crucial role protecting the cells
597  from damage, particularly during decidualization and implantation (7/). PRL plays a role in
598  preparing the endometrium for implantation and its expression coincides with decidualization, a
599  process essential for implantation (72). Progesterone-associated endometrial protein (PAEP), also
600  known as glycodelin, is involved in the establishment of endometrial receptivity for implantation
601 (73, 74). The expression of these three genes was upregulated with progesterone treatment,
602  matching our expectations (Fig. Sg-i). Osteopontin (OPN) is a marker for stromal decidualization
603  that mediates cell-cell and cell-matrix adhesion and is important for implantation and pregnancy
604  success by facilitating blastocyst attachment to the endometrium (75, 76). We observed a slight

605  upregulation of this marker after the progesterone treatment (Fig. 5j), also, as expected. Cellular
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Retinoic Acid Binding Protein 2 (CRABP2), a marker involved in tissue repair and regeneration
expression after menstruation was reduced in our multi-compartment organoid upon progesterone
treatment (Fig. Sk). This is consistent with in vivo biology, as P4 is known to suppress regenerative
signaling during secretory phase (77).

Overall, these functional assessments demonstrate that our multi-compartment endometrial
assembloids closely resemble the native endometrium in both the morphological and molecular
responses to hormonal cues, confirming their functional similarity to the tissue and establishing
them as a physiologically accurate platform for modeling endometrial dynamics across the

menstrual cycle.
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617  Discussion

618  This study introduces a next-generation model of human physiology that unifies structural integrity,
619  hormonal complexity, and fabrication scalability into a single, modular platform. We present an
620  engineered endometrial assembloid model with compartmentalized cell and ECM regions
621  resembling the tissue microanatomy revealed by a novel 3D reference map for human endometrial
622  tissue. Endometrial epithelial cells are grown in a Matrigel core with stromal cells seeded in the
623  collagen I corona, which precisely mimics the cell-cell and cell-ECM interactions of the tissue (78).
624  The assembloid design parameters of each compartment were customized to structurally mimic in
625  situ endometrial tissues. A core innovation of our platform is the oil column—based microfabrication
626  method, which produces uniform, reproducible, and size-controlled assembloids using standard lab
627  tools (45, 49, 56). These size-consistent assembloids allow spatial organization of ECM and cells
628  to replicate realistic structural and biochemical cues (79). This approach enables long-term culture
629  and avoids the need for synthetic hydrogel systems or bioprinting, making it accessible for a wide
630  range of laboratories and ideal for mid-to-high-throughput experimental designs.

631

632 3D single-cell resolution CODA maps provide a framework for carefully selecting and optimizing
633  the ECM compositions of each compartment based on histological data and carefully validating
634  tissue architecture. The endometrial assembloids were validated to molecularly, functionally, and
635  architecturally mimic human endometrium, and evidence was provided that these assembloids form
636  interconnected epithelial networks and express lineage-specific markers. This was demonstrated in
637  assembloids generated from primary cells and cell lines. Importantly, both the epithelial and stromal
638  compartments respond appropriately to ovarian sex hormones, 17B-estradiol and progesterone,
639  exhibiting expected morphological and molecular changes. Notably, stromal cells undergo
640  decidualization upon hormone stimulation, a response that is uniquely captured in the multi-
641  compartment configuration and not observed in standard organoid models. This highlights a key
642  advantage of our model: the ability to dissect functional responses that are specific to one cell type
643  yet depend on interactions with another cell type. Stromal cells and epithelial cells can be accurately
644  cocultured in adjacent compartments where they maintain the cell-ECM and cell-cell signaling
645  methods experienced in the in sifu tissue and have independent functional responses to stimuli. This
646  coculture also suggested that three is stromal regulation during epithelial development in addition
647  to these independent functional responses. This provides a more accurate platform for studying
648  epithelial-stromal interactions, which are essential for understanding normal tissue regeneration and
649  disease progression.

650
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651  Progesterone has been reported to antagonize Estrogen-induced epithelial proliferation (§0-82), an
652  effect that was not observed to the same extent in our assembloid model (Fig. 5e). One possible
653  explanation is that the progesterone concentration used, based on established endometrial models
654  (83), may not be optimal for the specific cell sources employed. Given that hormone responsiveness
655 can vary significantly between primary and cultured cells or across donors, the lack of a
656  proliferative shift could reflect cell-intrinsic differences in receptor expression or signaling
657  thresholds. Adjusting the progesterone concentration or treatment duration may uncover additional
658  regulatory effects. Notably, our model does exhibit robust hormone-induced stromal
659  decidualization, highlighting a unique advantage of the multi-compartment design in capturing
660  compartment-specific responses.

661

662  To our knowledge, this is the first study to evaluate the expression dynamics of OLFM1, EDN3,
663 and MAOA across the full hormone cycle(§84). OLFM1, a marker associated with extracellular
664  matrix remodeling and implantation receptivity (74), EDN3, implicated in vascular signaling (73),
665 and MAOA, associated with immune regulation and oxidative stress during the menstrual phase
666  (85), remained largely unresponsive to hormonal cues (results not shown). These findings suggest
667  that the regulation of these genes may depend on additional context-specific signals not present in
668  our current model, such as interactions with trophoblasts, immune cells (e.g., NK cells or
669  macrophages), or endothelial cells (45). Their lack of dynamic expression highlights both the
670  specificity of our compartmentalized hormone responses and the importance of incorporating
671  additional cellular populations in future iterations of the model to capture the full complexity of
672  endometria.

673

674  Beyond physiological modeling, the system is designed with future extensibility in mind. It is
675  readily adaptable for the integration of additional cell types, such as immune or endothelial cells or
676  for coculture with trophoblast spheroids to model implantation (45). These features position the
677  assembloid as a versatile tool for investigating not only normal endometrial biology, but also
678  pathological conditions like endometriosis, recurrent implantation failure, and endometrial cancer.
679  In sum, this multi-compartment assembloid platform offers a powerful and accessible system for
680  investigating human endometrial structure and function across the menstrual cycle. Its architectural
681  realism, dynamic hormone responsiveness, and translational potential provide a robust foundation
682  for reproductive biology, disease modeling, and personalized medicine.

683

684
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