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SHORT ABSTRACT: 
This protocol describes the generation of a murine prostate organoid-based model grown in 2D. It includes organoid dissociation, cell seeding, differentiation, epithelial integrity assessment, and in-vitro infection with uropathogenic Escherichia coli. The model provides apical accessibility and is suitable for studying host-pathogen interactions, overcoming limitations of traditional 3D organoid systems.

LONG ABSTRACT: 
Aging men are highly affected by prostate diseases, such as benign prostatic hyperplasia, prostatitis, and prostate cancer. Together, these conditions contribute significantly to the global health burden and are a leading cause of illness in men. Organoid models have transformed disease modelling by allowing the replication of key features of epithelial structure and function in vitro. However, the closed lumen structure of organoids limits experimental access to the apical surface, hindering studies of host-pathogen interactions. To overcome these challenges, we generated a physiologically relevant culture system in which cells derived from mouse prostate organoids are seeded as a two-dimensional (2D) model. This approach maintains essential epithelial characteristics while providing direct access to the apical surface. This step-by-step protocol describes the dissociation of mature mouse prostate organoids and optimal seeding conditions to support cell attachment, proliferation, and differentiation. Immunofluorescence microscopy confirmed the expression of prostate-specific markers in the organoid-based model and demonstrated an accurate representation of the prostate tissue’s cellular organization. TEER measurements, along with F-actin and tight junction staining, further confirmed cell differentiation and barrier formation. Infection of the model with uropathogenic Escherichia coli (UPEC) demonstrated its utility in investigating host-pathogen interactions. This model provides a valuable platform to investigate prostate epithelial biology and disease mechanisms and is particularly well-suited for studying host-pathogen interactions and evaluating potential therapeutic strategies.

INTRODUCTION: 
The prostate gland is a small organ located below the bladder, surrounding the urethra. It is an essential organ of the male reproductive tract, and its main function is to produce the prostatic fluid. This fluid accounts for up to 30% of seminal plasma, and it is key to nourish and protect the sperm during its journey through the female reproductive tract1. Prostate diseases, such as prostatitis, benign prostatic hyperplasia, and prostate cancer, are highly prevalent and represent a significant burden on healthcare worldwide2–5. While benign prostatic hyperplasia and prostate cancer are being extensively studied, prostatitis, and particularly bacterial prostatitis, remain comparatively understudied. Prostatitis affects up to 16% of men globally6,7, with bacterial infections accounting for approximately 10% of cases. Despite its prevalence, bacterial prostatitis is still poorly understood. Escherichia coli (E. coli) strains, specifically uropathogenic E. coli (UPEC), are the leading cause of bacterial prostatitis8,9. 

Research into the molecular mechanisms of prostate infection remains limited by the absence of physiologically relevant in vitro models. Most studies on prostate disease have traditionally relied on cell lines or animal models. In particular, cancerous or transformed cell lines such as LNCaP or RWPE-1 have been widely used to model prostate disease and response to treatment10–13. However, these models lack cell composition and the complexity of healthy or cancerous prostate epithelium. Moreover, many other studies have employed animal models (mostly mouse models) to study different hypotheses regarding prostate infection, immune response, prostate tumor growth, and metastasis14–17. While these models have been the most advanced and informative so far, they typically raise ethical concerns, require substantial time and resources, and can be expensive. Alternatively, ex vivo tissue explants and primary cell cultures have also been used for short-term studies of tissue responses to drugs or cancer development18–20. Yet, these models have a limited lifespan, and the availability of fresh human tissue is often restricted.

Three-dimensional (3D) organoid cultures derived from adult stem cells have emerged as a promising alternative for modeling epithelial tissues in vitro. Unlike conventional cell lines, organoids retain key features of the original epithelium, such as cellular heterogeneity, tissue-specific architecture, and functional characteristics21–23. Contrary to the primary cell cultures or ex vivo explants, organoid cultures can be expanded and passed over a long period of time without becoming senescent. These properties make organoid systems particularly well-suited for studying disease and host-pathogen interactions in a physiologically relevant context. Prostate organoids have been generated from healthy and cancerous human tissue, as well as from mouse models, and used primarily in prostate cancer research24–26. Nevertheless, for infection studies, the 3D structure of organoids presents a significant challenge, primarily due to limited access to the luminal cell surface. Traditionally, intact 3D organoids have been infected either by microinjecting the pathogenic agent, or by first dissociating the organoid into fragments or single cells before incubation with the pathogen23. Here, variability in size and 3D structure can affect reproducibility and throughput. As an alternative, apical-out organoids provide a way to overcome the limitation of lumen inaccessibility. Culturing organoids in suspension, either in ultra-low attachment tissue culture plates or on surfaces coated with non-adhesive surfactants, induces a reversal of organoid polarity. As a result, the apical surface faces outward, allowing direct access for pathogen infection studies27, 28. However, these cultures cannot be maintained long term, and variability in organoid size and cell number complicates the determination of multiplicity of infection (MOI). Additionally, the mechanisms underlying the reversal of polarity and its effects on the organoid cells are not yet fully understood. To overcome the limitations of organoids as in vitro infection models, apically accessible organoid-based models have been developed using organoids from organs such as the stomach, intestine, or lung29–31. Such systems preserve the main epithelial features and allow easier manipulation, imaging, and controlled exposure to pathogens and/or drugs. However, the culture conditions that allow for cell differentiation do not always translate from the organoid cultures to the 2D culture models31, 32. 
Here, we describe a protocol to generate an apically accessible prostate epithelial model using mouse prostate organoids. This model was previously developed and validated in our laboratory, where we demonstrated its strong resemblance to native prostate tissue and its relevance for infection biology studies involving UPEC32. The system closely mimics the cellular composition and polarity of the prostate epithelium while offering enhanced accessibility for experimental manipulation. Moreover, we demonstrate its applicability for studying host-pathogen interactions in the prostate, providing a more tractable alternative to in vivo models and a more physiologically relevant system than conventional cell lines or 3D organoid models.

PROTOCOL: 
Ethical statement: All animal procedures complied with the animal care and use guidelines of the University of W&#252;rzburg and were approved under the relevant institutional and governmental regulations. Only WT mice that had been euthanized at our institute by other research groups for independent purposes were used in this study. No animals were sacrificed specifically for this work, in accordance with the 3R principles (replacement, reduction, and refinement).

NOTE: The protocol presented here is based on a previous study published by the authors32. All steps described herein must be carried out in a sterile biosafety cabinet using the applicable aseptic techniques and using appropriate personal protective equipment. Murine prostate organoids were generated from C57BL/6 mice and maintained in 3D culture, as previously described25,26. To follow the 3R principles, mouse prostates were donated by the animal facility from untreated na&#239;ve WT mice (at least 6-month-old) sacrificed for other reasons. Briefly, mouse prostates were minced and digested in two steps using collagenase and TrypLE Express Enzyme. Cells were then seeded in drops of extracellular matrix (ECM) to generate the 3D organoids. Culture medium was added to the culture and replenished every 3 days. 3D organoid cultures were passed once a week and used for 2D seeding from passage 3 on. One-week-old mouse prostate organoids were used to seed the organoid-based model onto a 2D surface following the present protocol. Coating tissue culture plates with ECM proteins is not required for this protocol.

1.	Generation of the prostate organoid-based model

1.1.	3D organoid isolation

1.1.1.	Aspirate the medium from the desired number of wells of 3D organoids from a 24-well plate. Replace it with 500 &#181;L of adDMEM/F12+/+ per well (see Table of Materials). 

1.1.2.	Use a P1000 pipette to mechanically disrupt the ECM drop. Collect the suspension in a 15-mL conical tube. Collect only a maximum of two wells per tube.

1.1.3.	Top up with adDMEM/F12+/+ with 10 mL. Gently, invert the tube 3-4 times to mix. Centrifuge at 450 x g for 5 min at 4 &#176;C.

1.2.	3D organoid disruption into single cells

1.2.1.	Aspirate the supernatant. Resuspend the pellet in 2 mL of prewarmed (37 &#176;C) TrypLE Express Enzyme supplemented with 10 &#181;M RHOKi.

1.2.2.	Incubate in a water bath at 37 &#176;C for 15 min. Use a P1000 pipette to mix the cell suspension every 5 min. 

NOTE: Check the cell suspension under an inverted microscope using 4x objective to verify that the cells are mostly single. Small clumps of 2–3 cells are acceptable. Typically, 15 minutes of incubation is sufficient, but this can be extended if needed.

1.2.3.	Top up with 10 mL of adDMEM/F12+/+. Gently, invert the tube 3-4 times to mix. Centrifuge at 450 x g for 5 min at 4 &#176;C.

1.3.	Plating single-cell suspension 

1.3.1.	Aspirate the supernatant without disturbing the pellet. Resuspend the cell pellet in culture medium supplemented with 10 &#181;M RHOKi (300 &#181;L of culture medium per well of 3D organoids used in step 1.1.1).

NOTE: Culture medium is composed of: Advance Dulbecco’s Modified Eagle Medium/F12, 10 mmol L−1 HEPES, 1x GlutaMAX, 1x B27, 1 mM N-Acetylcysteine, 10% Noggin conditioned medium, 10% R-spondin 1 conditioned medium, 50 ng·mL-1 EGF, 1 nM 5&#945;-dihydrotestosterone (DHT), 0.2 &#181;M TGF&#946;i, and 100 ng·mL-1 Primocin (see Table of Materials). For infection experiments, use culture medium without Primocin.

1.3.2.	Count the number of cells in the suspension using a Neubauer counting chamber.

1.3.3.	Dilute the cell suspension in culture medium supplemented with 10 &#181;M RHOKi to a concentration of 62,500 cells·mL-1. Use 200 &#181;L of the cell suspension per well to seed on 48-well plates (tissue-culture treated from the manufacturer, see Table of Materials) or 300 &#181;L per well on chambered &#181;-slides (see Table of Materials). Place the plate in a cell culture incubator at 37 &#176;C and 5% CO2.

NOTE: Each well of 3D organoids, used in Step 1.1.1. typically yields approximately 200,000 cells.

1.3.4.	After one day, most of the single cells are attached to the 2D surface. Change the culture medium every 2–3 days. Confluency is reached within 7 days.

NOTE: Ensure that RHOKi is added only for initial seeding and not for subsequent medium changes. 

1.4.	Differentiating the organoid-based model.

NOTE: Follow the next steps to obtain a differentiated organoid-based model enriched with luminal cells.  

1.4.1.	Add 10 nM DHT to the cell suspension (step 1.3.3). Use culture medium supplemented with 10 nM DHT for subsequent medium changes (every 2–3 days). 

NOTE: If no DHT is added to the cell suspension (and subsequent medium changes), the organoid-based model will be enriched with basal cells.

2.	Transepithelial electric resistance (TEER) measurements 

2.1.	Seed the organoid cell suspension at a concentration of 62,500 cells·mL-1, using 300 &#181;L (obtained in step 1.3.3.) on an 8-well PET &#181;-slide with 40 electrodes per well (see Table of Materials). Add 300 &#181;L of culture-medium, described in 1.3.1 to one of the wells without cells.

NOTE: The cell-free well is used as a blank for measurements.

2.2.	Connect the &#181;-slide to the impedance-based cell analysis system (see Table of Materials) with the 16-well station placed inside a tissue culture incubator. Measure the TEER at 400 Hz for 7 days. Change the culture medium every 2–3 days. 

3.	Immunofluorescence staining

NOTE: For this method, ensure that cells are seeded in chambered &#181;-slides (see Table of Materials), which are compatible with high resolution microscopy applications. 

3.1.	At the selected time point, remove medium, and wash the cells 3 times with 1x PBS. Fix the cells with 4% paraformaldehyde (PFA) for 15 min at room temperature (avoid light exposure).    

CAUTION: 4% paraformaldehyde may cause an allergic skin reaction, serious eye damage, and is suspected of causing cancer. Always use appropriate personal protective equipment (PPE). Avoid inhalation of dust, fumes, gases, mists, vapors, or sprays. Wear protective gloves and ensure that contaminated clothing remains within the laboratory until properly decontaminated. Dispose of contents and containers through an approved waste disposal facility.

3.2.	After fixation, wash the cells 3 times with 1x PBS (5 min each). Permeabilize the cells with 0.5% Triton X-100 (see Table of Materials) for 15 min at room temperature. 

CAUTION: Triton X-100 causes skin irritation and serious eye damage. It is very toxic to aquatic life with long-lasting effects and may cause endocrine disruption in the environment. When handling, wear protective gloves, eye, and face protection. Dispose of contents and containers through an approved waste disposal facility. Avoid release into the environment.

3.3.	Wash the cells twice with 1x PBS (5 min each). Block the cells with blocking buffer (1% BSA in PBS, see Table of Materials) for 30 min at room temperature.

3.4.	Dilute the primary antibodies in blocking buffer (1% BSA in 1x PBS) and incubate with the cells overnight at 4 &#176;C on a rocking platform. On the following day, incubate 1 h at room temperature. (see Table of Materials for antibody dilutions). 

NOTE: For the staining of F-actin with phalloidin or plasma membrane with CellMask (see Table of Materials), skip step 3.4. 

3.5.	Wash the cells 3 times with 1x PBS (5 min each). Dilute the secondary antibodies, phalloidin or CellMask (see Table of Materials) in blocking buffer (1% BSA in 1x PBS) and incubate with the cells 1 h at room temperature. 

3.6.	Wash the cells 3 times with 1x PBS (5 min each). Incubate the cells 15 min at room temperature with Hoechst (see Table of Materials) diluted in 1x PBS to stain the nuclei. 

3.7.	Wash the cells 3 times with 1x PBS (5 min each) and leave the cells with 1x PBS. Store at 4 &#176;C.

3.8.	Image the chambered &#181;-slides slides (see Table of Materials) in a laser scanning confocal microscopy or fluorescence microscope. 

NOTE: Overview images could be acquired using a 20x objective on a fluorescence microscope to assess overall infection efficiency and distribution. Higher resolution images were obtained using a confocal microscope equipped with a 40x water immersion objective to visualize individual bacteria attached to or internalized within epithelial cells. Fluorophores were excited using laser lines at 405, 499, 590, and 653 nm, depending on the fluorophores used. Emission was detected with emission windows set to 415 to 516 nm for Hoechst, 509 to 573 nm for GFP or Alexa 488, 600 to 651 nm for mcherry or Alexa 594, and 663 to 720 nm for Alexa 647. Z stacks were acquired with a step size of 0.5 &#181;m and covering the full thickness of the epithelial layer. Images were acquired at a resolution of 1024 by 1024 pixels, with a scan frequency of 400 Hz and frame averaging set to 4, which provides good image quality. Laser power and detector gain were kept constant across all conditions within the same experiment. All imaging parameters including laser power, detector gain, scan speed, and averaging should be optimized and adjusted as required depending on the confocal microscope used.

4.	Bacterial infection with uropathogenic E. coli (UPEC)
NOTE: Ensure to use an organoid-based model maintained for 7 days without Primocin (see Table of Materials) for the following steps. 
The uropathogenic E. coli strain UTI89, constitutively expressing a mCherry protein from the plasmid pFPV-mCherry (ampicillin resistant), was used in this study.

CAUTION: When handling infectious pathogens (Biosafety Level 2), wear gloves and appropriate eye and face protection. Always wear a fully buttoned lab coat. Conduct all procedures within a certified biological safety cabinet. Decontaminate work surfaces and wash hands thoroughly after handling biological materials. Collect BSL-2 waste in designated biohazard containers suitable for autoclaving. Decontaminate waste materials prior to disposal by autoclaving or other suitable decontamination method. 

4.1.	Three days before the infection experiment, streak out the UPEC strain on a LB agar plate supplemented with the corresponding antibiotic (ampicillin 100 &#181;g·mL-1 was used in this protocol) and incubate 16–24 h at 37 &#176;C.

CAUTION: Some antibiotics may cause allergic reactions or irritation upon contact and contribute to antimicrobial resistance if improperly discarded. Always prepare and add antibiotics within a biological safety cabinet while wearing appropriate personal protective equipment (gloves and eye protection). Dispose of antibiotic-containing solutions as chemical waste through an approved waste disposal facility. 

4.2.	Two days before the infection experiment, inoculate 3 mL of LB broth supplemented with the corresponding antibiotic (ampicillin 100 &#181;g·mL-1) using a single UPEC colony from the agar plate (step 4.1). Incubate statically at 37 &#176;C for 12–16 hours. 

4.3.	One day before the infection experiment, vortex the bacterial culture from step 4.2 and measure its OD600. Calculate the volume of this culture required to inoculate 3 mL of LB broth supplemented with ampicillin (100 &#181;g·mL-1) to a starting OD600 of 0.05 using the following formula: Volume (&#181;L) = (0.05 * 3,000 &#181;L) / measured OD600. Add the calculated volume of the culture from step 4.2. to the fresh LB broth and incubate statically at 37 &#176;C for 24 hours.

NOTE: The OD600 of the overnight culture from step 4.2 should be between 1.7 and 2.2. 

4.4.	On the day of infection, vortex the bacterial culture from step 4.3 and measure its OD600. Harvest OD600 1 from the culture, then centrifuge at 12,000 x g for 2 min at room temperature. Remove the supernatant.

4.5.	Resuspend in 1 mL of Primocin-free organoid culture medium without DHT. Dilute to a MOI of 100. 

NOTE: Each well in a 48-well plate is considered to have approximately 150,000 cells on day 7. This estimate was obtained by counting cells in a well before infection across multiple experiments. To accurately adjust the MOI, it is recommend to seed one extra well for cell counting before infection. To determine the volume of bacterial suspension (step 4.4) required, multiply the number of cells per well by the MOI to obtain the total number of bacteria needed per well, then divide this number by the bacterial concentration (8 &#215; 10⁵ bacteria/&#181;L) to obtain the volume in &#181;L. 

4.6.	Replace the culture medium of the organoid-based model with culture medium containing bacteria. Adjust the volume according to the culture surface: use 200 &#181;L per well for 48-well plates and 300 &#181;L per well for &#181;-slides. Incubate for 1 h in a cell culture incubator at 37 &#176;C and 5% CO2.

4.7.	After the incubation period, aspirate the bacteria-containing medium from the organoid-based model. Wash the well 3 times with adDMEM/F12+/+ to remove extracellular bacteria. 

4.8.	Add culture medium containing 50 &#181;g·mL-1 gentamicin to kill extracellular bacteria. Incubate it for 30 min. 

	NOTE: Gentamicin concentration may need to be adjusted depending on the bacterial strain used. If using a concentration higher than 50 &#181;g·mL-1, checking for cellular cytotoxicity is recommended.

4.9.	Remove medium and replace with fresh medium supplemented with 10 &#181;g·mL-1 gentamicin for the remaining infection time. 

Process the infected cells for fluorescence staining, following section 3, or for quantification by flow cytometry, following section 5.

5.	Infection quantification by flow cytometry

5.1.	Aspirate the culture medium and wash the cells 3 times with 1x PBS. Use 100 &#181;L of TrypLE Express Enzyme to detach the cells. Incubate for 5-10 min until all the cells are detached. 

	NOTE: A well from a 48-well plate is sufficient per condition. 

5.2.	Collect the cell suspension and transfer it to a well of a 96-well plate (conical bottom). Add 100 &#181;L of flow cytometer buffer (1x PBS, 10% FBS, 5 mM EDTA) on top to inactivate the TrypLE Express Enzyme.

5.3.	Centrifuge the 96-well plate at 450 x g for 5 min at 4 &#176;C. Remove the supernatant and resuspend the pellet in 150 &#181;L of flow cytometer buffer.

5.4.	Acquire and quantify infected cells using the flow cytometer. (see Table of Materials).

NOTE: Flow cytometry was performed using a 488 nm excitation laser and a 615/20 nm emission filter for detection of mCherry-positive cells. Data were acquired at a high flow rate (66 &#181;L·min⁻¹), collecting at least 10,000 events per sample and including only events with forward scatter height values larger than 80,000. Infected cells were identified based on mCherry fluorescence in comparison with a non-infected (na&#239;ve) control, following exclusion of debris and doublets. A viability marker (e.g., propidium iodide or other live/dead stains) can be included in the gating strategy to assess cell viability. This may be particularly useful when first working with the model to ensure that cell dissociation does not adversely affect the cells.

REPRESENTATIVE RESULTS: 
This protocol describes the generation of an organoid-based model of the mouse prostate epithelium that recapitulates the cell type and transcriptional expression of the epithelial compartment of the native tissue. This model is generated using 3D adult stem cell organoids generated from adult mouse prostate tissue. These organoid cultures are then maintained in culture and passaged weekly. For the organoid-based model, the first step in the workflow (Figure 1A) starts by using 7-days-old 3D organoids. This period of time is necessary for them to reach an appropriate size and cell density for subsequent seeding onto a 2D surface. After passaging, small fragments of organoids (Figure 1B, Day 0) were seeded in ECM and allowed to grow. Over time, they grow into large, spherical structures with a defined inner lumen by Day 7 (Figure 1B). After dissociating the 7-day-old organoids into single cells, the cells were seeded onto a tissue culture-treated plate (Figure 1C, Day 0) using the same culture medium as for the 3D organoid cultures (1nM DHT) to form a monolayer. By day 1, the adhered cells had begun to proliferate. Over the following days, the monolayer expanded and reached confluence between Day 3 and Day 5, as observed by brightfield microscopy (Figure 1C). To characterize the morphological changes over time and to monitor the time at which the organoid-based model reaches confluence, we stained the plasma membrane with CellMask and performed fluorescence imaging at multiple time points (Figure 1D). 

Because androgen receptor (AR) signaling is a key regulator of cell differentiation in the prostate, and modulating the concentration of testosterone (or DHT) in the organoid culture medium was shown to directed differentiation of stem cells into basal or luminal cells32,  we adjusted the DHT levels in the culture medium to promote enrichment of either luminal cells (DHT 10 nM) or basal cells (no DHT, Control; Method 1, Figure 2A). As shown in Figure 2 (B-F), no major differences were observed in cell growth or confluency. As expected, in the control condition (organoid culture medium without DHT), most cells expressed cytokeratin 5 (KRT5), a marker of prostate basal stem cells (Figure 2B,E). In contrast, only a few cells expressed low levels of CD24a, a marker of differentiated luminal prostate cells (Figure 2B,F).

Supplementation with 1 nM DHT, as we previously described32, resulted in a mixed population containing both basal and luminal cells. However, CD24a expression remained low, indicating incomplete differentiation into luminal cells (Figure 2C, F32). Increasing DHT to 10 nM promoted full differentiation of luminal cells while still maintaining some basal cells after 7 days of culture (Figure 2D, E, F). The differentiation of the organoid-based models can also be assessed using brightfield microscopy. Although differences between the conditions are not very clear when cells are sparse (Day 0 - 5, Figure 1C, Supplementary Figure 1A), cell morphology and appearance become distinct and noticeable between the three culture conditions by brightfield microscopy at Day 7 (Figure 1C, Supplementary Figure 1A). In the absence of DHT, cells appeared flatter and more irregular in shape, whereas in 10 nM DHT, cells were tightly packed with a polygonal arrangement, resembling a cobblestone morphology (Supplementary Figure 1B). 

Notably, 3D organoid cultures also underwent morphological changes when cultured at different concentrations of DHT. Specifically, a clear dose-dependent increase in organoid size was observed, with the largest organoids forming in the presence of 10 nM DHT (Figure 1B, Supplementary Figure 2A,B). These results indicate that the AR pathway is critical not only for cell differentiation but also for modulating the growth dynamics of mouse prostate organoids.

To assess epithelial integrity and polarization of the models, we performed transepithelial electrical resistance (TEER) measurements in the organoid-based model grown with no or 10 nM DHT. TEER values increased over time in both conditions but were substantially higher in the presence of 10 nM DHT (Figure 3A), indicating enhanced epithelial barrier function. These results were supported by phalloidin staining of actin filaments, which are typically organized into an apical ring at the cell-cell junctions in luminal prostate epithelial cells. In the 10 nM DHT condition, the actin ring appeared more defined compared to the control condition, consistent with increased cell polarity and epithelial organization (Figure 3B). Additionally, immunostaining for zonula occludens 1 (ZO-1) revealed an increase in tight junctions in the 10 nM DHT condition (Figure 3C), further supporting reinforced epithelial barrier integrity and differentiation toward a luminal phenotype. Orthogonal projections reveal that organoids cultured with 10 nM DHT exhibit well-defined epithelial polarity (Supplementary Figure 3A). Basal KRT5⁺ cells are located at the bottom, and luminal CD24a⁺ cells are distributed along the epithelial layer, showing stronger staining intensity toward the apical side. This architecture is similar to that observed in mouse prostate tissue (Supplementary Figure 3B). Of note, data from the Human Protein Atlas shows that these markers have a comparable localization in human prostate tissue, with KRT5⁺ basal cells underlying a CD24a⁺ luminal layer (Supplementary Figure 3C)33. In contrast, cells cultured under control or 1 nM DHT conditions do not show a clear spatial separation between basal and luminal markers, and cell height was much lower than in the 10 nM condition (Supplementary Figure 3A). This indicates that 10 nM DHT supplementation promotes epithelial differentiation and polarization in the 2D model in a way that is comparable to the native prostate epithelium. Since the organoid-based model grown with 10 nM DHT closely resembles the native mouse prostate epithelium (Figure 2D, Supplementary Figure 3A, Supplementary Figure 3B), it serves as a relevant platform for investigating host–pathogen interactions. To demonstrate the model’s applicability, we used infections with UPEC, specifically the UTI89 strain, one of the most commonly used UPEC strains in the genitourinary tract field, as an example. As shown in Figure 4A, bacteria were grown in LB broth for 24h (as described in Method 4) and incubated with the cells for one hour. Extracellular bacteria were then killed with gentamicin to quantify invasion and intracellular replication. Upon infection of the organoid-based model, UPEC adhered to the epithelial cells in high numbers (0 hpi; Figure 4B, left panel; Figure 4C). Then, and following the gentamicin treatment (1 hpi), the number of UPEC-positive cells significantly decreased, due to the extracellular bacteria death (Figure 4B, middle panel; Figure 4C). At 24 hpi, the number of infected cells remained unchanged (Figure 4C), however, confocal microscopy imaging showed that intracellular bacteria continued to replicate, forming community-like structures, similar to those previously described in the bladder epithelium (Figure 4B, right panel). Infected cells were identified by mCherry fluorescence using non-infected (na&#239;ve) controls as a reference, following exclusion of debris and doublets (Supplementary Figure 4).

 
Figure 1: Overview of the workflow and morphological evolution of the prostate organoids and the organoid-based models over time. (A) Schematic representation of the experimental workflow (Method 1). (B) Brightfield images showing the morphological development of the prostate organoids supplemented with 1 nM DHT, captured at days 0, 1, 3, 5, and 7 (left to right). Scale bar: 200 &#181;m. (n = 3). (C) Brightfield images of the organoid-based model supplemented with 1 nM DHT, captured at days 0, 1, 3, 5, and 7 (left to right). Scale bar: 200 &#181;m. (n = 3). (D) Representative immunofluorescence microscopy images of the organoid-based model supplemented with 1 nM DHT and stained with CellMask (red), at days 1, 3, 5, and 7 (left to right). Nuclei were counterstained using Hoechst 33342 (blue). Scale bar: 50 &#181;m. (n = 3)

Figure 2: DHT modulates lineage differentiation in the organoid-based model. (A) Schematic representation of the different conditions used for differentiation. (B–D) Representative immunofluorescence microscopy images of the organoid-based model grown for 7 days in the (B) absence (Ctrl) or presence of (C) 1 nM or (D) 10 nM DHT. Images were captured at days 1, 3, 5, and 7 (left to right). The organoid-based models were stained for CD24a (luminal cell marker, green) and KRT5 (basal cell marker, magenta). Nuclei were counterstained using Hoechst 33342 (blue). Scale bar: 50 &#181;m. (n = 4). (E,F) Image quantification of (E) KRT5+ and (F) CD24a+ and cells in the organoid-based model grown with no DHT (Ctrl), 1nM or 10nM. Data is shown as % of positive cells per field of view. Statistical test: one-way ANOVA with Tukey’s post hoc test.

Figure 3: The organoid-based model differentiated with 10 nM DHT shows higher cell polarization compared to the control. (A) TEER analysis of the organoid-based model grown for 7 days in the absence (Ctrl; pink) and presence of DHT (10 nM; green). Error bars represent SD (n = 3). Statistical test: one-way ANOVA with Tukey’s post hoc test. (B,C) Representative immunofluorescence microscopy images of the organoid-based model grown for 7 days without (Ctrl; top) or with 10 nM DHT (bottom) and stained for (B) F-actin (red) and (C) ZO-1 (red). Nuclei were counterstained using Hoechst 33342 (blue). Scale bar: 50 &#181;m. (n = 3)

Figure 4: Analysis of infection dynamics in the organoid-based model. (A) Schematic representation of the infection protocol (section 4). (B) Representative immunofluorescence microscopy images showing the infected organoid-based model at 0, 1, and 24 h post-infection (hpi; left to right). UPEC are visualized in red. Nuclei were counterstained using Hoechst 33342 (blue). Scale bar: 50 &#181;m. (n = 3). (C) Flow cytometry analysis of UPEC-positive cells (mCherry positive, infected cells) at 0, 1, and 24 hpi. Gating strategy is shown in Supplementary Figure 4. Error bars represent SEM (n = 3). Statistical test: one-way ANOVA with Tukey’s post hoc test. &#181;g·mL-1 

Supplementary Figure 1: Morphological evolution of the organoid-based model over time. (A,B) Brightfield images of organoid-based model in the (A) absence (Ctrl) and (B) presence of 10 nM DHT, captured at days 0, 1, 3, 5, and 7 (left to right). Scale bar: 200 &#181;m. (n = 3)

Supplementary Figure 2: DHT concentration affects 3D prostate organoid growth. (A) Brightfield images of organoid-based model in the absence (Ctrl; top) and presence of 10 nM DHT (bottom), imaged at days 0, 1, 3, 5, and 7 (left to right). Scale bar: 200 &#181;m. (n = 3). (B) Quantification of 3D organoid size at Day 7 grown under the three different conditions: no DHT (Ctrl; pink), 1 nM DHT (purple), and 10 nM DHT (green). Statistical test: one-way ANOVA with Tukey’s post hoc test (n = 3).

Supplementary Figure 3: Characterization of prostate organoid morphology and epithelial polarity. (A) Orthogonal projections of confocal z-stacks illustrating epithelial organization and apical-to-basal polarity under different DHT concentrations (Ctrl, 1 nM, and 10 nM DHT). Basal cells were stained for KRT5 (magenta) and luminal cells for CD24a (green). Scale bar: 50 &#181;m. (B) Immunofluorescence staining of OCT-embedded mouse prostate tissue showing basal (KRT5, magenta) and luminal (CD24a, green) epithelial markers. Nuclei are counterstained with DAPI (blue). Scale bar: 50 &#181;m. Briefly, mouse tissue pieces were fixed with 4% PFA, dehydrated overnight with 30% sucrose, and OCT-embedded32. Slides were then rehydrated in PBS for 10 min and immunostained following section 3. (C) Immunohistochemistry analysis of CD24a and KRT5 protein expression in human prostate tissue (Panel C has been mined from The Human Protein Atlas Database(version 25.0; Human Protein Atlas proteinatlas.org), Uhl&#233;n, M. et al (2015)33, https://www.proteinatlas.org/ENSG00000272398-CD24/tissue/prostate; https://www.proteinatlas.org/ENSG00000186081-KRT5/tissue/prostate).

Supplementary Figure 4: Flow cytometry gating strategy for identifying infected cells. Cells were first gated based on side scatter height (SSC-H) versus forward scatter height (FSC-H) to exclude debris, followed by gating on SSC-H versus side scatter area (SSC-A) to select single cells. mCherry-positive (infected) cells were then identified using SSC-H versus PE-Texas Red-H fluorescence.

DISCUSSION: 
A range of diseases can affect the prostate, including benign prostatic hyperplasia, prostatitis, and prostate cancer. These diseases are highly prevalent and significantly influence the quality of life of patients2. Despite their significant impact on healthcare, our understanding of these diseases, particularly the underlying mechanisms and host responses in non-cancerous conditions, remains limited. This is largely due to the lack of physiologically relevant experimental models. On the one hand, immortalized cell lines do not capture the complexity or differentiation status of normal prostate epithelium. On the other hand, animal models, primarily rodents, raise ethical concerns and are not cost-effective. An alternative approach is the use of human primary cells or patient-derived tissue explants. However, the limited availability of fresh prostate tissue restricts their widespread application. These limitations highlight the need for other in-vitro systems that are physiologically relevant, easy to use, and experimentally manageable. In this context, adult stem cell organoid technology has transformed disease modeling. These 3D cultures have the capacity to self-organize, preserving epithelial identity and epithelial cellular diversity23,34–38. While their 3D architecture has enabled applications in cancer research, drug testing, and regenerative medicine23,34–41, their enclosed structure, with the apical surface facing inward, poses practical challenges for experimental access, particularly as in-vitro infection models. Apical-out organoids address this limitation by reversing epithelial polarity, exposing the apical surface for direct infection studies27, 28. However, their effectiveness as an infection model may be limited by variability in their size, unequal exposure to pathogens, and fragility during long-term infection.

Here, we present a protocol for generating an organoid-based model of the mouse prostate that recapitulates the epithelial cell composition and transcriptional profile of the native murine epithelium, while providing easy access to the apical surface. Optimized in our previous work32, this model allows precise control over key experimental variables, including seeding density, uniform exposure to stimuli, defined bacteria-to-cell ratios (MOI), and high-throughput imaging parameters that are often difficult to standardize in conventional 3D organoid systems.  

In line with the 3Rs principle (Replace, Reduce, Refine) for animal experimentation42, the organoids used as a source of primary cells for this model are derived from wild-type na&#239;ve mice that were sacrificed for unrelated purposes, such as breeding. Prostates are obtained through donations from nearby animal facilities, thereby reducing the need to sacrifice additional animals specifically for this protocol.

Robust and reliable differentiation of organoids and organoid-based models is critical for faithfully replicating the cellular composition and functional characteristics of native tissue, ensuring their relevance as in vitro models. Cell differentiation within organoids is strongly influenced by the specific composition of the culture medium, including the precise concentrations of growth factors and pharmacological agents (i.e. drug inhibitors). Manipulating these factors enables direct differentiation toward specific cell lineages, as demonstrated in various organoid systems. For instance, in intestinal organoids, removal of WNT promotes enterocyte differentiation, which can be further enhanced by interferon gamma (reviewed in38). Differentiation into goblet cells can be achieved by removal of p38 inhibitor and nicotinamide or by Notch inhibition via DAPT/DBZ (reviewed in38). IGF-1 and FGF-2 have been also shown to support long-term expansion of secretory cell-enriched cultures43. Moreover, IL-22 enhances Paneth cell differentiation, and enteroendocrine cells arise via inhibition of pathways including Notch and BMP38. Similarly, gastric organoids and organoid-based monolayers show differentiation towards pit cells when WNT is withdrawn from the culture medium, while adding nicotinamide to the medium directs cells into a gland phenotype (neck and chief cells)31, 44, 45. 

In the prostate, the androgen receptor (AR) plays a crucial role in maintaining tissue homeostasis46–49. Testosterone, produced by Leydig cells in the testicles, is converted to DHT in the prostate epithelial cells by the 5&#945;-reductase. DHT activates AR, which dimerizes, translocates to the nucleus, and binds to androgen response elements to regulate genes involved in cell differentiation and homeostasis50. Previous studies have shown that supplementation of 1 nM in 3D mouse prostate organoids is sufficient to achieve cell differentiation into luminal cells51. Others have also shown that supplementation with vitamin D (specifically 1,25-dihydroxyvitamin D) promoted human prostate organoid growth and accelerated differentiation by inhibiting canonical WNT activity and suppressing the WNT family member DKK352. However, in these studies, only 3D organoids were used. Our previous work32 and others53 showed that supplementation with 10 nM DHT in 3D organoids is not enough to achieve full differentiation. In contrast, using the 2D model described here, that is seeding the cells in 2D with 10 nM DHT, is sufficient to differentiate the model to a state similar to the native tissue32. To understand this difference between the 3D and 2D models, further work will be needed, but it could be explained by the different mechano-physical cues between the systems or by the presence of ECM containing growth factors in the 3D model.

Three major epithelial cell types can be found in adult prostate tissue: luminal, basal, and neuroendocrine cells. Of these, only luminal and basal cells are present in all organoid models published so far. The lack of the rare neuroendocrine cells suggests that current organoid protocols might not be fully optimized. Between luminal and basal cells, a prostate intermediate cell population has also been described as a transitional state expressing both luminal (i.e. CD24a) and basal (i.e. SCA-1) markers18, 51. This subpopulation is often found in the periurethral prostate region, which is why they are frequently referred to as periurethral luminal cells54. Although this has been reported in some 3D organoid systems under specific differentiation or signaling conditions53, 55, we do not observe a clear separation between luminal and intermediate cells in our system32. One possible explanation is that during 3D organoid generation, we do not distinguish between different prostate regions, and to avoid contamination with urethral cells, we remove the tissue directly adjacent to the urethral prostate connection. Therefore, organoid cultures derived from proximal or urethra adjacent regions are likely more capable of generating intermediate cells.

Barrier integrity is considered a hallmark of a mature and differentiated epithelium, providing a protective barrier against toxins and microbes reaching the underlying tissue. Tight junctions (rich in ZO-1 proteins56) play a vital role in regulating paracellular permeability and maintaining the integrity of the epithelial barrier57. As epithelial cells differentiate, the maturation of these intercellular junctions strengthens the barrier58. Hence, assessing barrier integrity is an important readout for an in vitro epithelial model. In this protocol, we show three complementary methods for assessing barrier integrity: TEER measurement, ZO-1 immunostaining, and F-actin staining. While all three methods effectively assess barrier integrity, they differ significantly in the equipment and resources required. TEER measurements provide a quantitative value that can be tracked over time, offering dynamic insight into barrier function; however, this technique demands specialized hardware and software that may not be available in every laboratory. By contrast, staining with anti-ZO-1 antibodies or phalloidin is much more manageable in terms of time and cost (e.g. phalloidin staining can be done in around 3 h – section 3).  

This protocol describes how to use 3D mouse prostate organoids to generate an apically accessible 2D model. Several reviews have outlined the advantages and disadvantages of organoids and organoid-based systems in studying host-pathogen interactions23, 36, 59. In infection studies, it is critical to consider the natural site of interaction between pathogens and the host epithelium. In the prostate, luminal cells are typically the first point of contact, and therefore, access to the apical surface is essential for accurately modeling infection dynamics.  In conventional 3D prostate organoids, the apical surface faces the organoid lumen and is not directly accessible. In these, pathogen exposure can be achieved through microinjection, which is low-throughput and technically challenging, or by disrupting the organoids, which compromises epithelial polarity and results in non-physiological interaction sites23. In contrast, the apically accessible 2D model presented in this protocol offers direct access to the luminal surface. This enables controlled and physiologically relevant exposure to pathogens, precise regulation of the MOI, and compatibility with high-throughput, high-resolution or live-cell imaging platforms. Here, we showcase the use of this model as an in vitro infection system using the UPEC reference strain UTI89, a widely used reference representing the main bacterial species responsible for bacterial prostatitis9. However, this model can be readily adapted to study other prostate pathogens such as Enterococcus faecalis or Pseudomonas aeruginosa, making it a versatile platform for infection biology in the prostate. 

The dissociation of 3D organoids is a critical step for the successful establishment of the organoid-based model. Failure to fully dissociate the 3D organoids, resulting in large fragments, can impair cell adhesion to the culture surface, while prolonged exposure to the dissociation reagent for longer than 30 minutes reduces cell viability. Moreover, maintaining a consistent passage interval of approximately seven days prior to dissociation and seeding is essential, as the physiological state of the organoids strongly influences their ability to attach and differentiate. Another critical variable influencing the successful development of the prostate organoid-based model is the seeding density. The seeding concentration used here was optimized for differentiation over 7 days. Increasing or decreasing this concentration would likely result in different differentiation times. Moreover, inadequate cell resuspension before plating can lead to uneven distribution of cells across wells, resulting in variable cell densities that, in turn, influence both proliferation and differentiation. In addition, as in other organoid models, different batches of ECM or growth factors can influence growth and differentiation capacity. Therefore, it is important to verify that the organoid-based model retains a consistent phenotype after any change in growth factor batch or lot number.

Once the organoid-based model is established, the infection parameters must also be carefully optimized. Different MOIs are often required to achieve robust and reproducible infection levels depending on the bacterial strain and the chosen readout. For UPEC strain UTI89 (used here and in32) and for several prostatitis isolates32, an MOI of 100 was sufficient to obtain a reliable number of infected cells across adhesion, invasion and replication time points. However, if the incubation of cells with bacteria needs to be extended beyond 1 h, a lower MOI should be used to prevent extracellular overgrowth of UPEC in the medium and subsequent toxicity to the cells. In this protocol, infection was assessed using two methods: I) flow cytometry to quantify the proportion of infected cells, and II) confocal microscopy to evaluate bacterial localization. However, several other approaches can also be used, such as colony forming unit assays to measure bacterial32, immunostaining to detect host or bacterial markers32, or transcriptomic analyses to profile host responses.

While the prostate organoid-based model provides a physiologically relevant system, several limitations should be considered when applying it to infection research. One major constraint of this model is the absence of resident or peripheral immune cells, which limits its ability to fully capture the host response to infection (e.g. immune cell recruitment or immune-mediated clearance).  Other essential components missing from the model include vasculature, stroma, and nerves, all of which may influence host-pathogen interactions. Incorporating additional cell types, such as stromal fibroblasts, immune cells, and endothelial cells, would help recreate a more complete tissue microenvironment. Advanced co-culture systems or microfluidic organ-on-a-chip platforms could further support complex cellular interactions and enable dynamic studies of infection. Additionally, when using organoids derived from animal models, species-specific differences must be considered, particularly when studying human-specific pathogens. Although our previous work32 showed that findings from the murine prostate organoid-based model could be reproduced in human tissue, interspecies variation in gene regulation, receptor expression, or hormone responses may still limit the model's direct relevance to human physiology. Incorporating human-derived organoids, when possible, would enhance translational value by enabling the study of human-specific pathogen interactions and responses. While these additions could strengthen organoid-based models as powerful tools for studying prostate biology, infection pathogenesis, and therapeutic development, the purely epithelial model we present offers a simplified and compartmentalized system. This allows focused investigation of epithelial-specific host-pathogen interactions without interference from other tissue components.
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