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Abstract

Human epithelial organoids—3D spheroids derived from adult tissue stem cells—enable
investigation of epithelial physiology and disease and host interactions with microorganisms,
viruses and bioactive molecules. One challenge in using organoids is the difficulty in accessing
the apical, or luminal, surface of the epithelium, which is enclosed within the organoid interior.
This protocol describes a method we previously developed to control human and mouse organoid
polarity in suspension culture such that the apical surface faces outward to the medium (apical-out
organoids). Our protocol establishes apical-out polarity rapidly (24-48 h), preserves epithelial
integrity, maintains secretory and absorptive functions and allows regulation of differentiation.
Here, we provide a detailed description of the organoid polarity reversal method, compatible
characterization assays and an example of an application of the technology—specifically the
impact of host-microbe interactions on epithelial function. Control of organoid polarity expands
the possibilities of organoid use in gastrointestinal and respiratory health and disease research.

Introduction

3D epithelial organoids derived from adult human tissue stem cells have become an
important model to study normal and pathological states of the mucosa. They preserve a
number of critical functions of the epithelium, including barrier integrity, polarized secretion
or absorption, innate immune responses and the presence of multi-lineage differentiation®-2.
Epithelial organoids also allow growth, serial passage and cryopreservation and thus
represent a robust tool to propagate multiple primary human tissues®#. The technology is
particularly applicable to experimental problems that probe multiple cell types and functions
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of the epithelium and situations where species specificity limits the use of animal models.
For example, human gastrointestinal (GI) organoids (also called “enteroids’ for small
intestinal organoids, ‘colonoids’ for colon organoids and “gastroids’ for gastric organoids)
can serve as important platforms to investigate epithelial physiology®-8, sites of invasion and
cell tropism for viral®10 and bacterial pathogens!!:12 and epithelial responses during host—
pathogen interactions'2-14, as well as to conduct drug screening and toxicity assays!®-18

In the technique first described by Sato et al.1920 to generate intestinal epithelial organoids,
crypts from mouse!® and human? intestinal tissue are isolated by EDTA treatment
combined with mechanical disruption and embedded within a 3D extracellular matrix
(ECM) protein scaffold (e.g., Cultrex Basement Membrane Extract (BME) or BD Matrigel).
They are then cultured with appropriate growth factors that selectively expand and sustain
Lgr5* stem cells and their progeny to yield enteroids. Enteroids differentiate into the various
intestinal epithelial cell types, form normal apical junctional complexes and have epithelial
polarity, with the apical, or luminal, surface enclosed within the spheroid (apical-in) and the
basolateral surface facing the outside of the spheroids interacting with the ECM (basolateral-
out).

Many applications require access to the apical or luminal surface of the spheroid, because
this is the mucosal surface that normally interfaces with the external environment and thus
absorbs nutrients, interacts with GI microbes and uptakes drugs or toxins. The apical surface
also secretes mucins, antimicrobial peptides and enzymes that regulate interactions between
gut luminal contents and the epithelium.

We therefore developed a method of suspension culture that reverses human and mouse
enteroid polarity such that the apical surface faces outward (apical-out)?. We have
successfully applied this method for Gl epithelial organoids from all segments of the small
intestine, gastroids derived from the stomach antrum and colonoids derived from the colon
and proved their utility for studying infectious diseases and host—pathogen interactions??.
In this protocol, we describe further details and troubleshooting workflows to facilitate
generation of apical-out GI organoids starting from ECM-embedded organoid cultures.

After organoid modeling of the intestinal epithelium became feasible, epithelial organoids
from other tissues have been successfully cultured and maintained?2. The emergence

of the coronavirus disease 2019 pandemic thus prompted us to adapt our method to
generate apical-out organoids to address the pressing need to model severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection and therapy of the distal human lung.

In a previous study23, we modified our protocol to produce apical-out lung organoids,
studied their susceptibility to SARS-CoV-2 and identified club secretory cells as a novel
SARS-CoV-2 target cell population. Other groups have reported successful generation of
apical-out organoids derived from human liver?4 and porcine intestine?®. This demonstrates
the wider applicability of this protocol beyond the applications that we describe here for Gl
organoids.
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Comparisons with other methods and limitations of the protocol

To access the apical surface of the epithelium, most laboratories first grow basolateral-out
organoids embedded in ECM scaffold and then breach the organoid barrier through one

of several methods: (i) microinjection to deliver experimental agents into the center of

the spheroid1426.27 (ii) shearing and mechanical disruption of spheroids to expose the
apical surface28-31 or (jii) dissociation of 3D organoids and re-seeding cells onto cell
culture inserts to generate 2D monolayers32:33, Our method causes organoids to reverse
their polarity such that the apical surface faces the organoid exterior. To form apical-out
organoids, we first grow basolateral-out organoids in BME, then release intact organoids
from the ECM scaffold and transfer them to suspension culture. We previously showed in
Gl epithelial organoids, specifically enteroids, that removal of the ECM interferes with the
ECM-B1-integrin signaling required to maintain basolateral-out polarity, thereby inducing a
morphogenetic eversion of the Gl organoid epithelium as a whole unit?L.,

Each method of accessing the apical organoid surface has its advantages and limitations

and should be selected according to research needs. For instance, microinjection into

the center of the organoids preserves its 3D structure within the ECM and thus does

not cause major changes in the polarity or differentiation of mature organoids26. Recent
technological developments have enabled high-throughput organoid microinjection by using
custom robotics34; however, building and using these tools requires advanced engineering
knowledge, specialized equipment and trained personnel, and is time intensive. One
challenge associated with organoid microinjection is delivering controlled amounts of an
experimental agent to organoid cells, because of difficulties in precisely injecting small
volumes, differences in organoid size and the presence of luminal contents (such as
secretions, extruded cells and debris) that may cause uneven distribution of injected material.
In addition, organoids must be microinjected sequentially, and thus experimental exposures
are not synchronized. The microinjection needle itself may confound findings, because the
puncture in the organoid wall allows leakage of the injected agents and luminal contents
into the basolateral space, and the mechanical trauma may induce wound-healing responses.
Even in ideal situations, only a fraction of the organoids can be successfully used for
microinjection experiments because of size variability and accessibility (depth in the ECM).
Overall, interpretation of measurements from organoid microinjection experiments must
account for multiple confounding variables such as heterogeneous exposure concentrations
and durations, as well as impacts of disrupting the organoid wall.

To technically simplify and improve the efficiency of the delivery of experimental agents
into the lumen of basolateral-out organoids, some laboratories shear the organoids through
mechanical disruption by pipetting, incubating with the desired experimental material and
then re-embedding the organoids in ECM, allowing them to heal and regrow after exposure
to the experimental agent?8-31. Although technically easier and more synchronized than
microinjection, the disadvantage of this method is the larger amount of mechanical injury
at the time of inoculation and the exposure of both apical and basolateral surfaces to the
experimental agent.

Our method of generating apical-out organoids in suspension culture has several advantages
over these two methods. First, our method allows for synchronized change of polarity
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and maintenance of intact barrier function. Second, because there is no ECM hydrogel
scaffold to affect diffusion, suspended apical-out organoids can be synchronously exposed
to homogeneous concentrations of experimental agents regardless of organoid size.
Furthermore, apical-out organoids release secretions such as mucus and extrude cells
outward into the culture medium, which both can be either left as part of an intact mucosal
barrier or removed for more rapid access to the epithelial surface. Another advantage

of suspended organoid culture is simple division into multiple wells after a synchronous
exposure for further testing of different experimental conditions. In addition, the same well
can be sampled at multiple time points for time-course experiments. Multiple wells of
apical-out organoids in suspension culture can be easily combined to scale up an experiment
or to reduce culture growth time and reagent amounts. A shortcoming of organoid
suspension culture is that media changes are more time consuming, because organoids
must be removed from their wells, pelleted by centrifugation and then resuspended in
fresh media before being transferred back into their wells. A second drawback is that,
compared to basolateral-out organoids, apical-out organoids exhibit slower proliferation
and accelerated differentiation?1, probably because of the impaired access of internally
sequestered basolateral receptors to growth factors in the surrounding media. Thus, apical-
out organoids are not useful as maintenance cultures for passaging.

A third method used to access the apical organoid surface is production of a polarized
monolayer by seeding dissociated organoid cells onto permeable supports of cell culture
inserts32. One of the most important attributes of the organoid-derived monolayer model is
that it enables more control over experimental parameters. Both the apical and basolateral
surfaces of an organoid-derived monolayer can be independently accessed, and molecules
that transcytose or diffuse from either side can be sampled. This contrasts with ECM-
embedded basolateral-out and suspended apical-out organoids, which have only either the
basolateral or apical surface readily accessible. To improve our method, we describe a
modification that enables investigation of both apical and basolateral surfaces within a single
culture. By including a low percentage of ECM in the medium of a suspension culture, both
apical-out and basolateral-out organoids are generated and can be synchronously exposed
to the same experimental agent. Note that this does not replace the utility of the 2D
monolayer in accessing both apical and basolateral surfaces of an epithelial monolayer or
sampling transcytosed molecules. Below, we show examples of some assays that can be
used to visualize loss of barrier function or the apical uptake of molecules in apical-out
enteroids, which can complement but not replace the more established methods used with
2D monolayers.

One disadvantage of 2D monolayers is that cultures take several days or even weeks to
mature. Around 25 d are required to reach full confluency3°3%; however, this can take up
to 2 weeks depending on seeding density37:38, Moreover, differentiation of the monolayer
can require up to 5 d to 1 week of additional culture with the differentiation medium33:37.
In contrast, most apical-out organoids develop proper polarity in <2 d. Finally, apical-out
organoids can be easily imaged by high-resolution live-cell (example in Supplementary
Video 1) and confocal (examples in Figs. 1 and 2) microscopy, whereas monolayers on
cell culture inserts pose limitations to imaging. In 2D monolayers, the cell culture inserts
are often optically opaque, making real-time observation of the monolayers challenging.
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Even when using optically clear cell culture inserts, monitoring the maturity and polarity
of the monolayers is challenging because of difficulty in visual inspection, especially
across the apicobasal cell axis. Apical-out organoids in suspension, in contrast, can be
monitored directly on tissue culture inverted microscopes and examined before and during
experiments. For high-resolution imaging, suspended organoids can be placed in optical
viewing chambers (Step 14B and C).

Overview of procedure for polarity reversal

The procedure to establish apical-out Gl epithelial organoids begins with BME-embedded
baso-lateral-out gastroids, small intestinal enteroids or colonoids derived from human?°

or mousel?® Gl epithelial crypts. To reverse Gl organoid polarity, intact spheroids are

first released from the BME by incubation in ice-cold EDTA, which chelates cations,
resulting in depolymerization of the matrix proteins. BME-free organoids are then washed
free of EDTA, resuspended in culture media and placed in ultra-low-attachment plates to
prevent organoid attachment (Fig. 1a). Disrupting ECM interactions with basolateral p-1
integrin receptors triggers a coordinated movement of the epithelium like a morphogenetic
rearrangement, resulting in eversion of the Gl organoid polarity without alterations to
individual cells?!. As early as 1 d after being placed in suspension culture, Gl organoids
evert to exhibit apical-out polarity (Fig. 1b). An example of a gastroid undergoing eversion
into apical-out polarity in the first 12 h of suspension culture is shown in Supplementary
Video 1. We have previously shown that apical-out enteroids maintain normal polarized
distribution of molecular markers, have functional tight junctions and exhibit similar
transcriptional expression of differentiation markers when compared with basolateral-out
enteroids embedded in BME?2L. Immunostaining of apical junction complex protein ZO-1
and basolateral membrane—associated protein p-catenin demonstrates that colonoids and
gastroids in suspension have reversed polarity such that the apical surface faces outward
(Fig. 2). Suspended apical-out Gl organoids can be differentiated to contain different types
of secretory and absorptive cells (Fig. 2c,f,g).

Applications

The apical-out organoid model recapitulates properties and functions of the human
epithelium and, with the advantage of improved access to the apical surface, will advance
our understanding of physiology, disease pathogenesis and host-microbe interactions.
Furthermore, the model may be useful for evaluating therapeutics because apical-out
organoids exhibit multi-lineage differentiation, preserve barrier function and absorptive and
secretory properties and can be derived from specific patients for personalized medicine
approaches. We have previously demonstrated that the polarity-reversal protocol is effective
for human enteroids, human gastroids, human colonoids and murine enteroids?!, and can be
adapted to epithelial organoids derived from different tissues, such as lung23. The apical-out
organoid model is compatible with many types of downstream analyses, including imaging,
flow cytometry and other common molecular biology techniques?t. We recommend that
each user establishes the timing and efficiency of polarity reversal in their organoid lines.
For applications requiring the sampling or recovery of compounds transcytosing or diffusing
across a monolayer, it is preferable to use the 2D monolayer system in which both apical and
basolateral compartments are accessible.
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In the procedure, we describe how to generate suspension cultures of apical-out Gl
organoids and downstream assays with which to characterize them (Step 14). We show

that basolateral-out organoids can be maintained in suspension culture by adding soluble
BME into the culture medium of GI organoids (option A). We explain how organoids can be
immobilized for evaluation using high-resolution live imaging (option B) or how organoids
can be fixed and stained for visualization of specific markers by confocal microscopy
(option C). We also show an example of how the model can be applied to study infectious
diseases, specifically by using apical-out organoids to examine infection by Sal/monella
enterica serovar Typhimurium (S. Typhimurum; option D). We also describe how to evaluate
epithelial functions such as barrier integrity and nutrient absorption (options E and F).

Maintaining basolateral-out organoids in suspension

Certain experimental situations may benefit from applying a given perturbation and
comparing effects upon organoid exposure via the apical versus basolateral surfaces. We
have shown that organoid culture in low concentrations of BME in liquid suspension
prevents reversal of polarity (Fig. 3a,b)2139. Here, we extended these findings by
demonstrating that basolateral-out organoids can be maintained in suspension culture for
longer periods by adding soluble BME into the culture medium of Gl organoids (Fig. 3c and
Step 14A). This enables experiments using basolateral-out organoids with the advantages of
suspension culture, including compatibility with certain imaging modalities, and increased
flexibility in experimental handling.

Live organoid imaging

Kinetic examination of dynamic cellular and subcellular events at high resolution is

crucial to understanding epithelial cell biology and epithelium—microbe interactions. High-
resolution and high-magnification imaging of ECM-embedded organoids can be difficult,
because organoids are not embedded in a single plane, and focal range may not reach all the
organoids in the scaffold. In the absence of a 3D scaffold, suspended apical-out organoids
can be readily mounted in optically clear microscopy viewing chambers for high-resolution
visualization and time-lapse studies. Monitoring individual organoids over time requires
their immobilization. We previously described immobilization of enteroids by adhesion atop
a thin layer of BMEZ2L, However, attachment to BME inhibits apical-out polarization of the
portion of the organoid that remains in contact with the matrix proteins. Here, we describe
an improved protocol, in which live apical-out organoids are immobilized between glass
coverslips without adhesive agents. We provide an example showing how live microscopy
can elucidate behavior of an individual organoid (Supplementary Video 1).

Modeling infectious diseases

Epithelial surfaces are the first line of defense against infection, as well as an important site
of co-evolution and communication between our body and the microbial world. Polarized
epithelial cells form a tight but dynamic barrier and have apical surfaces that prevent
microbial attachment, secrete antimicrobial compounds and can rapidly respond to unwanted
microbial contact and subsequent damage. To understand how viruses and bacteria infect or
breach the epithelium, it is necessary to develop primary human epithelial tissue models that
allow easy access to the apical epithelial surface.
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Apical-out organoids allow infectious agents to be added into the culture medium to easily
access the intact apical surface and reach sites of infection. For instance, we explored

the preferred site of infection of S. Typhimurium and Listeria monocytogenes by using
both suspended apical-out and suspended basolateral-out enteroids and identified polarity-
dependent preferences. L. monocytogenes shows preferential infection at the basolateral
surface and, in apical-out enteroids, invades through sites of cell extrusion where epithelial
polarity is disrupted to expose E-cadherin as a receptor for entry?140, Conversely, S.
Typhimurium shows preferential entry through the apical enteroid surface by inducing
cytoskeletal rearrangements, or ‘ruffles’, that promote bacterial uptake®! (Fig. 4). Recently,
we used apical-out colonoids to demonstrate association of enteroaggregative Escherichia
coliwith colonic mucins#2, and we are currently using apical-out GI organoids to explore
multiple types of interactions with other pathogens: human gastroids for the study of the
stomach bacterium Helicobacter pyloriand its injection of the virulence factor CagA,
colonoids for the study of Yersinia enterocolitica invasion, ileal enteroids for S. enterica
serovar Typhi invasion and jejunal and ileal enteroids for rotavirus infection.

The ongoing SARS-CoV-2 pandemic has raised a crucial need for novel models of viral
pathogenesis and therapeutic agents. We recently exploited apical-out human distal lung
organoids to visualize and characterize sites of SARS-CoV-2 infection in alveolar and
bronchiolar organoids including novel club cell targeting?3. Our apical-out GI organoid
protocol has also been used to study SARS-CoV-2 infection of the GI epithelium10:43,

Epithelial functional assays

Barrier integrity.—A key function of the epithelium is to provide a barrier that separates
the external environment from the underlying tissue, thus preventing harmful contents

of the luminal space from entering the body, or loss of tissue fluids to the outside
environment. Disruption of epithelial barrier function is associated with many pathological
states including infectious and inflammatory diseases*446. A common way to evaluate
epithelial barrier function both in vitro and in vivo is by tracking the ability of FITC-
labeled dextran to cross epithelial surfaces?140, To evaluate and quantify epithelial barrier
function of apical-out enteroids in suspension, we report a more detailed protocol (Fig.

5) of the FITC-dextran diffusion assay we previously described?!. Briefly, suspended apical-
out enteroids are incubated in a solution containing FITC-dextran and then examined by
differential interference contrast (DIC) and confocal fluorescence microscopy. Enteroids
that have intact epithelial barrier function exclude FITC-dextran, whereas enteroids with
disrupted epithelial barrier function allow FITC-dextran to diffuse into the intercellular
spaces and center of enteroids. We have used this assay to document that S. Typhimurium
infection of apical-out intestinal enteroids causes barrier disruption?! (Fig. 5b,c).

Polarized nutrient absorption: fatty acid uptake.—The intestinal epithelium is
responsible for absorbing nutrients from the gut lumen. Enterocytes use specialized
receptors and transporters to mediate uptake of specific molecules at the apical surface.
Nutrient uptake has been characterized using animal models and immortalized cell lines.
For example, both in vitro and in vivo studies have examined fatty acid epithelial uptake
by using fluorescent fatty acid analogs, which can be traced using fluorescence microscopy
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or fluorescence readers*’:48, Fatty acid uptake can be studied and quantified in apical-

out enteroids by monitoring fluorescent fatty acid analog uptake from the surrounding
medium?L, In this protocol, which is demonstrated using fluorescently labeled dodecanoic
acid C1-BODIPY-C12, fatty acid uptake is detected by fluorescence microscopy (Fig.

6). Absorbed fatty acids are visualized as intracellular fluorescent foci, and subcellular
localization of fatty acid trafficking can be monitored. Alternative methods to determine
uptake of fluorescent fatty acid analogs include the use of fluorescence plate readers or
fluorescence-activated cell scanners to measure intracellular fluorescence.

Expertise required to implement the protocol

Materials

This protocol requires that researchers are proficient in culturing and passaging epithelial
organoids in BME or Matrigel1920.23_ Some portions of this protocol require access to and
expertise in confocal immunofluorescence microscopy and live-cell imaging techniques.

Biological materials

Reagents

Enteroids, gastroids or colonoids derived from Gl tissue that were grown in
ECM as described in Sato et al.2? (for human) or Sato et al.19 (for murine) !
CAUTION Any experiments involving material derived from animals must
conform to relevant institutional and national regulations. Use of human material
also requires patient consent. For our studies, de-identified human tissue samples
were procured by the Stanford Tissue Bank with patient consent and approval

by the Stanford University Institutional Review Board. Samples were obtained
from normal margins of surgical resections on a rolling basis without targeted

or planned enrollment. The Stanford Tissue Bank does not discriminate by

sex or ethnicity in its collection practices. Children are not included in the
tissues acquired by the Stanford Tissue Bank, because this operates within
Stanford Hospital, which services adult patients. Murine enteroids were derived
from duodenal tissue from C57BL/6J mice that were =5 weeks of age (The
Jackson Laboratory). All animal experiments were performed in accordance with
National Institutes of Health guidelines and with approval from the Institutional
Animal Care and Use Committee of Stanford University.

Apical-out Gl organoids in suspension culture

DMEM, high glucose, pyruvate (ThermoFisher, cat. no. 11995065)
PBS, pH 7.4 (ThermoFisher, cat. no. 10010-023)

UltraPure 0.5 M EDTA, pH 8.0 (ThermoFisher, cat. no. 15575020)
Advanced DMEM/F12 (ThermoFisher, cat. no. 12634028)

HEPES (ThermoFisher, cat. no. 15630080)

Glutamax (ThermoFisher, cat. no. 35050061)
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. N-Acetylcysteine (Sigma-Aldrich, cat. no. A7250)

. B-27 (without vitamin A) (ThermoFisher, cat. no. 12587001)
. A83-01 (Tocris, cat. no. 2939)

. Gastrin (Sigma-Aldrich, cat. no. G9145)

. Epidermal growth factor (Peprotech, cat. no. AF-100-15)

. Noggin (Peprotech, cat. no. 120-10C)

. Y27632 (Peprotech, cat. no. 1293823)

. DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]- S-phenylglycine #butyl ester, -
secretase inhibitor 1X) (Sigma-Aldrich, cat. no. 565770)

. (Optional) penicillin-streptomycin (Gibco, cat. no. 15140148)
. FGF-10 (Peprotech, cat. no. 100-26); only for gastroids

Sample preparation for immunofluorescence imaging

. Paraformaldehyde (Sigma-Aldrich, cat. no. 441244) | CAUTION
Paraformaldehyde can be toxic upon inhalation, ingestion or contact with the
skin. It should be handled using appropriate safety measures.

. Monobasic sodium phosphate (Baker, cat. no. 3818)

. Dibasic sodium phosphate (Fisher Scientific, cat. no. S374)
. BSA (Fisher Scientific, cat. no. BP-1600)

. Saponin (Sigma-Aldrich, cat. no. S7900)

. Triton X-100 (Sigma-Aldrich, cat. no. X-100) ! CAUTION Triton X-100 is
hazardous. Avoid contact with skin and eyes.

. Sodium azide (Sigma-Aldrich, cat. no. 13412) ! CAUTION The electron
transport chain inhibitor sodium azide can be acutely toxic even at low doses.
Personal protective equipment should be worn at all times while handling this
reagent; wear gloves and protective clothing. Sodium azide requires extra caution
because it changes rapidly into a toxic gas when mixed with water or acids.

. Anti-fade mounting medium, Vectashield (\Vector Laboratories, cat. no. H-1000)

. High-vacuum grease (Dow Corning)

Primary antibodies: differentiation markers.

. Anti-lysozyme: Paneth cell marker; antibody from Dako, cat. no. A0099; RRID:
AB_2341230

. Anti-MUC2: intestinal and colon mucin found in goblet cells; antibody from
SCBT, cat. no. sc-15334; RRID: AB_2146667
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. Anti-chromogranin A: enteroendocrine cell marker; antibody from Immunostar,
cat. no. 20085; RRID: AB_572227

. Anti-villin: marker of brush border microvilli in enterocytes; antibody from
SCBT, cat. no. sc-58897; RRID: AB_2304475

. Anti-MUC5AC: mucin in gastric surface mucus cells in the antrum; antibody
from Leica Biosystems, cat. no. NCL-MUC-5AC; RRID: AB_442113

Primary antibodies: cytoskeleton, nuclei and markers to assess cell polarity

. Phalloidin: molecule that binds polymerized actin microfilaments, conjugated
to Alexa Fluor fluorophore 660 (Thermo Fisher Scientific, cat. no. A22285) or
other fluorophores

. DAPI: DNA stain to visualize nuclei (Thermo Fisher Scientific, cat. no. D3571;
RRID: AB_2307445) | CAUTION DAPI is dangerous if touched. Always wear
gloves when working with substances containing DNA-intercalating agents such
as DAPI.

. Anti-zonula occludens-1 (ZO-1): tight junction protein; antibody from Thermo
Fisher Scientific, cat. no. 33-9100; RRID: AB_2533147

. Anti-B-catenin: component of the adherens junctions; marker for basolateral
localization; antibody from Santa Cruz Biotechnology, cat. no. sc-7199; RRID:
AB_634603

Secondary antibodies against species-specific primary antibodies,
conjugated to Alexa Fluor fluorophores (ThermoFisher).

. Chicken anti-rabbit 1gG (H+L) cross-adsorbed secondary antibody, Alexa Fluor
488, cat. no. A21441; RRID: AB_2535859

. Chicken anti-rabbit 1gG (H+L) cross-adsorbed secondary antibody, Alexa Fluor
594, cat. no. A21442; RRID: AB_2535860

. Chicken anti-mouse IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor
594, cat. no. A21200; RRID: AB_2535786

Enteroid infection: S. Typhimurium

. S. Typhimurium strain SL1344%0 | CAUTION S. entericais a human pathogen.
Standard biosafety level 2 practices and precautions should be in place. Consult
with the appropriate institutional biosafety review board for the appropriate
containment protocols, including for disposal of material after use and safety
procedures.

. Luria broth (Sigma-Aldrich, cat. no. L3522-250G)
. Advanced DMEM/F12 (ThermoFisher, cat. no. 12634028)
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Evaluating epithelial barrier integrity
. FITC-dextran, 4 kDa (Sigma-Aldrich, cat. no. 46944)

. UltraPure 0.5 M EDTA, pH 8.0 (ThermoFisher, cat. no. 15575020)
. PBS, pH 7.4 (ThermoFisher, cat. no. 10010023)

Measuring fatty acid uptake
. BODIPY 500/510 C1, C12 (C1-BODIPY-C12; ThermoFisher, cat. no. D3823)
. BSA, fatty acid free (Sigma-Aldrich, cat. no. A8806)

. DMEM, high glucose, no glutamine, no phenol red (ThermoFisher, cat. no.
31053028)

Reagent setup

EDTA solution—Dilute the EDTA stock solution to 5 mM in PBS. Store at 4 °C for <2
months.

Enteroid differentiation medium—Add the following components into advanced
DMEM/F12. Store at 4 °C for <2 weeks.

Reagent Stock concentration ~ Stock solvent  Final concentration
Glutamax 100x n/a 1x
HEPES 1M nfa 1mM
Epidermal growth factor 500 pg/ml PBS 50 ng/ml
Noggin 100 pg/ml PBS 100 ng/ml
Gastrin 100 pM PBS 10 nM
A83-01 5mM DMSO 500 nM
Y27632 10 mM DMSO 10 uM
DAPT 5mM DMSO 5uM
N-Acetylcysteine 500 mM PBS 1mM
B27 50x n/a 1x

DMSO, dimethyl sulfoxide.

BME—AIllow BME matrix to thaw at 4 °C overnight. Distribute aliquots into
microcentrifuge tubes and store at —20 °C for <3 months. Before use, thaw an aliquot at
4 °C for =4 h or until the sample is no longer frozen.

Paraformaldehyde fixative solution—Make a stock solution of 0.5 M dibasic sodium
phosphate in water and store at room temperature (20 °C) for <3 months. Make a stock
solution of 1 M monobasic sodium phosphate in water and store at room temperature

for <3 months. Make a stock solution of 8% (wt/vol) paraformaldehyde by dissolving
paraformaldehyde in water at pH 10-11 and then adjusting down to pH 7.4 and store at 4

°C for <1 month. For complete paraformaldehyde fixation solution, dilute the stock solutions
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in water to a final concentration of 2% (wt/vol) paraformaldehyde, 60 mM dibasic sodium
phosphate and 14 mM monobasic sodium phosphate. Store complete paraformaldehyde
fixation solution at 4 °C for <1 month.

Blocking/permeabilization buffer—In PBS, dissolve BSA to a final concentration of
3% (wt/vol) and saponin to a final concentration of 1% (wt/vol). As a preservative, add
sodium azide to a final concentration of 0.02% (wt/vol). For some primary antibodies
that require detergent treatment for proper antigen detection, add Triton X-100 to a final
concentration of 1% (vol/vol). Filter-sterilize and store at 4 °C for <3 months.

FITC-dextran stock solution—Make a 50-mg/ml stock solution in water. Divide into
aliquots and store at —20°C for <3 months.

C1-BODIPY-C12 stock solution—Make a 2.5 mM stock solution in DMSO. Divide into
aliquots and store at —20 °C for <3 months.

Fatty acid—free BSA stock solution—Make a 500 pM stock solution in water. Store at
4 °C for <1 month.

Vacuum grease applicator—Remove the plunger of a 10-ml slip tip syringe. Load 3-5
ml of vacuum grease into the back of the syringe. Replace the plunger in the syringe and
push vacuum grease to the syringe tip. Gently apply pressure to the plunger to spot vacuum
grease onto a slide.

Common

. 15-ml conical tubes (Olympus, cat. no. 28-103)

. Ultra-low-attachment 24-well plate (Corning Costar, cat. no. 3473)

. Rotating platform, Orbitron Rotator 1 (Boekel, model 260200)

. Inverted microscope (Olympus, model CK2)

. 1.5-ml microcentrifuge tubes (E&K, cat. no. 280150)

. 1.5-ml microcentrifuge LoBind tubes (Eppendorf, cat. no. 925000090)

. Microscope slides, Fisherbrand Superfrost (Fisher Scientific, cat. no.12-550-123)
. Nunc Lab-Tek 1 well glass chamber slide (ThermoFisher, cat. no. 154453PK)

. Coverslips, no. 1 22 x 60 mm (VWR, cat. no. 48393-070)

. Round coverslips, 12-mm diameter (VWR, cat. no. 76305-514)

. PAP pen, ImmEdge (Vector Laboratories, cat. no. H-4000) A CRITICAL The
ink from PAP pens from some vendors may cause autofluorescence during
imaging.

. 10-ml slip tip syringe (BD, cat. no. 301604)
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Microscopy and image processing

. LSM 700 confocal microscope (Carl Zeiss)
. TE2000E microscope for time-lapse imaging (Nikon)
. Dissecting microscope

. Zen 2009 software (Carl Zeiss)

. OpenLab 5.5.2 software (Improvision)
. \Volocity Image Analysis software (Improvision)
. F1JI software (ImageJ)

| epithelial organoids in suspension culture @ Timing 1-7 d, 1.5 h hands-on

A CRITICAL See Figs. 1 and 2 for a diagram of the procedure and examples of

the morphology of different GI organoids before and after the polarity-reversal process.
Supplementary Video 1 shows a time-lapse movie of an organoid reversing polarity followed
by staining to show apical-out markers by confocal microscopy.

A CRITICAL Before starting the procedure, Gl epithelial organoids should be derived

and grown as described previously for mouse!® or human?® tissue. Further details on how

to embed organoids within BME or Matrigel and grow them in growth media are also
available elsewhere®L. GI organoids are best harvested for polarity reversal when they
consist of simple epithelial spheroids (‘bubble-like” cysts) not older than 10 d in culture
from the last passage (for human enteroids). Older or differentiated GI organoids with
complex morphologies (i.e., convoluted lumens or evaginations (budding structures)) often
cannot survive being transferred to suspension culture, and the polarity-reversal process may
result in significant cell death. Dense cultures (>200 organoids per well) are ideal for the
polarity-reversal protocol.

1. Aspirate medium from each 24-well plate containing an average of 200
organoids using a vacuum aspirator.

2. Use a pipette tip to dislodge matrix-embedded Gl organoids from the bottom of
each well.

3. Add 500 pl of ice-cold 5 mM EDTA/PBS to each 24-well plate. In each well,
pipette up and down with a P1000 pipette a few times to break up the BME.
Transfer the solution from up to four wells into a 15-ml conical tube containing
10-12 ml of ice-cold 5 mM EDTA/PBS.

A CRITICAL STEP Adding too many wells of GI organoids into a single
conical tube can result in incomplete BME removal (Fig. 7). Residual BME can
inhibit GI organoid polarity reversal or cause spheroid aggregation. If processing
more wells, use multiple 15-ml conical tubes or a 50-ml conical tube.

? TROUBLESHOOTING
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Incubate the conical tubes on a rotating platform at 4 °C for 1 h.

A CRITICAL STEP Shorter incubation times may result in incomplete BME
removal, and longer incubations may result in loss of Gl organoid viability.

In addition, GI organoids can be damaged during the removal of the BME if
pipetted too harshly or incubated with high EDTA concentrations.

? TROUBLESHOOTING

Pellet GI organoids in the 15-ml conical tubes by centrifuging in a swinging
bucket rotor at 300g for 3 min at 4 °C.

Using a vacuum aspirator, aspirate the 5 mM EDTA/PBS. Be careful not to
aspirate the pellet.

Wash the pellet by adding 5 ml of DMEM to each 15-ml conical tube.

Pellet Gl organoids in the 15-ml conical tubes by centrifuging in a swinging
bucket rotor at 300g for 3 min at 4 °C.

Using a vacuum aspirator, aspirate the DMEM. Be careful not to aspirate the
pellet.

Resuspend Gl organoids in the desired medium. For instance, enteroids can
be resuspended in enteroid differentiation medium. Resuspend organoids by
pipetting up and down with a P1000 pipette.

A CRITICAL STEP Check the culture density on an inverted light microscope.
If the GI organoid suspension culture is too dense, spheroids may aggregate
and/or fuse before polarity reversal is complete. This may need to be empirically
tested and adjusted for cultures with different densities. If GI organoids are
aggregating, use a P1000 pipette to pipette up and down to separate organoids.
Gentle force is necessary, but be cautious not to introduce bubbles or damage Gl
organoid integrity. As a guide, each original well can be split into three wells of
a 24-well plate. If larger volumes are needed, two or three wells can be combined
into a single chamber of a six-well plate.

? TROUBLESHOOTING

Transfer 400 pl of the organoid suspension into each well of a 24-well ultra-low-
attachment plate.

A CRITICAL STEP Ultra-low-attachment plates have a coating that prevents
organoid attachment to the well surface. This is necessary because organoid
attachment inhibits polarity reversal.

Incubate suspension cultures for 1-7 d at 37 °C in a 5% CO> incubator. Polarity
reversal should occur after 1 d of suspension culture (Fig. 3a and Supplementary
Video 1).

A CRITICAL STEP Gl organoid cell differentiation can typically be observed
after 3-5 d (Fig. 2g); however, incubation time must be optimized by users for
different types of differentiation media, organoid type and donor source. We
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advise all users to perform their own characterization of apical-out organoids
when first establishing the technique, introducing new Gl lines or working with
new reagents. Techniques such as gRT-PCR and single-cell RNA sequencing
(scRNA-seq) can be used to determine the expression levels of genes associated
with specific states of differentiation, while immunoassays (such as immunoblots
and ELISASs) and immunofluorescence microscopy can be used to determine
protein expression and localization. See Anticipated results and Figs. 2 and 3
with examples of how to identify the different cell types and the efficiency

of polarity reversal, respectively. Finally, it is important to note that after Gl
organoid polarity reversal, dead cells, mucus and cell debris will be released into
the medium. Cell debris can be removed by pelleting, washing and resuspending
organoids as described above (Steps 8-10). Dead cells during polarity reversal
can come from multiple sources. They may be extruded from viable Gl
organoids, expelled from the spheroid interiors during the eversion process or
released from dying Gl organoids (Fig. 7b).

? TROUBLESHOOTING

Change the medium every 3 d. Use a P1000 pipette to transfer GI organoids
into a 1.5-ml microcentrifuge tube or 15-ml conical tube. Multiple wells can

be combined if cultured under the same conditions. Pellet Gl organoids in the
15-ml conical tube by centrifuging in a swinging bucket rotor at 300g for 3 min.
Aspirate spent medium and resuspend apical-out organoids in the same volume
of fresh medium.

? TROUBLESHOOTING

Downstream assays @ Timing Variable

14.

To culture basolateral-out organoids in suspension culture, follow option

A. For live-imaging and confocal microscopy of immobilized apical-out
organoids, follow option B. To prepare suspended apical-out organoids for
immunofluorescence imaging, follow option C. To infect enteroids with
Salmonella, follow option D. To evaluate barrier integrity, follow option E. To
measure fatty acid uptake, follow option F.

A Basolateral-out organoids in suspension culture @ Timing 1.5 h hands-
on

A CRITICAL See Fig. 3 for quantification of the kinetics (Fig. 3a)
and BME dose-dependency (Fig. 3b) of polarity reversal for enteroids
in suspension culture. Figure 3c shows that 20% (vol/vol) BME in
suspension culture maintains basolateral-out polarity of colonoids over
multiple days.

i Harvest organoids by releasing them from the ECM as
described above (Steps 1-6).
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After washing organoids (as described in Steps 7-9), dilute
BME to 20% (vol/vol) in the appropriate organoid medium on
ice.

A CRITICAL If the medium is not cold enough during the
BME dilution step, the BME will gel in clumps instead of
forming a homogeneous suspension.

Resuspend the organoids in the 20% (vol/vol) BME/medium
solution and transfer 400 pl of the organoid suspension into
each well of a 24-well ultra-low-attachment plate.

Incubate suspension cultures at 37 °C in a 5% CO, incubator.
Basolateral-out organoids can be maintained in 20% (vol/
vol) BME (Fig. 3b, c¢) for the same number of days as the
apical-out organoids in suspension without BME for parallel
experimental evaluation. For incubations longer than 4 d, we
recommend changing the medium with 20% (vol/vol) BME
every 3 d (Step 13).

B. Live-imaging of immaobilized apical-out organoids @ Timing 10 min to
immobilize the organoids

A CRITICAL See Supplementary Video 1 for an example of a
gastroid in the process of polarity eversion using time-lapse DIC
microscopy and then analyzed by confocal microscopy.

Vi.

Prepare the inverted microscope within an environmental
control chamber with DIC optics. We use a Nikon TE2000E
equipped with dry 40x or oil immersion 60x objectives.

Equilibrate the environmental chamber to 37 °C with 5% CO»
gas.

Turn on the camera and connect to appropriate software.
We use a Hamamatsu high-resolution ORCA-285 digital
microscope camera controlled with OpenLab 5.5.2 software.

Transfer suspended organoids from a well of an ultra-
low-attachment 24-well plate into a 1.5-ml conical
microcentrifuge tube.

Pellet organoids in a 1.5-ml microcentrifuge tube and remove
most of the medium, leaving 15 pl of medium in the tube.

For short recordings (<1 h), make an imaging chamber by
using two coverslips separated by small drops of vacuum
grease to avoid crushing the organoids. For longer recordings,
proceed to the next step:

. Use a 24 mm x 40 mm clean coverslip as the bottom
of the chamber. Using vacuum grease loaded into
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a 10-ml syringe, spot vacuum grease in four spots
around the center of the coverslip to serve as spacers.

Resuspend the organoid pellet in 15 pl of residual
medium and pipette onto the center of the coverslip
between the spacers.

Place a smaller 22 mm x 22 mm coverslip on top of
the vacuum grease spacers.

While monitoring the chamber by using a dissecting
microscope, use forceps to gently lower the top
coverslip until it touches the drop of medium

with the organoids. Continue pressing the top
coverslip down gently until the organoids are gently
immobilized between the two coverslips, but not
deformed and crushed. Note that organoids should
ideally be similar in size so that the top coverslip
does not shear or flatten the larger organoids.

If required, add additional medium between the
coverslips by adding a drop to one side of the
chamber. Remove excess medium or flow fresh
medium through the chamber by gentle suction with
a disposable tissue-style wipe used as a wick from
one side of the chamber.

A CRITICAL This setup works well only for short
recordings, because the medium will evaporate and
concentrate in the samples.

vii.  For longer recordings (>1 h):

In the center of a chambered coverglass, add vacuum
grease loaded into a 10-ml syringe. Spot vacuum
grease in four spots around the center of the chamber
to serve as spacers.

Resuspend the organoid pellet in 15 pl of residual
medium and pipette onto the center of the chamber
between the spacers.

Place a round coverslip on top of the vacuum grease
spacers.

While monitoring the chamber using a dissecting
microscope, use forceps to gently lower the round
coverslip until it touches the drop of medium

with the organoids. Continue pressing the top
coverslip down gently until the organoids are gently
immobilized, but not deformed and crushed. Note
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that organoids should ideally be similar in size so
that the coverslip does not shear or flatten the larger
organoids.

A CRITICAL ltis important to avoid damaging the
organoids by crushing them.

. Fill the chamber with medium and place the plastic
cover onto the chamber.

C. Preparing suspended organoids for confocal immunofluorescence
imaging @ Timing 9 h, 1 h hands-on

A CRITICAL Fixation and staining steps can be performed in conical
microcentrifuge tubes. If there is organoid loss because of adhesion

of organoids to the plastic tube walls, we recommend using LoBind
microcentrifuge tubes to maximize sample recovery.

Transfer suspended organoids from each well of an ultra-low-
attachment well plate into a 1.5-ml conical microcentrifuge
tube.

Pellet organoids at 300g for 1 min, remove the supernatant
and fix by adding 300 pl of paraformaldehyde fixative
solution. If necessary, pipette up and down gently to dislodge
the pellet.

Incubate organoids in paraformaldehyde fixative solution for
30 min at room temperature.

Pellet organoids at 300g for 1 min and use a pipette to gently
remove the paraformaldehyde fixative solution and wash with
PBS.

B PAUSE POINT Fixed samples can be stored in PBS at 4
°C for <1 week.

Pellet organoids at 300g for 1 min, remove PBS and proceed
with the desired immunostaining protocol in the same tube:

. Prepare the primary antibody staining solution.
Dilute primary antibodies at appropriate
concentrations (must be optimized for each antibody,
typically between 1:50 and 1:200 dilution) in
blocking/permeabilization buffer. For one sample in
a microcentrifuge tube, 100 pl of antibody solution
is typically sufficient.

. Resuspend fixed organoids in 100 pl of primary
antibody staining solution in a microcentrifuge tube.
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. Incubate organoids in a microcentrifuge tube at room
temperature for =4 h.

. Pellet organoids by centrifuging at 300g for 1 min in
a microcentrifuge. Use a pipette to gently remove the
primary antibody solution.

. Wash with PBS. Add 300 pl of PBS to each
sample, then pellet organoids by centrifuging at
300g for 1 min in a microcentrifuge and remove the
supernatant.

. Prepare the secondary antibody staining solution.
Dilute secondary antibodies together with DAPI,
and/or phalloidin as desired, at appropriate
concentrations in blocking/ permeabilization buffer
(typically 1:500 for secondary antibodies). For one
sample in a microcentrifuge tube, 100 pl of antibody
solution is typically sufficient.

. Resuspend organoids in 100 ul of secondary
antibody staining solution in a microcentrifuge tube.

. Incubate organoids in a microcentrifuge tube at room
temperature for =4 h.

. Pellet organoids by centrifuging at 300g for 1 min in
a microcentrifuge. Use a pipette to gently remove the
secondary antibody solution.

. Wash with PBS. Add 300 pl of PBS to each sample
and then pellet organoids by centrifuging at 300g for
1 min in a microcentrifuge.

On a glass microscope slide, use a PAP pen to draw a ‘well’
for the sample. Allow the PAP pen ink to dry.

After the last wash of the staining protocol, remove the wash
solution. Do not allow stained organoids to dry out.

Resuspend organoids in 10 pl of Vectashield and transfer the
organoid mixture to the center of the PAP pen well on the
slide. If organoids are not evenly distributed, use a pipette

tip to stir the organoids in the Vectashield on the slide.
Alternatively, organoids can be resuspended in 10 pl of PBS
and transferred to the PAP pen well on the slide, and then
Vectashield can be added on top of the sample after removing
excess PBS.

Using vacuum grease loaded into a 10-ml syringe, spot
vacuum grease at the slide corners to serve as spacers. Place
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a 22 x 60 mm coverslip on top of the slide. Use forceps to
gently press the corners of the coverslip until the coverslip
touches the mounting medium.

A CRITICAL STEP If the coverslip is pressed too close
to the microscope slide, larger organoids may be sheared or
flattened.

X. Image using a confocal microscope or store the slides
horizontally at —20 °C for <1 week before imaging.
For generating overview images of a whole organoid,
we recommend using a confocal microscope with a
20x% objective. For visualization of specific cell-microbe
interactions or subcellular structures like microvilli, we
recommend using oil immersion 40x or 63x objectives.

? TROUBLESHOOTING
D. Enteroid Sa/monellainfection @ Timing >2d

A CRITICAL See Fig. 4 for a representative image of how infected
organoids can be visualized and quantified using apical-out enteroids.

A CRITICAL This procedure describes infection with Sa/monella;
however, alternative pathogens can be used. Two other example
applications in which infection of apical-out enteroids were used
include visualization of L. monocytogenes invading, replicating and
exiting human ileal enteroids?! and infection of human apical-out lung
organoids with SARS-CoV-223,

I CAUTION Appropriate laboratory containment and biosafety
protocols should be followed, depending on the biosafety level of the
bacteria or virus being studied. For example, biosafety level 2 should
be used for Salmonella.

i Grow S. Typhimurium strain SL1344 in Luria broth overnight
at 37 °C, shaking on a benchtop incubator at 200 rpm.

ii. Subculture the bacteria by diluting 1:20 into Luria broth with
300 mM NaCl.

iii.  Grow the subculture at 37 °C in a CO, incubator for 2-3 h.

iv. Pellet bacteria by centrifuging at 6,000g for 3 min. Use
a pipette to gently remove the supernatant. Resuspend the
bacterial pellet to desired bacterial density in advanced
DMEM/F12 medium without antibiotics.

V. Pellet apical-out enteroids (produced using Steps 1-13) by
centrifuging at 300g for 1 min. Use a pipette to gently remove
the supernatant.
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Resuspend enteroids in bacteria-containing medium to initiate
infection.

Incubate the bacteria and enteroid culture at 37 °C in a

CO, incubator for the desired time. S. Typhimurium invasion
of apical-out enteroid cells can be observed after 1 h of
infection.

Examine infected enteroids by imaging (by following option
B or C) or other molecular biology techniques such as flow
cytometry or gRT-PCR. Invading or attached S. Typhimurium
can be quantified by manual counting of bacteria in confocal
Z stacks (Fig. 4b).

E. Evaluating barrier integrity @ Timing 1-2 h

A CRITICAL See Fig. 5 for a diagram of the workflow of this
part of the procedure and an example of an experiment evaluating
the differences in epithelial membrane integrity of infected versus
uninfected enteroids.

Vi.

Collect suspended apical-out enteroids from a well of a 24-
well plate and transfer into a microcentrifuge tube. A well can
be divided to be used for more than one treatment condition.

Pellet enteroids in a microcentrifuge tube by centrifuging at
300g for 1 min. Use a pipette to gently remove the medium.

Resuspend enteroids and distribute them into separate

wells containing (i) the experimental treatment (medium +
experimental treatment), (ii) negative control (medium only)
and (iii) positive control (EDTA in PBS; see below).

Incubate for the desired time.

A CRITICAL STEP We recommend treating each well/
treatment condition of organoids one at a time because they
must be imaged immediately after the treatment.

For a positive control of disrupted barrier integrity, treat
enteroids with EDTA by resuspending enteroids in 200 pl of 2
mM EDTA in PBS on ice for 15 min. For a negative control,
proceed to the next step.

A CRITICAL STEP Enteroids incubated with EDTA must
remain on ice to avoid enteroid cell death. It is important to
remove EDTA solution before imaging (as described in the
next step) to avoid EDTA toxicity.

Pellet enteroids by centrifuging at 300g for 1 min and then
remove the supernatant.
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Wash with DMEM by adding 300 ul of DMEM to each
sample and then pellet enteroids by centrifuging at 300¢g for 1
min. Remove the supernatant.

Resuspend enteroids in a solution of 4-kDa FITC-dextran (2
mg/ml) diluted in DMEM without phenol red (to avoid phenol
red interference with fluorescence measurements).

Allow enteroids to settle by gravity into a pellet in the
microcentrifuge tube (~5 min) and then gently remove the
FITC-dextran solution by using a pipette, leaving ~10 pl in
the bottom of the tube.

On a glass microscope slide, use a PAP pen to draw a circle
~2 cm in diameter to create a “well’. Allow the PAP pen ink to
dry.

Using a P20 pipette, resuspend the enteroids in the remaining
FITC-dextran solution and transfer to the middle of the PAP
pen well.

Using vacuum grease loaded into a 10-ml syringe, spot
vacuum grease at the slide corners as adhesives. Place a
coverslip on top of the slide. Use forceps to gently press
the corners of the coverslip until the coverslip touches the
medium and immaobilizes the enteroids.

A CRITICAL If the coverslip is pressed too close to the
microscope slide, larger enteroids may be sheared, thereby
disrupting barrier function.

Immediately image live using a confocal microscope. Collect
DIC and fluorescence images with a 20x or 40x oil objective.

A CRITICAL If the enteroids are left too long on the
imaging platform, they may lose epithelial barrier integrity.
Prepare each sample immediately before imaging.

? TROUBLESHOOTING

Overlay fluorescence and DIC images and quantify. We use
F1J1/ImageJ or Volocity image analysis software.

Calculate the percentage of enteroids with intact barrier
integrity by dividing the number of enteroids that excluded
FITC-dextran by the total number of enteroids.

F Measuring fatty acid uptake @ Timing 1-2 h

A CRITICAL See Fig. 6 for a diagram of the uptake of fatty acids
into intestinal epithelial cells and a representative confocal microscopy
image of an apical-out enteroid after uptake of labelled fatty acids.

Nat Protoc. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Coetal.

Vi.

Vii.

viil.

Troubleshooting

Page 23

Prepare the fluorescent fatty acid analog solution:

. In DMEM without phenol red, dilute C1-BODIPY-
C12 to a final concentration of 5 uM and fatty acid-
free BSA, which acts as a carrier protein, to a final
concentration of 5 uM into DMEM without phenol
red.

. Mix well by pipetting up and down.

. Incubate the solution at room temperature in the dark
for 10 min.

Collect apical-out enteroids in suspension from a well of a
24-well plate and transfer into a microcentrifuge tube. Each
well can be used for one experimental condition.

Pellet enteroids by centrifuging at 300g for 1 min. Use a
pipette to gently remove the medium.

Wash by adding 300 pl of DMEM without phenol red to each
sample, pellet enteroids by centrifuging at 300g for 1 min in a
microcentrifuge and then remove the supernatant.

A CRITICAL STEP It is important to wash cells with
DMEM without phenol red (phenol red is fluorescent

at certain wavelengths and may increase the background
fluorescence and interfere in measurements).

Pellet enteroids by centrifuging at 300g for 1 min. Use a
pipette to gently remove the medium.

Resuspend the enteroids in 400 pl of the fluorescent fatty acid
analog solution. Transfer the enteroids/fluorescent fatty acid
analog solution into wells of a low-attachment 24-well plate.

Incubate at 37 °C in a 5% CO, incubator for 30 min.

Fix, stain and image samples using confocal microscopy as
described above in option C.

Quantify C1-BODIPY-C12 uptake by measuring the
intracellular green fluorescence signal. We use FlJI/ImageJ
or Volocity image analysis software for fluorescence
quantification.

Troubleshooting advice can be found in Table 1.

Timing

Steps 1-13, apical-out Gl organoids in suspension culture: 1-7 d, 1.5 h hands-on
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Step 14A, basolateral-out organoids in suspension culture: 1-7 d for enteroids, 1.5 h hands-
on

Step 14B, live imaging of immobilized apical-out organoids: 10 min to immobilize
organoids plus the imaging time, 1 h hands-on

Step 14C, preparing suspended apical-out organoids for fluorescence imaging: 9 h, 1 h
hands-on

Step 14D, enteroid Sal/monellainfection: >2 d
Step 14E, evaluating barrier integrity: 1-2 h

Step 14F, measuring fatty acid uptake: 1-2 h

Anticipated results

The protocol described here is robust, generates reproducible results and can be applied

to different adult tissue stem cell-derived epithelial organoids. We have used this method
with multiple lines of GI organoids (from both human and mouse origin)?1:3942 We

have also successfully used Steps 1-13 to obtain apical-out lung organoids, modifying

the procedure slightly23. We anticipate that this protocol can be adapted to other epithelial
tissues, because other groups have reported successful generation of apical-out epithelial
polarity in organoids derived from other tissues?4:25. One limitation is that the differentiation
of Gl-embedded organoids compromises viability during polarity reversal; thus, only
undifferentiated Gl organoids should be used with this protocol.

For Gl organoids, evaluating the success of the apical-out reversal protocol can be

achieved by both brightfield microscopy and immunofluorescence microscopy. With
experience, morphological changes can be quickly identified under an inverted phase
contrast microscope (Fig. 1b). Basolateral-out Gl organoids are typically cysts that are
‘bubble-like’ in appearance, because they are comprised of a single epithelial cell layer and
have a distinguishable lumen (Fig. 1b, top). In contrast, apical-out Gl organoids, visible as
early as 1 d after transfer to suspension culture, have a more solid morphology because there
is no longer a lumen (Fig. 1b, bottom). To confirm polarity reversal by confocal microscopy,
rapid staining of fixed organoids with fluorescently labeled phalloidin (which stains F-actin)
will show the apical F-actin—rich brush border microvilli as dense phalloidin staining on

the organoid’s external surface, rather than facing the lumen (Figs. 1b and 2). In addition,
antibodies against proteins that have polarized distribution and can serve as polarity markers
(e.g., the tight-junction associated protein ZO-1 or adherens junction protein B-catenin) can
stain apical junctions and basolateral membranes, respectively. These markers can be helpful
in determining whether the epithelium has proper apico-basal polarity and has the expected
organization of cell-cell junctions (Fig. 2a,b,d,e). Differentiation of apical-out enteroids can
also be evaluated kinetically. After transfer to suspension culture, enteroids can be sampled
from a single well at various time points and evaluated for differentiation markers, for
example, by qRT-PCR or immunofluorescence microscopy?L. Differentiation markers for
intestinal epithelial cells, lysozyme (Paneth cells), MUC2 (goblet cells), chromogranin A
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(enteroendocrine cells) and villin (enterocytes) (Fig. 2g) are visible by immunofluorescence
microscopy after 5 d in suspension culture. These markers are also useful for confirming
proper organoid polarization. For instance, intracellular mucins should be localized in
granules apically in relation to the nucleus (Fig. 2c,f), and goblet cells secrete mucins
apically (see MUC2 in a goblet cell in Fig. 2c,qg).

This protocol describes how to infect enteroids with Sa/monella as an example (Fig. 4),

but similar methodology has been applied to multiple other pathogens?1:2542 including
SARS-CoV-210.23 \We also show an example of how the FITC-dextran diffusion assay is
used to evaluate apical-out enteroid epithelial barrier integrity by using confocal microscopy
after a bacterial infection (Fig. 5). The fluorescent FITC-dextran remains excluded from
the organoid interior and intercellular spaces of apical-out organoids with intact barrier
integrity, whereas fluorescence can be visualized in the interior of organoids with disrupted
barrier integrity. This can also be adapted to other organoid types and to test the effects of
other agents on barrier function. We also describe an assay to evaluate polarized nutrient
absorption by enterocytes. In this method, fluorescently labeled fatty acids are absorbed

at the apical membrane of enteroid cells from the surrounding medium, and intracellular
fluorescent signal visualized by fluorescence microscopy indicates successful fatty acid
uptake (Fig. 6). This assay can be also adapted to study uptake of various fluorescently
labeled compounds into organoid cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Grow organoids in Dislodge organoids and Incubate organoids and Resuspend and culture organoids
matrix (7—14 days) matrix from plate (5 min) matrix with EDTA/PBS (1 h) in low-attachment well (>1 d)
1 11
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Enteroid

BME-embedded

F-actin

Suspension

Apical-out

Fig. 1 I. Overview of protocol to generate Gl apical-out human organoids.
a, Schematic of the protocol to generate apical-out organoids in suspension. b, Example

of organoid with basolateral-out polarity embedded in BME (top panels) or apical-out
polarity in suspension (bottom panels) depicted by a graphic illustration (left), modulation
contrast microscopy (middle) or 3D confocal microscopy reconstructions (right). Enteroids
embedded in BME have basolateral-out polarity with an internal lumen and apical microvilli
(mv) facing inward, whereas enteroids in suspension evert so that apical microvilli

face outward. Samples are counterstained with DAPI (Thermo Fisher Scientific, cat. no.
D3571; RRID: AB_2307445) and Alexa Fluor 660 phalloidin (F-actin; ThermoFisher, cat.
no. A22285), both diluted 1:500 for visualization of the nuclei and actin cytoskeleton,
respectively. Scale bars, 10 um. b, Confocal images from ref. 21,
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Fig. 2 I. Apical-out human GI organoids preserve tight junctions, multi-lineage differentiation
and polarized secretion.
a, b, d and e, 3D-confocal immunofluorescence imaging of colonoids (a and b) and

gastroids (d and e) embedded in BME (a and d) or in suspension (b and €) to

show cell polarity by the localization of the microvilli (mv; F-actin, white, Alexa

Fluor 660 phalloidin; ThermoFisher, cat. no. A22285), apical junction protein ZO-1

(ZO-1; green, antibody; Thermo Fisher Scientific, cat. no. 33-9100; RRID: AB_2533147)
and basolateral protein p-catenin (B-catenin; red, antibody; Santa Cruz Biotechnology,

cat. no. sc-7199; RRID: AB_634603). c, Differentiated human colonoids in suspension
culture generate goblet cells (MUC2; green, antibody; SCBT, cat. no. sc-15334; RRID:
AB_2146667). f, Differentiated human gastroids in suspension culture generate surface
mucus cells (MUC5AC; green, antibody; Leica Biosystems, cat. no. NCL-MUC-5AC;
RRID: AB_442113). g, Differentiated human enteroids in suspension culture generate
various intestinal epithelial cell types. Markers for Paneth cells (lysozyme; green, antibody;
Dako, cat. no. A0099; RRID: AB_2341230), goblet cells (MUC2; green, antibody; SCBT,
cat. no. sc-15334; RRID: AB_2146667), enteroendocrine cells (chromogranin A (CHGA);
green, antibody; Immunostar, cat. no. 20085; RRID: AB_572227) and enterocytes (villin;
green, antibody; SCBT, cat. no. sc-58897; RRID: AB_2304475) are shown after suspension
culture for 5 d. Samples are counterstained with DAPI (Thermo Fisher Scientific, cat. no.
D3571; RRID: AB_2307445) and Alexa Fluor 660 phalloidin (F-actin; ThermoFisher, cat.
no. A22285), both diluted 1:500 for visualization of the nuclei and actin cytoskeleton,
respectively. All antibodies were diluted 1:100, except antibodies against MUC2 and villin,
which were diluted 1:200. Scale bars, 10 um. Figure adapted from ref. 21,
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Fig. 3 I. Kinetics of polarity reversal in suspension and preservation of basolateral-out organoid
polarity with the addition of soluble BME.

Organoids were analyzed by confocal microscopy and quantified for percentage of
basolateral-out, apical-out or mixed-polarity enteroids. a, Time course of enteroid polarity
reversal after being transferred to suspension culture. Data from 900 organoids in three
different experiments. b, Dose-dependent inhibition of enteroid polarity reversal by soluble
BME after 3 d in suspension culture. Data from 303 organoids in three different
experiments. ¢, Basolateral-out polarity is stable over time for colonoids in suspension
culture in medium containing 20% (vol/vol) BME. Data from 479 organoids in three
different experiments. Bar graphs show the mean =+ s.d. of three independent experiments. a
and b adapted from ref. 21,
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out out

Fig. 4 I. S. Typhimurium infection of human ileal enteroids.
a, 3D confocal reconstructions of a basolateral-out enteroid (left) and apical-out enteroid

(right) infected with S. Typhimurium-mCherry (red) for 1 h. b, Number of intracellular
bacteria per enteroid after 1 h of infection with S. Typhimurium-mCherry. Data represented
are mean = s.d.; 7= 60 enteroids in three independent experiments; **** < 0.0001
(Mann-Whitney Utest). ¢, S. Typhimurium-mCherry (red) at different stages of invasion of
apical-out enteroids. Nuclei are stained with DAPI (blue; Thermo Fisher Scientific, cat. no.
D3571; RRID: AB_2307445), and the actin cytoskeleton is stained with Alexa Fluor 660
phalloidin (F-actin, white; ThermoFisher, cat. no. A22285), both diluted 1:500. Scale bars,
10 um. Figure adapted from ref. 21,
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Transfer suspended enteroids Incubate enteroids in Mount enteroids with
into a microcentrifuge tube solution of FITC-dextrans FITC-dextrans and image
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Fig. 5 I. Dextran diffusion barrier integrity assay.
a, Schematic of the protocol for the apical-out enteroid dextran diffusion assay. During

or after experimental treatments, suspended enteroids are incubated in medium containing
4-kDa FITC-dextran, mounted on to a slide and immediately imaged live by using confocal
microscopy. b, S. Typhimurium infection disrupts epithelial barrier integrity in apical-out
differentiated enteroids. The dextran diffusion assay was used to evaluate uninfected
(control, top) apical-out enteroids or apical-out enteroids infected with S. Typhimurium-
mCherry (red) for 1 h (bottom). Enteroids were imaged by using differential interference
contrast (DIC) (left) and confocal fluorescence (right) microscopy. Scale bars, 50 pm. c,
Quantification of uninfected (Control) or S. Typhimurium-infected (Infected) enteroids that
exclude FITC-dextran and thus have intact barrier integrity. Data represented are mean +
s.d.; n=5 experiments with enteroids from two different donors. For each experiment,
22-48 enteroids were analyzed for a total of 369 enteroids; **P < 0.01 (Mann-Whitney U
test). b and ¢ adapted from ref. 21,
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Fig. 6 |. Fatty acid uptake assay.
a, Representation of the apical-out enteroid fatty acid uptake assay. Apical-out enteroids

in suspension are exposed to a fluorescent fatty acid analog. After incubation, fatty acid
analog uptake can be evaluated using confocal microscopy or other fluorescence detection
techniques. b, An example of an apical-out enteroid imaged by confocal microscopy after
incubation with fatty acid analog C1-BODIPY-C12 (green) for 30 min. As expected, fatty
acid analog uptake is visible as intracellular fluorescent foci (lipid droplets) localized to the
basal regions of the cell. Nuclei are stained with DAPI (blue; Thermo Fisher Scientific, cat.
no. D3571; RRID: AB_2307445), and the actin cytoskeleton is stained with Alexa Fluor 660
phalloidin (F-actin, white; ThermoFisher, cat. no. A22285), both diluted 1:500. Scale bar, 20
pm.
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Residual
matrix

Suspension:eulture with £y 3 Suspension culture after
dead cells and debris - washing cell debris

Fig. 7 I. Solutions to two common problems with the polarity-reversal protocol.
a, Residual matrix inhibits organoid polarity reversal and causes aggregation. The left panel

(4x magnification, darkfield) shows a suspension culture of gastroids where the BME matrix
was not fully removed by EDTA treatment. These organoids will retain basolateral-out

or mixed-polarity orientation. The right panel shows a suspension culture of gastroids

after complete removal of the matrix. b, Cell debris present after polarity reversal can

be removed. Apical-out gastroids (4x magnification, modulation contrast) after 1 d in
suspension culture may be surrounded by dead cells and cell debris (left). These can be
removed by washing and exchanging the culture medium (right). Scale bars: 100 um (a), 50

pum (b).
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Table 11

Step  Problem

Possible reason

Solution

3,4  Organoids do not
reverse

10 Organoids
aggregate

12 Gl organoids do
not survive the
process of polarity
reversal in
suspension culture

13 Many dead cells
stuck or
surrounding the
organoids in
suspension

14C  Uneven organoid
staining

Organoids drift
during imaging

14E  All enteroids have
disrupted barrier
integrity

Incomplete matrix removal
(see Fig. 7a for an

example of residual matrix in
suspension)

Incomplete matrix removal
(Fig. 7a) or high density of
organoids

Gl organoids are too
differentiated or too large
or complex in morphology
before harvesting

Extrusion of dead cells from
viable organoids, expulsion
of lumen contents during
polarity reversal or release of
cells from dead organoids

Heterogeneous exposure of
sample to antibody solution

Organoids are too small to be
immobilized by the coverslip

Live-imaging conditions
damaged the enteroids

Reduce the number of wells harvested per tube of EDTA solution to decrease
the total amount of ECM that needs to be depolymerized. Alternatively, reduce
the ECM concentration of the culture by diluting the matrix before embedding
organoid cells. This allows more efficient removal of ECM during harvesting
The EDTA/PBS solution can be replaced with fresh 5 mM EDTA/PBS solution
(by centrifugation of organoids and aspiration of spent EDTA solution) halfway
through the incubation to improve matrix removal. The EDTA/PBS incubation
step can be increased to 1.5 h if necessary matrix removal. The EDTA/PBS
incubation step can be increased to 1.5 h if necessary

Use a P1000 pipette to gently pipette up and down several times to separate
organoids

Reduce the number of wells harvested per tube to increase the ratio of EDTA
to ECM. Alternatively, reduce the concentration of ECM by diluting the matrix
before embedding organoid cells. This allows more efficient removal of ECM
during harvesting

Harvest GI organoids for polarity reversal when they are cultured in Wnt/R-
spondin—containing growth medium and have cyst morphology. Typically, this is
between 5 and 10 d after passage from single cells for human Gl organoids and
3-4 d for murine Gl organoids

Pipette organoid culture up and down using a P1000 pipette to dislodge dead
cells. Transfer the culture to a conical tube and allow organoids to sink by
gravity. Remove the supernatant containing dead cells and resuspend in fresh
medium (Fig. 7b)

Mix by pipetting the organoids/staining solution up and down a few times
during the incubation. Alternatively, transfer the solution to a low-attachment
96-well plate during staining

After mounting, organoids can be re-stained with the same antibodies if
necessary. Resuspend the sample in PBS and wash twice. Repeat the staining
protocol by using the same antibodies

Remove excess Vectashield by pipetting or absorbing with a wick of laboratory
tissue before applying the coverslip. Gently press the coverslip down on the
mounting vacuum grease closer to the slide but be careful not to flatten the
organoids. Hardening mounting medium can also be used

Keep enteroids in an incubator and prepare each sample immediately before
imaging. Image each sample as quickly as possible
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