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SUMMARY

Histology has been a cornerstone for complex in vitro model (CIVM) characterization for decades. However, it 

remains a low-throughput method with time-consuming workflows. Here, we introduce a holistic ‘‘histo- 

workflow,’’ utilizing 3D-printed histomolds that facilitate co-planar embedding of CIVMs at high throughput, 

resulting in up to 80 samples in one section. We developed a variety of model-specific histomold designs that 

enable spatially controlled histological sectioning and downstream analyses. We describe these workflows, 

including mold generation, high-plex staining, and image analysis, and exemplify their application to histo

logical analyses of various CIVMs. Altogether, the histomolds introduced here afford opportunities for 

CIVM processing and analysis, while significantly reducing labor and reagent resources, thereby democra

tizing high-throughput handling of CIVMs in histopathology.

INTRODUCTION

Complex in vitro models (CIVMs) have emerged as revolutionary 

tools to study human physiology.1–5 These—often patient- 

derived—three-dimensional (3D) in vitro systems generally sur

pass conventional 2D models, as they more accurately recapit

ulate the architecture and functionality of the respective organ 

of origin, therefore opening avenues to understand human tissue 

function in health and disease.6–10 Among the most notable 

models are patient-derived explants,11–13 organ-on-chip sys

tems,14–17 barrier tissues grown on transwells,18–21 as well as or

ganoids,22–27 which can be subjected to various culture methods 

and even supplemented with immune or stromal cells to study 

organ-level processes.28–32 Due to the diversity of the models, 

combined with a vast number of permutations in culture tech

niques, fast and reliable characterization of such lab-grown 

structures is critical for their integration into basic and transla

tional research.33–35 Histology has been a cornerstone for pri

mary organ assessment and CIVM characterization for decades, 

as it provides insight into the cellular composition and spatial 

MOTIVATION Human complex in vitro models (CIVMs) have demonstrated remarkable potential to study tis

sue development, physiology, and disease at high throughput. To effectively employ these miniaturized sys

tems in translational preclinical research, their in-depth benchmarking is pivotal. Histology has been the core 

of tissue characterization for centuries and the foundation of spatial phenotyping. However, standard histol

ogy workflows are inherently low throughput and centered on large tissue pieces. This does not match the 

high sample volumes and small sample sizes in CIVM research. To address this, we introduce 3D-printed his

tomolds and associated workflows that enables high-throughput embedding of CIVMs within a single FFPE 

block. 
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context of the tissue examined. To assess CIVMs with histolog

ical readouts, formalin-fixed, paraffin-embedded (FFPE) blocks 

are typically prepared per individual sample and subsequently 

sectioned using a microtome, resulting in thin sections of the 

specimen. Despite the wealth of information that histological 

readouts offer, it is traditionally a very low-throughput method, 

characterized by time-consuming, manual workflows that are 

not well suited to accommodate large sample volumes.36,37

These drawbacks are particularly pronounced in the case of 

CIVMs, as they are often very small in size, demand complex cul

ture vessels that complicate the handling and embedding work

flows significantly, while yielding low biological material per 

section.

Recent efforts have aimed to address the aforementioned chal

lenges of embedding organoids for histopathological analysis. 

Zhang et al.38 utilized centrifugation to concentrate organoid sam

ples in agarose pellets, whereas others deployed HistoGel to 

embed organoids directly from culture plates.39 While these ap

proaches increased the organoid density per section, they did 

not enhance FFPE embedding throughput, still demanding sam

ple-by-sample processing. Inspired by tissue microarrays,40–42

some groups have developed negative molds for high- 

throughput, co-planar embedding of zebrafish and CIVMs.43–46

However, these workflows require advanced fabrication methods 

like computer numerical control (CNC) milling and polydimethylsi

loxane (PDMS) lithography, which are infeasible to implement in 

standard histology labs. In addition, current protocols focus on 

large-sized models (typically >800 μm3), such as neural or retinal 

organoids, which are comparably simple to handle.36,37,46–48

More complex models, such as epithelial monolayers cultured 

on transwells, organoids grown in an extracellular matrix (ECM), 

or organoids co-cultured with immune cells, remain unaddressed, 

highlighting the need for a pragmatic solution to embed these 

CIVMs into histopathological workflows efficiently.

Here, we present a comprehensive ‘‘histo-workflow’’ to over

come current limitations in CIVM-FFPE processing, data acqui

sition, and analysis. Our approach is demonstrated across 

various CIVM types, including organoids cultured in matrix and 

transwells. This blueprint stands on two pillars: first, 3D-printed 

‘‘histomolds’’ to enable straightforward, co-planar, high- 

throughput embedding of a wide range of CIVMs. Second, an 

optimized workflow for sample transfer, FFPE embedding, stain

ing, and analysis of dozens of samples within a single section. 

Beyond that, we provide a protocol for preserving spatial rela

tionships in ECM-embedded cultures, enabling the study of 

spatially intact epithelial-immune cell interactions. Finally, we 

validate our workflow with extensive datasets using conventional 

FFPE staining techniques and provide a feasibility study for 

spatial transcriptomics.

RESULTS

Histo-workflow for complex in vitro systems at high 

throughput

We describe a blueprint to embed CIVMs in histopathology work

flows at high throughput, facilitated by ‘‘histomolds.’’ The histo

molds were designed and 3D printed to address the embedding 

requirements of various CIVMs. Crucially, the approach described 

here does not require any modification of conventional histology 

workflows (Figures 1A and S1A). Briefly, 3D-printed histomolds 

contain an array of protrusions of round or rectangular shapes. 

Their overall size is governed by the dimensions of standard bi

opsy casettes (32 × 26 mm), metallic molds (32 × 24 mm) for 

FFPE blocks, and conventional glass slides (75 × 25 mm). After 

filling the histomolds with liquid HistoGel, the gel is allowed to 

polymerize, resulting in a countermold comprising an array of 

wells (Figures 1A and S1A), enabling co-planar embedding of up 

to 80 samples. Hereafter, we refer to the demolded countermold 

as ‘‘histoarray.’’ Once transferred into the histoarray, the samples 

are covered with an additional layer of liquid HistoGel to obtain a 

histoarray that fully encapsulates the samples (Figures 1A and 

S1B). Afterward, the histoarray is processed using standard pro

cedures to generate FFPE blocks (Figure S1C).

By design, CIVMs can drastically differ from one another due 

to model-intrinsic and -extrinsic factors. These parameters 

directly steer the histomold design and histoarray embedding 

workflow and, hence, demand different protocols per CIVM. To 

overcome this hurdle, we have designed a range of histomolds 

to facilitate simple and fast embedding of various CIVMs, while 

retaining a high density of wells per histomold (Figure S1). We 

grouped the CIVM landscape into four workflows, aiming to 

develop overarching protocols governing the most common 

models and culture protocols in the field.

(1) Single, small- to large-sized models (Figures 1B and 1C, 

S1D, and Figure S2)

(2) Epithelial monolayers cultured on transwells and hydro

gels (Figures 1D and 1E)

(3) Soft ECM and suspension culture models (Figure 1F)

(4) Stiff ECM co-culture models (Figure 1G)

The workflow is agnostic to the biological identity of the 

sample and is almost exclusively determined by the respective 

intrinsic and extrinsic factors of the system (features of CIVMs 

determining histomold design), and hence is applicable to any 

CIVM (Figures 1B–1G and S1D). Altogether, the high-content na

ture of the histoarrays significantly reduces manual, labor-inten

sive procedures while concurrently diminishing the consumption 

of expensive reagents. To illustrate these points, we showcase 

CIVMs of each aforementioned group and the respective 

workflows.

High-throughput embedding of single, large-sized 

CIVMs

Cultures of animal- or human-derived tissue fragments ex vivo 

(explants) serve as models of the highest compositional 

complexity, preserving cell populations found in vivo, along 

with their spatial relationships, relative abundances, and native 

ECM.49 These models have recently been utilized to study im

mune cell activation in tumor tissues in response to specific im

mune checkpoint blockades,50 chemotherapy,51,52 targeted 

therapies,53,54 exposure to oncolytic viruses,55 assessment of 

fibrotic changes,56 and studies of disease-specific mecha

nisms.57 While whole-mount light microscopy enables high- 

throughput imaging assessment, it remains challenging for large, 

cellular-dense models, such as explants, due to insufficient light 
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penetration. This limitation is typically remedied by FFPE-based 

imaging, albeit at the cost of throughput.

To overcome this, we designed a histomold with appropriate 

well dimensions typical of explants (8 × 6R histomold, 

Figure S3), enabling co-planar embedding of 48 samples within 

a single FFPE block. After 24 h of culture, explants were fixed 

and individually transferred to a histoarray using tweezers 

(Figure 2A). Tissue morphology of the explants was assessed 

by hematoxylin and eosin (H&E) (Figure 2B), which highlighted 

a systematic lack of organized crypt and villus structures in the 

tumor explant cohort, while normal explants showed a substan

tial presence of debris after 24 h in culture (Figure 2B). Multiplex 

Figure 1. High-throughput histo-workflow facilitated by histomolds for complex in vitro systems in histopathology 

(A) Illustration of the entire histo-workflow (schematic created in BioRender). 

(B–G) Non-exhaustive histomold overview across routinely used in vitro models, including histoarray well success rate (including occupancy and linearity), 

quantified and averaged across multiple CIVMs (n = 4–8). Histoarray overview scale bars, 2.5 mm. (B) Forty-five single, small-sized colorectal cancer assem

bloids; magnified hematoxylin and eosin (H&E) image highlights a single assembloid (Scale bars, 250 μm). (C) Seventy-eight large-sized mouse neural organoids; 

magnified H&E image shows a single organoid (scale bars, 250 μm). (D) Twenty-two engineered intestinal epithelia perpendicularly embedded; magnified Alcian 

Blue/PAS cross-section showcases mucus layer (scale bars, 125 μm). (E) Twenty-four alveolar epithelia perpendicularly embedded; magnified H&E image shows 

ciliated bronchial epithelium with apically secreted mucus (scale bars, 50 μm). (F) Twenty wells of intestinal organoids; magnified H&E image shows two intestinal 

organoids (scale bars, 100 μm). (G) Twenty peripheral blood mononuclear cell (PBMC)-intestinal organoid co-cultures; magnified H&E image shows PBMCs 

within the matrix surrounding intestinal organoids (scale bars, 100 μm).
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Figure 2. Histo-workflow for single, large-sized and transwell-cultured CIVMs: Analysis of tissue fragments at high-throughput and 

perpendicular assessment of lung epithelium 

(A) Schematic of explant embedding workflow by direct transfer of tissue fragments into an 8 × 6R histoarray. Schematic created in BioRender. 

(legend continued on next page) 
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immunofluorescence (mIF) confirmed a wide heterogeneity in 

cellularity within the tumor explants, with certain fragments dis

playing packed and disorganized epithelial regions, while other 

fragments were composed predominantly of stroma, directly re

flecting the organizational heterogeneity characteristic of tumor 

tissues (Figure 2C).

As explants represent the full range of compositional heteroge

neity of the tissue of origin, and, further, due to the manual prep

aration of fragments and potential residual mucus, explants show 

a considerable variability in size. Regardless, the described work

flow allowed us to achieve an average of 94% occupancy of his

toarray positions by explants in sections (Figure 2D).

To assess how robustly the epithelium was represented in the 

generated explants across three histoarrays (Figure 2E; non- 

cultured), the ratio of epithelium-positive area to overall tissue 

fragment size was scored: a score of 1 indicated 0%–25% 

epithelium-positive area per fragment, 2 indicated 25%–50%, 

3 indicated 50%–75%, and 4 indicated explants with 75%– 

100% epithelial coverage. We determined that the average prob

ability of observing explants with more than 50% of the area pos

itive for epithelium (i.e., a score of 3 or 4) was 79.9% (Figure 2E). 

Together, these data indicate that the workflow yields explant 

histoarrays with nearly all wells occupied in any given FFPE sec

tion, and each well has a high probability of predominantly exhib

iting epithelium.

Next, we utilized the dense sample-array section to quantify 

expression of targets for immunotherapy,58 obtaining an over

view of the variability in expression among multiple explants 

sourced from the same baseline tissue, including donor- 

matched normal and tumor tissue. Specifically, we quantified 

CEACAM5 and EpCAM expression, followed by quantification 

of antigen-expressing areas relative to respective cohesive 

fragment areas (Figures 2F–2H). Explants from tumor and 

normal tissue showed similar size distributions and, for this tis

sue donor, tumor explants displayed higher levels of both 

EpCAM and CEACAM5 compared to normal explants, with 

both groups showing high variability in antigen expression 

(Figures 2G and 2H). Collectively, these data showcase the po

tential of the histoarrays for high-throughput embedding, stain

ing, and analysis of donor-matched healthy and diseased tis

sue explants, which is directly translatable to other large 

sized models (Figure S2).

Perpendicular cross-sections facilitated by histoarrays

Transwells are among the most common culture vessels to study 

lung epithelial barrier integrity,59 infection,60 drug delivery,61 and 

basic functions of barrier tissues.62 Specifically, air-liquid inter

face (ALI) lung transwell systems are well established, as the 

ALI supports epithelial cell differentiation.63,64 As these systems 

require multi-week differentiation protocols to generate a mature 

epithelium, FFPE-based assessment is particularly valuable, as 

multiple sections can be obtained for both morphology and 

marker assessment. However, conventional perpendicular 

embedding of lung transwells is notoriously difficult and low 

throughput, as it requires precise placement of the transwell at 

90◦ in the metallic mold while pouring and polymerizing the 

paraffin to obtain a sufficient cross-section.

To overcome this, we designed histomolds with thin slit protru

sions with the dimensions of standard 96-well and 24-well trans

wells that substantially ease the embedding of transwells (8 × 3T 

and 3 × 5T, Figure S3). Post-fixation, we removed multiple sam

ple-membrane constructs using either forceps to peel away the 

membrane (for 96-well transwells), a scalpel, or a biopsy puncher 

(for 24-well transwells) and transferred them directly to the histo

array, which guides perpendicular embedding by design 

(Figure 2I). Notably, we identified that water bath temperature 

and incubation time during sectioning significantly impacted 

sample integrity and section quality. Short incubation times of 

5–10 s reliably yield high-quality H&E sections with straight sam

ples and with the majority of the epithelium in focus on scanned 

slides, regardless of water bath temperature (Figure 2J). Howev

er, longer incubation times using a standard water bath temper

ature of 41◦C result in frequent sample loss and progressive 

waviness in the sample-membrane constructs, with associated 

obscuration of the epithelium by the transwell membrane and 

intermittent regions that are out of focus. In contrast, using a 

lower water bath temperature of 36◦C results in minimal drop- 

off in section quality with up to 60 s incubation time. Thus, careful 

control of these variables is critical for enabling higher 

throughput histologic evaluation of multiple transwells from his

toarray FFPE blocks.

To assess a transwell model of bronchial airway epithelium, 

H&E and Alcian blue staining was performed, highlighting the 

pseudostratified epithelium rich in goblet cells (Figure 2K). Using 

a consecutive section for mIF, we further confirmed the zonated 

(B) H&E image showcasing a histoarray containing forty-eight colon tissue samples (24 h ex vivo culture), comprising patient-matched normal and tumor explants. 

Black arrows indicate areas of non-cohesive tissue (scale bars, 2.5 mm). 

(C) mIF image exemplifying normal and tumor tissue morphologies. White arrows indicate areas of debris visible in normal explants (EpCAM+, green; CEACAM5+, 

orange; CD45+, yellow; CD31+, cyan; and DAPI+, blue) (overview scale bars, 2.5 mm; magnified organoid scale bars, 100 μm). 

(D) Explant histoarray well occupancy, quantified across 10 colon histoarrays. 

(E) Well-by-well scoring of epithelial content across fresh colon explant histoarray; n = 3). Score of 1 indicated 0%–25% epithelium-positive area per fragment, 2 

indicated 25%–50%, 3 indicated 50%–75%, and 4 indicated explants with 75%–100% epithelial coverage. 

(F–H) Quantification of explant cohesive tissue area (left) and EpCAM (center) and CEACAM5 (right) expression in matched normal and tumor explants (24 h 

ex vivo culture). EpCAM and CEACAM5 levels were normalized to the tissue area in each fragment. 

(I) Schematic overview of embedding lung transwells by peeling away the specimen-polymer complex with forceps (96-well transwells; 8 × 3T) or by removal with 

a scalpel (24-well transwells; 3 × 5T) and transfer into the histoarray. Schematic created in BioRender. 

(J) Consecutive sections of 10-day-old human primary alveolar epithelial cells cultured on transwells in an 8 × 3T histomold (scale bars, 2.5 mm; magnified insert 

scale bars, 40 μm). 

(K) Representative H&E and Alcian blue images of a pseudostratified bronchial epithelium cultured on a transwell for 30 days (scale bars, 50 μm). 

(L) Representative mIF image highlighting the zonated, tight (ZO1
+, yellow) and differentiated bronchial epithelium, exemplified by secretory cells (MUC5AC+, 

green) and FOXJ1+ ciliated cells (cyan) with ɑTubulin+ cilia (red), including DAPI+ nuclei (blue; scale bars, 50 μm).
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architecture, exemplified by FOXJ1+ ciliated cells in the top layer 

of the epithelium, including ɑTubulin+ cilia on top of the polarized 

epithelium (Figure 2L). Furthermore, strong apical ZO-1+ expres

sion highlighted the tight barrier. Goblet cells (MUC5AC+) were 

mostly found in the upper layer of the epithelium, where they 

secrete mucus on the apical side of the tissue. This workflow 

demonstrates the utility of characterizing transwell models, 

which we recently harnessed to assess the cellular architecture 

and composition of open-top engineered intestinal epithelia 

across the ‘‘crypt-villus’’ axis65 (Figure 1D). Additionally, by fully 

engulfing these in vitro intestines with HistoGel in combination 

with collagen, we have developed a protocol to preserve the 

intricate secreted mucus in FFPE sections during fixation and 

dehydration, opening avenues for studying mucus in vitro.65

High-throughput embedding of soft ECM-embedded and 

suspension culture models

In the intestine, adult stem cells located at the crypt base give 

rise to highly specialized, functional epithelial cell lineages, 

which is mirrored by intestinal organoids in vitro.66 These mini-in

testines (adult- or induced pluripotent stem cell [iPSC]-derived) 

continuously mature in culture, recapitulating aspects of their 

parent organ. In order to benchmark the status of epithelial dif

ferentiation of intestinal organoids, assessment of cell-marker 

expression is important. However, as intestinal organoids are 

typically grown in a soft hydrogel (e.g., Matrigel), evaluation of 

such ECM-embedded systems via histology has proven difficult, 

primarily due to the challenging retrieval from the matrix.67

Here, we demonstrate gentle liberation of soft ECM-cultured 

organoids by incubating the samples with Cell Recovery Solution 

for 40 min at 4◦C, followed by harvest, fixation, and direct 

dispensation into the 5 × 4F histoarray (Figures 3A and S3). Uti

lizing this approach, we were able to co-embed ten intestinal or

ganoid donors in technical duplicates from various intestinal re

gions (Figure S4A). Using consecutive sections for H&E, 

immunohistochemistry (IHC), and mIF, we were able to assess 

morphological integrity by H&E, expression of a cancer immuno

therapy-relevant target protein68–70 (IHC), and heterogeneous 

organoid differentiation (mIF) from a single FFPE block 

(Figures 3B, S4B and S4C).

Across the ten different donors, a mean of 28 organoids per 

section was detected (Figure 3C). Despite this number being suf

ficient for analysis, the density of organoids per well can be 

further increased to enhance biological content per section 

(Figure S4D). Carcinoembryonic antigen (CEA) expression was 

visualized for all identified organoids of three representative do

nors (Figure 3D), highlighting the distribution of expression within 

a technical replica. We then merged the mean of all technical 

replicas per donor to find that colon organoids have the highest 

CEA expression level (Figure 3E), reflected by region-specific 

visualization (Figure 3F). Next, we assessed the heterogeneous 

differentiation status of the organoids (Figure S4C). While ileal 

and colonic organoids differentiated well within the culture 

period, highlighted by ubiquitous FABP1+ enterocytes, MUC2+ 

goblet cells and a thick, polarized epithelium (H&E and 

E-cadherin), such a degree of differentiation was not observed 

in the duodenal organoids (Figure 3B). As previously reported, in

testinal organoids mimic the spatial patterning of their organ of 

origin in vitro.71 We were able to confirm this by direct compari

son to primary duodenum tissue (Figure 3G), including crypt-like 

buds (FABP1-, Ki67+, SOX9+) and a ‘‘villus-like’’ area (FABP1+hi, 

Ki67-, SOX9-).

To broaden the applicability of the histomolds, we assessed 

whether our histo-workflow is amenable to sensitive spatial tran

scriptomics methods. To this end, we subjected a small but 

dense histoarray (8 wells) with intestinal organoids to multiplexed 

error-robust fluorescence in situ hybridization (MERFISH) for 

FFPE samples (Figure S4E). We confirmed that mRNA quality af

ter histoarray processing was suitable for spatial transcriptomics 

(DV200 71%, data not shown). In addition, we were able to detect 

hundreds of transcripts outlining the epithelium of the intestinal 

organoids (Figure S4E), albeit transcripts per cell being low, 

demanding further optimization in the future.

Stiff ECM-embedded co-cultures to retain spatial 

information

With the rise of immunotherapy for a range of immune-mediated 

pathophysiologies,72–74 the concomitant contribution of the tumor 

microenvironment (TME) and spatial context has become increas

ingly evident.75–77 Although organoids represent a powerful tool for 

disease modeling, they are devoid of important tissue compart

ments such as the immune system, which is fundamental for 

modeling immunotherapy outcomes. Recently, multiple groups 

have started to co-culture immune cells with organoids to 

Figure 3. Histo-workflow for soft-ECM embedded and suspension CIVMs: Differentiation assessment and cancer immunotherapy target 

expression of intestinal organoids 

(A) Schematic overview of processing soft ECM-embedded organoids (e.g., Matrigel) by organoid recovery from matrix and/or suspension-cultured organoids, 

followed by dispensation into a histoarray. Schematic created in BioRender. 

(B) Representative H&E, IHC, and mIF images of half of the 5 × 4F histoarray across all donors, including dozens of 6-day-old organoids per well (scale bars, 

2.5 mm). Magnified inserts highlight representative organoids from different regions, demonstrating a polarized epithelium (strong apical CEA+ expression,brown; 

E-Cadherin+, pink) with stem cell-associated cells (SOX9+, cyan), goblet cells (MUC2+, green), enterocytes (FABP1+, yellow), proliferating cells (Ki67+, orange), 

and DAPI+ nuclei (blue). Magnified inserts scale bars, 100 μm. 

(C) Mean organoid number per section across the ten donors (± SD). 

(D) Quantification of CEA+ area of all organoids in one histoarray well of three representative donors (norgs>78 per donor). 

(E) Quantification of the mean CEA+ expression of organoids per well across two sections per donor (n = 4 per donor). Boxplots with whiskers showing all points 

(minimum to maximum) 

(F) Mean CEA+ expression across two sections per donor with respect to the region of origin (n = 3–4). Boxplots with whiskers showing all points (minimum to 

maximum) 

(G) Example of a 6-day ileal intestinal organoid, showcasing differential marker expression between a crypt-like area (Ki67+, SOX9+, and FABP1-) and a villus-like 

structure (Ki67-, SOX9-, and FABP1+), including parental tissue (scale bars, 100 μm).
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overcome this gap.78–82 However, these cultures are typically sub

jected to destructive methods such as flow cytometry, or the soft- 

ECM (e.g., Matrigel) disintegrates upon fixation, thereby losing 

spatial context and information about the TME.83 To overcome 

this gap, we have recently engineered a stiff collagen-Matrigel ma

trix that withstands fixation and hence enables the assessment of 

immune-organoid interactions in the context of the microenviron

ment (Figure 4A)84. Briefly, after fixation of the samples in the well, 

HistoGel is dispensed and polymerized on top of the dome inside 

the plate. Afterward, the dome-HistoGel construct can be 

retrieved, excess HistoGel removed, and the sample transferred 

to a histomold. By utilizing this protocol to retain spatial integrity 

of co-cultures with the histomolds, we aimed to assess the spatio

temporal anti-tumor effect of an EpCAM-targeting T cell bispecific 

(TCB) on peripheral blood mononuclear cell (PBMC)-tumoroid co- 

cultures within one FFPE block.

To this end, we treated the co-cultures (two tumoroid donors) 

with 5 μg/mL of EpCAM-TCB across four time points (in 

Figure 4. Histo-workflow for stiff-ECM embedded CIVMs: Spatiotemporal analysis of T cell bispecific efficacy assessment on immune- 

tumoroid co-cultures 

(A) Schematic overview of embedding stiff ECM-cultured (e.g., Collagen-Matrigel) PBMC-intestinal tumoroid co-cultures to retain spatial organization by in-well 

HistoGel polymerization, followed by lifting and punching out the co-culture dome and transfer to the 5 × 4F histoarray. Schematic created in BioRender. 

(B) Representative mIF images following activation of T cells and subsequent cytolysis of tumoroids post EpCAM TCB treatment (5 μg/mL) per donor and time 

point from the same histoarray section (scale bars, 100 μm). Magnified inserts (scale bars, 50 μm). 

(C–G) Quantification of EpCAM TCB-triggered CD3+ T cell infiltration (green) per tumoroid (EpCAM+, red), followed by upregulation of the activation marker CD69+ 

(orange) and cytotoxic granules (GzmB+, cyan), resulting in caspase-3+ apoptosis (yellow) of the tumor epithelium, induction of CD3+ T cell proliferation (pink), and 

DAPI+ nuclei (gray) (n = 3–4).
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duplicates) and transferred the resulting 20 stiff-ECM domes into 

a single 5 × 4F histoarray (Figure S3). Deploying a 7-plex mIF 

approach (Figure S5A), we were able to observe increasing 

apoptosis induction (caspase-3+ cells) in the tumoroids 

(EpCAM+) and strong co-expression of CD69 (activation) in 

CD3+ T cells in a temporal manner across both donors 

(Figure S5B).

We found that T cells increasingly infiltrate the tumoroids 

(Figures 4B and S5C), become activated (CD69+ CD3+), upregu

late cytotoxic GzmB+ granules, and start to proliferate (Ki67+), 

leading to the induction of apoptosis (caspase-3+) in the 

EpCAM+ tumoroids (Figures 4B–4G). Notably, T cells within the 

tumoroids exhibited higher levels of CD69 and GzmB than those 

remaining in the matrix, suggesting a TCB-triggered, local 

response by T cells in close proximity to the antigen, followed 

by activation of T cells in the periphery (matrix; Figures 4B–4D, 

4G and S5C). This highlights the need for evaluating such co-cul

tures in the context of cancer immunotherapy using spatial 

methods. Harnessing this approach, we were recently able to 

capture differential infiltration and killing patterns of T cells in 

the context of healthy and cancerous epithelium from the same 

donor.84 Furthermore, we have utilized this approach to study 

the intraepithelial character of tissue-resident memory T cells 

when co-cultured with autologous organoids at homeostasis,85

opening possibilities to study epithelium-immune interactions 

in vitro.

DISCUSSION

The field of CIVM research is rapidly evolving and opens avenues 

for basic and translational research. With the legal removal of an

imal testing as a necessity to advance molecules in pharmaceu

tical development (FDA Modernization Act 2.035), it has become 

paramount to incorporate CIVMs at each stage of preclinical 

development. Therefore, in-depth and systematic characteriza

tion of these models is pivotal. As histological data has 

been part of the standard repertoire for regulatory authorities 

for decades, it is logical to apply these readouts to CIVMs. 

However, to facilitate the large sample volumes of the CIVM 

research field, protocols must be developed to overcome tradi

tionally low-throughput and labor-intensive histopathology 

workflows.

Here, we developed a holistic histo-workflow for CIVMs that 

overcomes multiple shortcomings of traditional histo-processing 

and showcases the great potential of histopathology for CIVMs. 

In particular, we have generated a large battery of histomolds de

signed to enable high-throughput embedding of a wide range of 

CIVMs of various sizes, morphologies, culture vessels, and 

methods. Our 3D-printed histomolds can be easily designed, 

manufactured, and adapted, while requiring relatively low exper

tise and inexpensive equipment. Once routinely applied, the 

transfer of samples is swift, enabling co-planar embedding of 

up to 80 samples in one FFPE-block. Determined by the depth 

of the sample in the histoarray, dozens (e.g., dome co-cultures) 

to hundreds of consecutive sections (e.g., transwells) can be ob

tained and stained to interrogate the models. Furthermore, the 

arrayed layout eases image analysis, as intra- and inter-staining 

variability is minimized. Additionally, various types of negative 

controls can be co-embedded by experimental design, further 

simplifying detection scoring or identification of nonspecific 

antibody binding. Moreover, we demonstrated that the dense 

sample array facilitated by the histomolds is ideal to accommo

date highly advanced and costly spatial transcriptomics 

methods such as MERFISH, broadening the applicability of the 

method.

Limitations of the study

Although the histomolds offer great promise and are generally 

easy to use and implement, the process of embedding and sub

sequent sectioning can be challenging, particularly in the case of 

small, spherical models (<500 μm3) that are intended to be 

embedded in individual wells (e.g., 8 × 6R; Figure S3). To over

come this, pooling the specimens by resuspending multiple 

technical replicates in HistoGel and directly dispensing them 

into, for example, the 6 × 4F histoarray (Figure S3) will generate 

a greater sectioning depth and more biological material per well. 

While pooling defeats the purpose of individual embedding, it is a 

pragmatic solution for embedding and processing small model 

systems. Importantly, individual assessment of single objects 

within pooled samples is not defeated but is achievable through 

downstream object segmentation in the image analysis pipeline, 

as demonstrated in Figure S4C. Dehydration errors can be easily 

avoided by sufficient pre-dehydration in formalin as well as by 

minimizing the thickness of the histomolds in the design phase, 

as we found larger volumes of HistoGel to correlate with dehy

dration issues. Lastly, although the process to generate our his

tomolds is significantly easier than previous workflows,43,45,46 it 

still requires some basic 3D printing knowledge. However, with 

the 3D-printing templates provided in this manuscript, the histo

molds can be directly printed and integrated into any histology- 

lab routine.

Despite the limitations of this study, the histomolds and data 

presented here afford opportunities for CIVM processing and 

analysis, while significantly reducing labor and reagent re

sources, thereby democratizing high-throughput embedding of 

CIVMs in histopathology.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Recombinant SOX9 (1:800) Abcam Ab185966; RRID: AB_2728660

FABP1 (1:100) Life Technologies PA5-28945; RRID: AB_2546421

MUC2 (1:100) Life Technologies MA5-12345; RRID: AB_10975230

Ki67 (1:500) Invitrogen 14-5698-82; RRID: AB_10854564

CD3 (prediluted) Ventana 790-4341; RRID: AB_2335978

CD4 (prediluted) Ventana 790-4423; RRID: AB_2335982

CD8 (prediluted) Ventana 790-4460; RRID: AB_2335985

CD14 (1:200) Abcam ab181470, RRID:AB_2725781

CD20 (1:200) DAKO M0755

Recombinant CD103 (1:100) Abcam Ab227697; RRID: AB_3665840

Cleaved Caspase-3 (1:100) Cell Signaling Technology 9661; RRID: AB_2341188

EpCAM (prediluted) Ventana 760–4383

E-Cadherin (prediluted) Ventana 760–4497

Granzyme B (1:100) Abcam Ab4059; RRID: AB_304251

Vimentin (prediluted) Ventana 790–2917

CD69 (1:100) Abcam ab233396; RRID: AB_2922929

MUC5AC (1:100) Invitrogen MA5-12178; RRID: AB_10978001

FOXJ1 (1:100) Invitrogen 14-9965-82; RRID: AB_1548835

aTubulin (1:100) Abcam ab218591

PAX6 (1:50) DSHB N/A

Rhodopsin (1:200) Abcam Ab5417; RRID: AB_304874

OTX2 (1:200) Atlas/Sigma HPA000633; RRID: AB_1079538

CRX (1:200) Abnova H00001406-M02; RRID: AB_606098

ZO-1 (1:100) Invitrogen 33-9100; RRID: AB_2533147

CD31 (1:100) Dako M0823

CD45 (prediluted) Ventana 760-2505; RRID: AB_2335953

CEACAM5 (1:200) Abcam ab207718; RRID: AB_3086740

Biological samples

Human intestinal tissue 

FFPE blocks

Foundation HTCR, 

Munich, Germany

HTCR ethics commission approval: no. 

025-12

Human intestinal tissue 

FFPE blocks

Clarunis Basel, Switzerland Ethics Committee of Basel; EKBB, no. 

2019-02118

Human intestinal tissue 

FFPE blocks

Humanitas Research 

Hospital (Milan, Italy)

ethics commission Comitato Etico 

Terrirotiale Lombardia 5 (Ethical approval 

3631)

Chemicals, peptides, and recombinant proteins

Phosphate-Buffered Saline (PBS) Gibco 10010–056

Paraformaldehyde (PFA) Thermo Scientific Chemicals J19943.K2

Advanced DMEM/F12 Thermo Fischer Scientific 12634028

Bovine Serum Albumin (BSA) Sigma-Aldrich A8412

Cell Recovery Solution Corning 354253

Sodium Azide Sigma-Aldrich S2002

Histogel Fisher Scientific 12006679

Puncher of various sizes pfm medical 48401

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CytoOne Multiwell Plates Star-Lab CC7682-7524

10% Formalin Sigma-Aldrich HT501320

SuperFrost Ultra Plus Gold Adhesion slides Fisher Scientific 11976299

TeloCol-6 Advanced BioMatrix 5225

Neutralization Solution For TeloCol-6 Advanced BioMatrix 5229

Collagen Rat Tail Type 1 Advanced BioMatrix 5153-1KIT

Tris-EDTA buffer, pH 7.8 Ventana #950-227

Discovery Inhibitor Ventana #760-4840

Discovery Ab diluent Ventana #760-108

OmniMap anti-Rabbit HRP Ventana #760-4311

OmniMap anti-Mouse HRP Ventana #760-4310

OmniMap anti-Rat HRP Ventana #760-4457

Discovery ChromoMap DAB Kit Ventana #760-159

Hematoxylin II Ventana #790-2208

Bluing Reagent Ventana #760-2037

Alcohol Roche #CAS64-17-5

Xylol ACROS Organics #444240050

Standard histoglue Pertex #00811-EX

DISCOVERY Ab Diluent Ventana 760–108

DISCOVERY Inhibitor Ventana 760–4840

DISCOVERY Goat Ig Block Ventana 760–6008

OmniMap anti-Ms HRP Ventana 760–4310

OmniMap anti-Rb HRP Ventana 760–4311

OmniMap anti-Goat HRP Ventana 760–4647

OmniMap anti-Rat HRP Ventana 760–4457

QD DAPI Ventana 760–4196

ULTRA LCS Ventana 650–210

Discovery CC1 Ventana 950–500

ULTRA LCS Buffer Ventana 950–223

Reaction Buffer Concentrate (10X) Ventana 950–300

DISCOVERY Wash Ventana 950–510

Tris-EDTA buffer pH 7.8 (CC1) Ventana #950-227

Discovery Inhibitor Ventana #760-4840

1X Plus Automation Amplification Diluent Akoya #FP1609

ProLongTM Gold Antifade Mountant Invitrogen #P36930

Mayer’s hemalum solution Sigma-Aldrich 109249

Critical commercial assays

Gene imaging kit Vizgen 10400006

Cell Boundary Staining Vizgen 10400118

Merscope FFPE Sample 

Preparation reagents

Vizgen 10400114

Merscope FFPE Slide Vizgen 10500102

1x Automation Amplification Diluent Akoya FP1609

Opal 480 Reagent Pack Akoya FP1500001KT

Opal 520 Reagent Pack Akoya FP1487001KT

Opal 570 Reagent Pack Akoya FP1488001KT

Opal 620 Reagent Pack Akoya FP1495001KT

Opal 690 Reagent Pack Akoya FP1497001KT

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tissue samples

Human tissues and associated clinical information, along with concurrent data collection and experimental procedures, were ob

tained from patients undergoing tumor resections within the framework of the non-profit foundation HTCR (Munich, Germany) 

and at the University Center for Gastrointestinal and Liver Disease (Clarunis; Basel, Switzerland) as well as Humanitas Research Hos

pital (Milan, Italy), including informed patient consent. The HTCR Foundation’s framework received approval from the ethics commis

sion of the Faculty of Medicine in the Ludwig Maximilian University (no. 025-12) and the Bavarian State Medical Association (no. 

11142). The framework of the University Center for Gastrointestinal and Liver Disease was approved in accordance with the Helsinki 

Declaration and reviewed and approved by the ethics committee (Ethics Committee of Basel, EKBB, no. 2019–02118). The frame

work of the Humanitas Research Hospital received approval from the ethics commission Comitato Etico Terrirotiale Lombardia 5 

(Ethical approval 3631).

Complex in vitro model culture

Intestinal explants

Patient-derived surgical tissue resections were received the morning after surgery. In order to preserve tissue viability, all tissue pro

cessing was carried out on ice with addition of sufficient wash medium (advanced DMEM/F12 + 1:250 Primocin +2% PenStrep), to 

prevent drying out of tissue during manipulation. As a first step, the abundant mucus layer atop the epithelium was gently scraped off 

using the dull side of a scalpel blade. Secondly, because a full-thickness surgical resection of colon includes mucosal, submucosal 

and inner and outer muscular layers, the mucosa and submucosa were resected from the remaining tissue prior to fragmentation into 

explants, by careful separation using a scalpel. Once the relevant layers were selected, explants were generated by cutting the tissue 

further in the x and y directions until fragments of 1 mm3 size were obtained. Explants were stored in wash medium on ice until the 

desired number of fragments were cut, at which point they were distributed into flat-bottom 96 well plates for 24 h ex vivo culture in 

culture medium (advanced DMEM/F12 + 10% FBS + 1X Glutamax +1:250 Primocin +2% PenStrep) at 5% CO2 and 37◦C. At culture 

endpoint, explants were fixed in 4% PFA directly in the culture plate (refer to ‘Fixation & Harvest Method III’).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Opal 780 Reagent Pack Akoya FP1501001KT

Experimental models: Cell lines

Human intestinal organoids derived from 

human intestinal tissue

Foundation HTCR, Munich, Germany HTCR ethics commission 

approval: no. 025-12

Human intestinal explants derived from 

human intestinal tissue

Clarunis Basel, Switzerland and Humanitas 

Research Hospital (Milan, Italy)

ethics commission Comitato Etico 

Terrirotiale Lombardia 5 (Ethical approval 

3631)

Murine neural organoids from 

CGR8_SOX1-eGFP_Brachuary-mCherry 

202309 mouse embryonic stem cells

David Suter Lab, EPFL, Switzerland N/A

Human alveolar epithelial cells Cell Biologics Cat# H-6053, Lot# F101517Y72

Murine retinal organoids from 

CGR8_SOX1-eGFP_Brachuary-mCherry 

202309 mouse embryonic stem cells

David Suter Lab, EPFL, Switzerland N/A

Human bronchial epithelial cells Lonza #CC-2540, Lot#18TL346815

Software and algorithms

HALO Indica Labs v3.6.4134.396

HALO AI Indica Labs v3.6.4134

Ndp.view2 Hamamatsu https://www.hamamatsu.com/jp/en/ 

product/life-science-and-medical- 

systems/digital-slide-scanner/U12388- 

01.html

Other

Histomold design files This paper https://doi.org/10.6084/m9.figshare. 

31077718

24 mm × 30 mm disposable nbase mold Thermo Fischer Scientific 22-363-555

Thumb dressing forceps Roboz RS8100; Roboz
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Neural organoids

Mouse neural organoids were derived following an adapted version of Lancaster et al. (Nature Protocols, 2014)86 using the murine 

embryonic stem cell (ESC) line SBR.

Alveolar and bronchial transwells

Refer to Swart et al. (Nature Microbiology, 2024)60 for the detailed protocol of the normal human bronchial transwell culture (Catalog 

#CC-2540, Lot#18TL346815, Lonza).

Alveolar transwell cultures were established using a protocol adapted from an alveolus lung-chip protocol.87,88 Briefly, human pri

mary alveolar epithelial cells (HPAEC; Cell Biologics, Cat# H-6053, Lot# F101517Y72) from normal lung tissue were expanded to pas

sage 6 (P6) using SAGM Small Airway Epithelial Cell Growth Medium (Lonza, Cat# CC-3118) per the manufacturer’s instructions with 

modifications. Three days prior to seeding, HPAECs were thawed and expanded to P8 in SAGM complete medium, which consists of 

SAGM supplemented with 5% heat-inactivated fetal bovine serum (HI-FBS; Sigma, Cat# F4135). HTS 96-well transwells (Corning, 

Cat# 7369) were coated for 30 min at room temperature with an extracellular matrix mixture containing 0.03 mg/mL fibronectin (Corn

ing, Cat 356008), 0.2 mg/mL collagen type IV (Sigma, Cat# C5533) and 0.005 mg/mL laminin (Sigma, Cat# L6274) in endotoxin-free 

calcium/magnesium-free phosphate buffered saline (PBS; EMD Millipore, Cat# TMS-012-A), then equilibrated with SAGM complete 

medium in the basolateral compartment. HPAECs were seeded at 1.25 x 105 cells/mL (100 μL) on the apical surface and incubated 

overnight at 37◦C in a 5%, humidified CO2 incubator. The next day, media in both compartments were replaced with SAGM complete 

media supplemented with 100 nM dexamethasone, 5 ng/mL keratinocyte growth factor (KGF; ThermoFisher Scientific, Cat# 

PHG0094), 50 μM cyclic adenosine monophosphate (cAMP; Sigma, Cat# B7880) and 25 μM isobutyl methylxanthine (IBMX; Sigma, 

Cat# I7018). On Day 3, the apical medium was removed to establish an air-liquid interface and the basolateral medium was switched 

to DMEM/F-12 (Gibco, Cat# 11320033) with 1% pencillin-streptomycin (Gibco, Cat# 15140122), 1X GlutaMAX (Gibco, Cat# 

35050061) and 10% HI-FBS. Medium was refreshed every 3–4 days. At Day 7 post establishment of an air-liquid interface 

(10 days in culture), cells were washed with PBS and fixed in 4% paraformaldehyde (PFA) for 1 h at room temperature before storage 

in 70% ethanol for FFPE processing.

Intestinal organoids

Refer to Fuji et al.71 for the detailed protocol of the human intestinal organoid culture.

Intestinal tumoroid co-culture

Refer to Harter et al. 84 for the detailed protocol of the human intestinal tumoroid, immune and tumoroid-immune co-culture.

Retinal mouse organoids

Refer to Völkner et al. 89 for the detailed protocol of the mouse iPSC-derived retina organoid protocol.

METHOD DETAILS

Histomold design and manufacturing

Features of CIVMs determining histomold design. 

The mold geometry comprises an array of cylindrical wells with a flat or round bottom sharing the same plane of reference. Sur

rounding this array, a wall made of the same material (cast gel) allows the pouring of gel over the organoids once they are in place. 

Filling the mold with gel until the wall height results in a uniform block of gel with a top flat surface.

To obtain this design, the casting mold contains the following features (Figure S1E).

- A thick base of lateral dimensions (A-B) 37-31 mm and a minimum height of (I) 12 mm to obtain enough rigidity to ensure a flat 3D 

printed mold

- A surrounding wall that will contain the first gel to be subsequently demolded. This wall should have a height of (H) 4 mm,and a 

thickness of (C) 2 mm at its top. An angle (F) 100 ◦facilitates the demolding of the gel.

- A groove with respect to the middle surface that will create the wall of the demolded gel. This groove has a depth of (J) 2 mm and 

is (M) 2 mm wide at the base. As before, an angle of (G) 60◦ facilitates its demolding.

Histomold Design Parameters Examples

Size of Specimen Small (<500 μm3) vs. Mid (500–1000 μm3) 

vs. Large (>1000 μm3)

Entities per well Single organoid vs. Multiple organoids

Culture system Chip vs. (Plate-) Well vs. Transwell

Culture method Extracellular matrix vs. Suspension
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- A middle flat surface with lateral dimensions (D-E) 27-21 mm and protruding cylinders, cuboids or half disks that will serve to 

form the wells. The exact well sizes used are described in Figure S3 every specific design. In general, the well diameter ranges 

from 0.25 to 5 mm, and the height from (K) 0.25 to 1.5 mm. For cylinders, the top can be flat or round. In the latter case the round 

part is a semisphere of radius equal to cylinder radius. The distance between the top of the cylinder/cuboid/disk and the external 

wall top should be at least (L) 1 mm, to ensure the integrity of the final molded part.

The three dimensional design of the mold was defined by computer aided design software (Autodesk Fusion 360). We additionally 

provide in supplementary the 3D file of the designs described in this work (key resources able). The design was imported into a 3D 

printer-compatible software, in our case, PreForm from Formlabs, and we used a Formlabs 3B+ printer. The bottom surface of the 

mold base was printed directly on the printer base without supports, to ensure a very flat surface. Both elastic and rigid resins were 

used, the former allowing an easier demolding but requires thicker features to ensure flatness. Specifically, we used Elastic 50A and 

High Temp resins from Formlabs. After printing, molds were washed and cured according to manufacturer’s guidelines: bath in iso

propanol under flow (in Form Wash, Formlabs) and 60◦C under UV light for 60 min in a curing station (Form Cure, Formlabs).

Sample harvesting and fixation

Fixation & harvest method I: PFA-based sample harvesting

Suitable for: (Soft) ECM-embedded culture models (e.g. Matrigel, Cultrex).

(1) Carefully aspirate the media from the organoid cultures.

(2) Gently wash the organoid cultures with PBS and discard the PBS.

(3) Add 4% PFA to the organoid domes and incubate at room temperature for 30 min. The hydrogel dome will dissociate in PFA.

(4) Transfer the fixed organoids in PFA into a Falcon tube.

(1) Gently pipette up and down along the side wall of the tube to dissolve any remaining hydrogel in the PFA.

(2) Centrifuge the tube at 250xg for 5 min and carefully discard the supernatant containing PFA.

(3) Wash the sample gently with PBS +1% BSA and centrifuge the tube at 250xg for 5 min. Remove the supernatant.

(4) Repeat the gentle wash with PBS +1% BSA.

(5) Remove the supernatant and gently resuspend the fixed organoid pellets in fresh PBS.

(6) Store at 4◦C until embedding.

Fixation & harvest method II: Sample harvesting using cell recovery solution

Suitable for: (Soft) ECM-embedded culture models (e.g. Matrigel, Cultrex).

(1) Carefully aspirate the media from the organoid cultures.

(2) Carefully wash the sample with PBS without disturbing the dome.

(3) Remove the wash buffer and add Cell Recovery Solution.

(4) Place the plate in the fridge at 4◦C for a minimum of 40 min.

(5) Once the dome has softened or dissolved, resuspend the organoids in the solution by gentle pipetting. The dome will disin

tegrate, resulting in an organoid-suspension.

(6) Use Advanced DMEM containing 1% BSA (to avoid organoid sticking to tip and tubes) to harvest organoids from the plate 

into an Eppendorf tube.

(7) Centrifuge at 200xg for 5 min.

(8) Carefully remove the supernatant, as the pellet is not very stable.

(9) Wash the sample gently with cold PBS containing 1% BSA.

(10) Centrifuge again and remove the supernatant.

(11) Fix the organoids with 4% PFA for 30 min at room temperature.

(12) After fixation, centrifuge the tube at 250xg for 5 min and carefully discard the supernatant containing PFA.

(13) Wash the sample gently with PBS +1% BSA and centrifuge the tube at 300xg for 5 min. Remove the supernatant.

(14) Repeat the gentle wash with PBS +1% BSA.

(15) Remove the supernatant and gently resuspend the fixed organoid pellets in fresh PBS.

(16) Store at 4◦C until embedding.

Fixation & harvest method III: Direct (in situ) sample fixation

Suitable for: Single, mid-large sized models and tissue, stiff ECM-embedded models (e.g. Collagen), transwell monolayer models.

(1) Carefully aspirate the media from the organoid cultures.

(2) Carefully wash the sample once with PBS without disturbing the sample within the culture vessel.

(3) Fix with 4% PFA overnight at 4◦C or for 30–120 min at room temperature, based on the sample size within the culture vessel.

(4) After the fixation, wash the sample three times with PBS. Discard the PBS wash.

(5) Add fresh PBS to the sample.

(6) Store at 4◦C until embedding.
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Fixation & harvest method IV: Direct sample fixation of small organoids

Suitable for: Small suspension culture models.

(1) Transfer the organoids in media into an Eppendorf tube.

(2) Centrifuge the tube at 300xg for 5 min and carefully aspirate the supernatant.

(3) Gently wash the sample with PBS +1% BSA and centrifuge the tube at 300xg for 5 min. Remove the supernatant.

(4) Fix the sample with 4% PFA for 30 min at room temperature or overnight at 4◦C.

(5) Centrifuge the tube at 300xg for 5 min and carefully discard the supernatant containing PFA.

(6) Wash the sample with PBS +1% BSA and centrifuge the tube at 300xg for 5 min. Remove the supernatant.

(7) Repeat the wash with PBS +1% BSA.

(8) Remove the supernatant and gently resuspend the fixed organoid pellets in fresh PBS.

(9) Store at 4◦C until embedding.

Preparation of histoarrays from histomolds

(1) Select the appropriate histomold suited to the intrinsic and extrinsic factors described above in conjunction with histomolds 

available (Figure S3).

(2) Retrieve the HistoGel from the fridge and thaw it in the microwave for approximately 10–20 s until it liquefies.

Note: Place the HistoGel tube with a loosened cap inside a 50 mL Falcon tube with its lid slightly closed to prevent the HistoGel from 

boiling over. Keep the HistoGel at ∼64◦C while working to maintain its liquid state.

(3) Fill the histomold with HistoGel by pipetting from the corners first, ensuring that you avoid creating bubbles and that the gel is 

evenly distributed on the surface. It is important to have the HistoGel filled level on the surface, ensuring a flat surface once 

cast out of the mold.

(4) Polymerize the HistoGel in the mold for 20 min at 4◦C in the fridge.

(5) After polymerization, gently remove the HistoGel from the mold and transfer it to a Petri dish or Parafilm (non-sticky/hydropho

bic surface) by using spatulas and squeezing it out.

The resulting, cast-out HistoGel is from here onward referred to as ‘‘histoarray’’ (Figure 1A).

Optional: For added stability during sample transfer, place the trimmed histoarray into 24 mm × 30 mm disposable base mold.

Optional: labeling samples to ease identification of samples during sectioning

Identification of the depth positioning of fixed samples within an FFPE block during FFPE sectioning is important for choosing the 

best possible FFPE slices for staining. For example, choosing sections too early or too far along during the sectioning process 

can lead to FFPE sections with suboptimal representation of samples or no biological material on the section. However, identification 

of appropriate cutting depths can be challenging for a variety of reasons: for explants, which vary slightly in size and buoyant prop

erties (as discussed above), identification of fragments may be challenging due to poor color contrast between wax and pale tissues, 

or due to fragment sizes much smaller than 1 mm3, as may be needed when testing numerous conditions from an initially scarce 

surgical resection or biopsy. This can be equally challenging when dealing with small spheroids or organoids liberated from ECM. 

It is therefore advisable to improve the contrast between the CIVM being embedded and the surrounding material by staining fixed 

CIVMs with hematoxylin/eosin solution (Mayer’s hemalum solution), prior to embedding into histomolds, especially when beginning 

to use the histomolds. Toward this, fixed samples are ideally retained in well plates. A drop, equivalent to approx 5-10 μL solution, is 

added to each well containing the sample in PBS. Samples are allowed to take up the dye at room temperature for 10–30 min, after 

which PBS + hematoxylin/eosin are removed from the wells using a small-bore tip (to ensure sample exclusion), washed once in PBS 

and then added to histomolds as described below. If samples are not in well plates, this process can be carried out on sheets of 

parafilm. Such pre-staining with hematoxylin/eosin greatly aids the identification of ideal sample planes within the FFPE block, as 

the coloring is retained all the way through FFPE sectioning. Importantly, this staining does not have repercussions on additional 

H&E staining, nor on (auto)fluorescence levels in mIF stainings.

Sample transfer into histoarray and post-processing

The histomolds described within this manuscript were specifically designed for certain models, sizes and culture vessels in house. 

However, this is a non-exhaustive list and a constant, reiterative process of adjusting and optimizing the molds further is needed, as 

new models (might) demand slightly different sized wells or depths, for example. However, the same histomold often accommodates 

models of different organs of origins or culture methods and even sizes, depending on the user’s preference. The described embed

ding approaches can be adjusted to needs or preferences of the users and simply outline a variety of workflows we heuristically 

grouped into four main approaches covering most CIVMs.

In general, the samples can be handled using spatulas, tweezer, pipette tips, or a puncher depending on the model/application/ 

matrix (see below). It is recommended to embed the samples in an asymmetric layout to easily identify samples post-processing and 

-sectioning, minimizing the chance of mislabeling, as illustrated in Figure S5D. Furthermore, remove as much excess liquid carried 

over from the samples as possible before transferring into the histoarray to ensure homogenous dehydration results.
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In cases where histomolds are to be filled completely, thereby yielding arrays with no evident orientation, it is further recommended 

to add an additional marker, in order to be able to unequivocally assign the correct orientation of FFPE sections: After filling and poly

merizing the histomold completely, the top right corner of the histomold is cut away (Figure S1A), the mold is placed within the his

tology cassette and, optionally, an appropriately-sized piece of chicken breast tissue (previously fixed in 4% PFA and stored in 

PBS+sodium azide at 4◦) is added to the HistoGel-free corner. The chicken breast is processed alongside the sample in all subse

quent steps. Each FFPE section therefore contains a section of chicken breast, positioned in the top right corner of the CIVM histo

array. Chicken muscle is easily visible in H&E sections; in mIF stainings its autofluorescence can be utilized to orient the array to ease 

analysis. An alternative orientation control is a synthetic antigen gel made of bovine serum albumin (BSA) and containing pigment.90

To prepare this type of orientation control, add 100 μL of tissue marking dye (TMD-GN, TBS) to 500 μL of 12.5% BSA in PBS (v/v) in a 

1.5 mL Eppendorf tube, vortex the tube, heat at 85◦C for 10 min on a Thermomixer (Eppendorf), remove the resulting solidified gel 

from the tube, and trim it into 2 mm × 2 mm x 5 mm pieces. These gel pieces can be placed directly into the notched, HistoGel-free 

corner of the histoarray and processed alongside the sample, as described above, or the pieces can be wrapped in biopsy paper, 

processed separately in a tissue cassette, and incorporated at the time of paraffin embedding. These BSA gels do not come off the 

slide during antigen retrieval and are readily visualized on H&E sections, IHC, and IF.

Transfer method I: Single, mid-large sized models and tissues

(1) Remove the remaining liquid in the culture (Figure 2A) vessel and transfer the fixed sample onto parafilm using spatulas, twee

zers or cut-off P1000 tips.

(2) Aspirate any excess liquid carried over.

(3) Place the samples into the histoarray using spatulas, tweezers or pieces of parafilm.

(4) Repeat the previous step in case multiple samples are at hand.

(5) Continue with step A below.

Transfer method II: Epithelial monolayer models on 24-well transwells

(1) Remove the fixed transwell (Figure 2I) samples from the plate.

(2) Either use a scalpel or a biopsy puncher to remove the sample from the transwell insert, including the membrane.

(3) Briefly place the transwell on parafilm (with the polymer facing downward) before transferring it into the histoarray.

Note: do not push the transwell sample into the well, as this might lead to artifacts (e.g., rolling of the specimen at the bottom lead

ing to undesired artifacts).

(4) Repeat the previous step in case multiple samples are at hand.

(5) Continue with step A below.

Transfer method II: Epithelial monolayer models on 96-well transwells

(1) Remove the fixed transwell (Figure 2I) samples from the plate.

(2) Using forceps, grasp the edge of each transwell insert to peel off the sample with the transwell membrane.

(3) Transfer the transwell directly into the histoarray.

(4) Repeat the previous step for all samples.

(5) Continue with step A below.

Transfer method III: Soft ECM-embedded culture models and small suspension culture models

(1) Aspirate liquid in the Eppendorf (Figure 3A) tubes containing the fixed samples to ensure a dry organoid pellet (if necessary, 

centrifuge one more time).

(2) Resuspend the samples with liquefied HistoGel.

Note: the volume depends on the well size of the intended mold and amount of mold-wells you intend to fill with your samples. 

Ideally, the denser the better to enable a higher number of biological material per section.

(3) Dispense organoid-HistoGel suspension directly into the wells of the histoarray.

(4) Repeat the previous step in case multiple samples are at hand.

(5) Continue with step A below.

Transfer method IV: Stiff ECM-embedded (co-) culture models

Stiff, collagen-based ECM preparation: To enable handling and embedding of samples without perturbing the spatial integrity 

(Figure 4A), a stiff ECM is crucial. Recently, we’ve shown that a Rat Collagen I mixture with Matrigel (1:1 ratio, v/v) mixture is sufficient 

to retain the spatial integrity of the sample upon PFA fixation and transfer into the histoarray.84,85 Besides the Rat Collagen I, we have 

also used Bovine Collagen (Telo-Col 6) with its commercially available neutralization solution that can be used to retain the integrity of 

the matrix (100% or mixed with Matrigel). Briefly, the stiff ECM was prepared following manufacturers ratios by resuspending 350 μL 

Telo-Col 6 with 40 μL of Neutralization Solution and mixed thoroughly (alternatively vortexed shortly). Next, the neutralized collagen 

was thoroughly mixed with 100 μL of Matrigel before centrifuging it for 30 s at 20000 g at 4◦C to avoid bubble formation.

Afterward, samples can be resuspended with this hydrogel mixture and dispensed into a 24-well plate.

Note: The more hydrophobic the plate, the smoother the workflow described below (e.g., CytoOne CC7682-7524) as the dome will 

detach more easily. In addition, as different plates might lead to different sizes of domes (in respect to the total volume of the dome), 
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the size of the dome (diameter) should be assessed once. The choice of puncher size and histomold-well diameter depends on this.

(1) Remove any liquid from the wells containing the fixed samples.

(2) Add 400 μL of HistoGel to the sample-containing wells, submerging the sample fully.

(3) Place the plate for a minimum of 25 min in the 4◦C fridge to ensure full polymerization.

(4) Afterward, use a bent spatula and carefully scoop out the HistoGel-disk containing your sample and place it on parafilm.

(i) Note: It can happen that the dome does not detach from the bottom of the plate with the HistoGel-disk. However, due to its 

rigid ECM, it can alternatively be directly removed from the plate using a spatula.

(5) Use a puncher with the appropriate diameter for your dome size and histomold.

(6) Punch the dome out of the HistoGel card and discard the excess HistoGel.

(7) Use two spatulas or parafilm pieces in order to transfer the dome into the histoarray.

Note: The diameter of the puncher and histomold-wells should be exactly the same as this facilitates perfect placement of the sam

ples. For example, the cultures in Figure 4 were cultured in 10 μL matrix. The size of the dome was measured, the histomold wells 

specifically designed to accommodate the dome (max. 4.1 mm) and a 4 mm puncher selected to retrieve the samples and perfectly 

place them into the wells of the 5 × 4F flat bottom histomold (Figure S3).

(8) Repeat steps 5–8 in case multiple samples are at hand.

(9) Continue with step A below.

From here, the following steps are applicable to all transfer-workflows described above.

A. Allow the samples to dry in the histoarray for 2 min. Removing excess liquid via pipetting aids the process.

B. Critical: Before completely filling with histoarray, ‘‘glue’’ the samples onto the histoarray by slowly dispensing a few microliters 

of HistoGel around each sample using a P10 pipette. Wait 5 min to allow for polymerization of the HistoGel.

Note: Filling HistoGel directly on top may cause the samples to lift from the histoarray wells (buoyancy), especially in the case of 

small/light samples. Carefully pre-polymerizing the samples within the wells before filling the rest of the histoarray prevents this.

Note: Not necessary for ‘Soft-embedded culture models’, which are dispensed in HistoGel directly into the histoarray (see above).

C. Slowly fill up the rest of the mold with HistoGel, keeping it level.

a. Note: for 96-well transwell samples, add just enough HistoGel to stabilize the samples and prevent them from folding over. 

Adding a large volume of HistoGel to fully encapsulate the samples will increase the thickness of the histoarray and could 

increase the risk of distortion artifacts during processing.

D. Place the HistoGel-covered histoarrays in the 4◦C fridge for 10-15 min to polymerize the HistoGel.

E. Store any remaining HistoGel at 4◦C.

F. Once the HistoGel is polymerized, trim the excess corners of the samples embedded in HistoGel if needed, without disturbing 

the lanes containing samples, to fit them in the cassette.

G. Place the sample-embedded histoarray inside a histo-cassette without flipping the histoarray.

Critical: As the true flat surface is the bottom of the cast histoarray and therefore enables sectioning through all samples at once, 

the histoarray containing the samples should not be flipped around during the FFPE-embedding process.

Note: It can help to cut a corner of the histoarray in order to identify the orientation later more easily.

H. Place the cassette in 10% formalin for 4 h at RT and proceed with sample dehydration and paraffin embedding afterward.

Note: Store thick Transwell histoarrays for 24 h in 10% formalin at RT followed by 24 h in 70% ethanol to help reduce processing 

artifacts.

Sample dehydration, paraffin embedding and sectioning

The sample processing is performed in a fully automated tissue processor HistoCore PEARL (Leica).

(1) Place the basket with cassettes in the chamber, select the appropriate program (see below), and start the machine.

(2) Different types of sample blocks require different processing lengths depending on their size or thickness. Refer to the table 

below for examples. We recommend longer dehydration times for thicker blocks.

(3) The processing retort is initially filled with reagent from the first reaction bottle.

(4) After the set time, the reagent is returned to its respective bottle, and the processing retort is filled with reagent from the next 

bottle. This process continues sequentially.

(5) Thirteen reagents are exchanged in one cycle within the processing retort.

(6) After the processing cycle is complete, remove the cassette basket and proceed with embedding.
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Specified Programs for Processing HistoGel Blocks in the HistoCore PEARL Tissue Processor.

Paraffin embedding

Embedding was performed on a Medite Embedding station TES99.

(1) Take an appropriate metallic-mold and fill half of it.

(2) Open the cassette containing the processed histoarray. Carefully transfer the histoarray from the cassette to the metallic mold 

filled with paraffin.

Critical: As described above, do not flip the histoarray as the bottom side is intended to be on the bottom of the metallic mold to 

ensure correct orientation for subsequent sectioning.

(3) Transfer the metallic mold containing the processed histoarray to the cold section of the plate. Gently press the histoarray to 

the bottom of the mold with tweezers.

Critical: Make sure to equally apply pressure, ensuring the bottom of the histoarray is in one plane.

(4) Cover the mold with the corresponding cassette and fill it with liquid paraffin up to the edge of the cassette. Place it on the cold 

plate until properly solidified.

(5) After cooling, separate the paraffin block from the mold, remove any excess paraffin, and proceed with sectioning.

Microtome sectioning

Sectioning was performed on a Thermo Microm HM355S.

(1) Fill the water bath with distilled water and adjust the temperature to 42◦C.

(2) Trim FFPE-blocks at a thickness of 10–20 μm at room temperature until the first samples appear, then place the FFPE-blocks 

on a cold plate or an ice bath for 10–15 min, which hydrates and cools the blocks, allowing for better ribbon formation.

Note: The HistoGel has a distinct appearance in contrast to the paraffin, as do the CIVMs in the sections. A trained person will 

detect even small organoids by eye with ease, whereas non-trained personnel could use the optional labeling step to identify the 

models during sectioning (described above).

(3) Once the FFPE-blocks are sufficiently cold, section the FFPE-blocks at a thickness of 3–4 μm or thicker sections, depending 

on the method or requirement. The sections should meet the following criteria:

(i) All embedded samples must be captured in one plane.Note: If all tips above have been followed, this should be the case.

(ii) The section must cover the largest surface area of the embedded tissue.Note: Once all samples are captured in one sec

tion, perform several consecutive sections at different depths in order to evaluate the section-depth (by H&E, see below).

(iii) The section must not be wrinkled or folded, this might lead to unwanted artifacts during imaging.

Normal HistoGelTM Thick HistoGelTM

Suitable for: Histoarray block <0.5 cm thickness Histoarray block >0.5 cm thickness

35◦C/mix off 35◦C/mix off

Formalin 0:05 (delay start) 1:00 (delay start)

EtOH 70% 0:30 1:00

EtOH 70% 0:30 1:30

EtOH 80% 1:00 1:00

EtOH 96% 0:30 1:00

EtOH 96% 0:30 1:30

EtOH 100% 1:00 1:00

EtOH 100% 1:00 1:30

Xylenes 0:45 1:00

Xylenes 0:45 1:30

Paraffin 0:45/56◦C 1:00/60◦C

Paraffin 0:45/56◦C 1:00/60◦C

Paraffin 0:45/56◦C 1:30/60◦C

*To further improve the dehydration procedure, consider using FLEX reagents as an alternative to the ethanol dilution series.
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(4) Cut serial sections of 6–7 sections per piece and place them on the surface of the water bath.

Critical: For transwell histoarrays, we recommend setting the water bath temperature to 36◦C and collecting only 1-2 sections at a 

time, optimally within 5–10 s for best results. Flotation times of up to 60 s can be used with relatively minor drop off in section quality. 

However, if using a standard water bath temperature (41◦C–42◦C), flotation times longer than 5–10 s result in significant sample wavi

ness and increased sample loss. If a ribbon of serial sections is needed, collect the appropriate number of sections onto the micro

tome blade holder and transfer to a water bath in smaller ribbons of 2-3 sections.

Note: Separate individual sections using forceps cooled on an ice bath to prevent the transwell samples within the paraffin section 

from becoming stretched.

(5) Transfer the sections from the water bath onto Superfrost or Gold Superfrost slides.

Note: Use Gold Superfrost slides for thin, long samples (e.g., transwells) to avoid lifting during processing.

(6) After sectioning, place the slides in an incubator at 37◦C overnight.

(7) The slides can be stored at room temperature for up to one year.

Depending on the CIVM, we have a two-way sectioning approach.

(a) In case of large samples (e.g., explants or assembloids), we recommend obtaining sections at multiple depths to cover the 

heterogeneity of the sample.

(b) In case of small samples (e.g., small organoid domes, small kidney organoids), we recommend obtaining as many consecutive 

sections as possible without trimming at different depths or re-trimming when intending to section the FFPE-block another day 

to avoid sample loss.

Histology techniques

Hematoxylin and eosin (H&E) staining

H&E staining was executed in a fully automated manner following the standard protocol on the Ventana HE600 stainer (Roche Tissue 

Diagnostics). H&E stainings were assessed with the ndp.view2 software (Hamamatsu).

Alcian blue staining

Alcian Blue (5279194001, Ventana) -PAS staining (5279291001, Ventana) was performed fully automated on the Ventana Benchmark 

(Roche Tissue Diagnostics). Briefly, after three cycles of deparaffinization, slides were washed and 200 μL of PAS Alcian blue incu

bated for 16 min at 37◦C. Wash was repeated, and 200 μL of Pas periodic acid was applied for 4 min, before another wash and 12 min 

of PAS Schiffs staining. Next, slides were washed again and 200 μL PAS neutralizer was added and incubated for 4 min. Lastly, slides 

were washed with 100 μL before counterstaining the slide with 200 μL of PAS hematoxylin for 8 min. Afterward, slides were cover

slipped as indicated in the manufacturer’s instructions.

Immunohistochemistry (IHC)

Stainings were performed using Ventana Discovery Ultra automated tissue stainer (Roche Tissue Diagnostics, Tucson AZ USA). Pri

mary antibodies and concentrations were validated in establishment IHC runs (except for pre-diluted Ventana primary antibodies), 

prepared in Discovery Ab diluent and then subjected to a dispenser for automated application. Specific incubation times might 

change between antibodies.

(1) Bake the slides first at 60◦C for 8 min and subsequently further heat up to 69◦C for 8 min for subsequent deparaffinization. 

Repeat this cycle three times.

(2) Perform heat-induced antigen retrieval with Tris-EDTA buffer pH 7.8 at 95◦C for a total of 40 min.

(3) Apply Discovery Goat Ig Block and incubate for 32 min.

(4) Apply Discovery Inhibitor for 16 min.

(5) Apply primary antibodies for 40 min.

(6) Detect primary antibodies using anti-species secondary antibodies conjugated to horseradish peroxidase (HRP) for 16 min 

and subsequently visualize by conversion of 3,3′-Diaminobenzidine (DAB).

(7) Counterstain specimens with Hematoxylin and Bluing Reagent.

(8) Dehydrate with a standard series of alcohol (70% v/v, 96% v/v, 100% v/v, 100% v/v) and Xylol baths (100% v/v), then mount 

slides fully automated using the RCM7000 coverslipper and a standard histoglue.

(9) Dry the slides for at least 2 h prior to imaging.

Multiplexed Immunofluorescence (mIF; opal dyes)

Prepare Opal dyes as described by the manufacturer instructions. Stainings were performed using Ventana Discovery ultra auto

mated tissue stainer (Roche Tissue Diagnostics, Tucson AZ USA). Primary antibodies and concentrations were validated in estab

lishment IHC runs (except for pre-diluted Ventana primary antibodies), prepared in Discovery Ab diluent and then subjected to a 

dispenser for automated application. The order of the primary antibodies and corresponding dyes was further determined during 

establishment runs. Specific incubation times might change between antibodies.
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(1) Bake the slides first at 60◦C for 8 min and subsequently further heat up to 69◦C for 8 min for subsequent deparaffinization. 

Repeat this cycle three times.

(2) Perform heat-induced antigen retrieval with Tris-EDTA buffer pH 7.8 at 95◦C for a total of 40 min.

(3) Apply Discovery Goat Ig Block and incubate for 32 min.

(4) Apply Discovery Inhibitor for 16 min.

(5) Apply primary antibodies for 40 min.

(6) Apply the respective anti-species secondary antibodies conjugated to horseradish peroxidase (HRP) for 16 min.

(7) Subsequently, apply respective Opal dye (starting with 480–780) and incubate each for 12 min at 37◦C, respectively.

(8) After every application of a primary antibody, respective secondary antibody and Opal dye, an antibody neutralization and 

denaturation step (4 min at 92◦C) is applied to remove residual antibodies and HRP, before starting the staining cycle again 

with the Discovery Inhibitor blocking step (Step 4).

(9) In the seven sequence, after the primary an additional Goat IgG blocking step is performed for 16 min, followed by the sec

ondary antibody-HRP. Next, Opal TSA reagent is applied, followed by the Opal dye 780.

(10) Slides are manually mounted using ProLong Gold Antifade Mountant. Slides are dried for at least 2 h prior to imaging.

Sample preparation for MERFISH spatial transcriptomics

Histomold embedding

Human intestinal organoids growing in domes were washed with PBS and directly fixed with 4% PFA in nuclease-free PBS for 30 min 

at 4◦C. After fixation, the organoids were carefully resuspended by pipetting, transferred to a 50 mL Falcon tube and spun at 300g, 

4◦C for 4 min. The pellet was washed once with cold nuclease-free PBS with 1% BSA, resuspended in cold nuclease-free PBS with 

1% BSA, transferred in a 2 mL tube and spun at 300g, 4◦C for 4 min. For embedding, the supernatant was removed and the organoids 

were transferred into 8 wells of a flat-bottom (5 × 4F) histomold. After drying for ∼2–3 min, a small drop of HistoGel was added on top 

of each well. After ∼1 min, the gel was filled up and allowed to solidify at 4◦C for a few minutes. The HistoGel was placed in a histology 

cassette and fixed with 10% formalin (HT501320, Sigma) for 1h at 4◦C. The cassette was transferred into cold nuclease-free PBS until 

dehydration and paraffin embedding.

RNA isolation and DV200

The FFPE block was sectioned with a Microtome under RNAse-free conditions. Two sections of 10 μm were deparaffinized with the 

Deparaffinization solution (19093, Qiagen) and used for RNA isolation with the Qiagen RNeasy FFPE kit (73504, Qiagen). DV200 was 

obtained by running the isolated RNA on an Agilent RNA 6000 Pico Kit (5067-1513) in the Agilent 2100 Bioanalyzer.

MERFISH spatial transcriptomics

The FFPE block was sectioned with a Microtome in RNAse-free conditions. A 4 μm section was placed on a Merscope FFPE Slide 

(10500102, Vizgen) and processed for MERFISH with Merscope FFPE Sample Preparation reagents (10400114, Vizgen) and user 

guide Formalin-Fixed Paraffin-Embedded Tissue Sample Preparation 91600112 Rev C (Vizgen). After anchoring pretreatment, the 

sample was stained with Cell Boundary Staining (10400118, Vizgen) followed by RNA anchoring and gel embedding. The sample 

was treated with Digestion Mix for 2h at 37◦C before undergoing clearing for 24h at 47◦C, autofluorescence quenching and further 

clearing for 24h at 37◦C. A custom panel with 409 probes against duodenal cell marker genes was hybridized for ∼46h at 37◦C. The 

slide was washed and imaged on the Merscope instrument (10000001, Vizgen) with a gene imaging kit (10400006, Vizgen) according 

to Vizgen user guide 91600001. Images were taken with Merscope Vizualizer software.

Imaging

IHC, H&E, and special stains

HE, IHC and special stained slides were imaged with a brightfield whole-slide scanner at 40X (Hamamatsu, NanoZoomer S360).

mIF with Opal kits

Imaging with Vectra Polaris.

(1) Digitize mIF stainings using the Opal dyes from Akoya with multispectral imaging by the Vectra Polaris (PerkinElmer) using the 

MOTiF technology at 20× magnification for all 7 colors (Opal 480, Opal 520, Opal 570, Opal 620, Opal 690 and Opal 780).

(2) Adjust the laser exposure and intensity settings on multiple slides per staining panel. Scan the slides in a batch manner to 

ensure same imaging settings and cross-comparability for later image analysis with the image analysis software of choice.

(3) Next, perform unmixing of the channels and tiling of the images with PhenoChart (v1.0.12) and inForm (v2.4).

(4) The raw images were saved as.qptiff and later fused in HALO (Indica labs, v3.6.4134.396).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Image analysis of IHC and mIF images was performed with HALO (Indica Labs, v3.6.4134.396) and HALO AI (Indica Labs, v3.6.4134). 

Sample annotation was swiftly performed using the TMA module in HALO depending on the histomold utilized.
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For single organoid detection and annotation (for both IHC and mIF images), a RandomForest (v2) classifier was used to distinguish 

organoids from background (e.g., matrix; minimum object size >1000 μm). Following manual validation, organoids were handled as 

individual regions of interest (ROIs) and cell quantification executed per ROI. The RandomForest (v2) classifier was integrated in the 

Area Quantification (v2.4.3) and Area Quantification FL (v.2.3.4) modules and used to quantify positive marker staining against either 

overall size of each individual object or normalized to the DAPI+ area of the object (as indicated in legend texts). The HighPlex FL 

(v4.2.14) module was used to perform nuclear segmentation based on DAPI+ cells, assisted by HALO AI’s integrated ‘AI default nu

clear segmentation type’). Specific cell phenotypes were determined by co-localization of markers of interest with the DAPI+ nuclei 

(taking the cytoplasm radius (1.25 μm) and nuclear signals into account, respectively). By integrating the RandomForest classifier in 

the HighPlex module, e.g., localization of the T cells in the matrix or epithelium were determined and normalized to the tumoroid area. 

Secondary-only staining controls on a consecutive section or primary tissue served as a negative signal threshold to prevent biased 

adjustments. For some samples, negative controls were co-embedded within the same histoarray to ease unbiased threshold adjust

ment. For the analysis of antigen-expressing areas in explants, Area Quantification FL (v.2.3.4) was utilized to set the threshold for 

signal above background for EpCam and Ceacam5 stainings, in order to quantify the area of positivity relative to the area of cohesive 

explant tissue. Note that for explants generating substantial amounts of debris and loss of tissue cohesion during culture (such as 

explants generated from normal colon), DAPI signal was used to identify areas of cellular cohesive explant tissue, which were defined 

with manual ROIs. This effectively removed areas of debris and allowed for more accurate antigen quantification.
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