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Abstract

Human intestinal enteroids derived from adult stem cells offer a relevant ex vivo system to

study biological processes of the human gut. They recreate cellular and functional features of

the intestinal epithelium of the small intestine (enteroids) or colon (colonoids) albeit limited by
the lack of associated cell types that help maintain tissue homeostasis and respond to external
challenges. In the gut, innate immune cells interact with the epithelium, support barrier function,
and deploy effector functions. We have established a co-culture system of enteroid/colonoid
monolayers and underlying macrophages and polymorphonuclear neutrophils to recapitulate the
cellular framework of the human intestinal epithelial niche. Enteroids are generated from biopsies
or resected tissue from any segment of the human gut and maintained in long-term cultures

as three-dimensional structures through supplementation of stem cell growth factors. Immune
cells are isolated from fresh human whole blood or frozen peripheral blood mononuclear cells
(PBMC). Monocytes from PBMC are differentiated into macrophages by cytokine stimulation
prior to co-culture. The methods are divided into the two main components of the model: (1)
generating enteroid/colonoid monolayers and isolating immune cells and (2) assembly of enteroid/
colonoid-immune cell co-cultures with separate apical and basolateral compartments. Co-cultures
containing macrophages can be maintained for 48 hr while those involving neutrophils, due

to their shorter life span, remain viable for 4 hr. Enteroid-immune co-cultures enable multiple
outcome measures, including transepithelial resistance, production of cytokines/chemokines,
phenotypic analysis of immune cells, tissue immunofluorescence imaging, protein or mMRNA
expression, antigen or microbe uptake, and other cellular functions.
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Basic Protocol 1: Seeding enteroid fragments onto Transwells for monolayer formation
Alternate Protocol: Seeding enteroid fragments for monolayer formation using trituration

Basic Protocol 2: Isolation of monocytes and derivation of immune cells from human
peripheral blood

Basic Protocol 3: Isolation of neutrophils from human peripheral blood

Basic Protocol 4: Assembly of enteroid/macrophage or enteroid/neutrophil co-culture
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INTRODUCTION

Intestinal epithelial barrier function depends upon the combined participation of the
epithelial cells and underlying immune, nerve, and mesenchymal cells. Traditional in vitro
modeling of the human gut mucosa has mainly considered the epithelial cells in the absence
of other immune cell populations. The biological processes by which subepithelial cells
influence the function of the intestinal epithelium and their coordinated actions have been
difficult to explore due to the lack of a relevant in vitro model. Traditional experimental
models utilize transformed cell lines, which due to their altered (immortal) nature, do not
reflect normal cell behavior. Because these immortalized cell lines are from a specific
intestinal region, they fail to recreate the physiology of other intestinal segments. The advent
of human intestinal enteroid technology based on adult stem-cell-derived “mini-guts” (Sato
et al., 2009; Sato & Clevers, 2013; Jung et al., 2011) has vastly expanded the ability for in-
depth study of the human intestinal epithelium. A convenient aspect of the intestinal enteroid
system is the ability to generate a single layer of polarized cells (monolayers) with easy
access to both apical and basolateral compartments. A downside of the intestinal enteroid
model in its current form is the lack of other cell types that contribute to tissue homeostasis
and host responses to microbial or pharmacological challenges of the epithelium. With this
in mind, we developed a co-culture system using primary human intestinal cells together
with immune cells seeking to bridge some of the gaps in modeling the human intestinal
epithelium in vitro.

Here, we outline methods for establishing human enteroid monolayers and for their
assembly into co-culture with innate immune cells (e.g., monocytes, macrophages, and
neutrophils). Long-term, self-renewing enteroid cultures derived from adult intestinal stem
cells serve as the source of intestinal epithelial cells. Three-dimensional enteroids are
fragmented and subsequently seeded onto the upper chamber of cell culture inserts (e.g.,
Transwells Corning). Once the fragmented enteroids grow and form a polarized confluent
monolayer, immune cells are adhered to the opposite side of the permeable membrane of
the cell culture insert or Transwell (TW) facing the basolateral membrane of the epithelial
cells to generate the immune cell co-culture (Fig. 1). The monolayer configuration enables
the study of both epithelial and immune cells in combination or separately for their
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contributions to normal physiology or pathology of the human intestine. Basic Protocol

1 presents two methods for generating enteroid fragments and plating them onto permeable
membranes or Transwell inserts. One method utilizes an enzymatic treatment to produce
enteroid fragments, while the second method achieves enteroid framentation by mechanical
means. Once cell culture inserts are seeded with enteroid fragments, it takes 1 to 2 weeks for
the monolayer to form and reach confluency. Epithelial cell differentiation into “villus-like”
intestinal cells (i.e., absorptive enterocytes, goblet cells, enteroendocrine cells, and Paneth
cells) can be induced by incubating monolayers with differentiation medium (DFM) which
lacks both Wnt3A and R-Spondin-1 (refer to medium components under Reagents and
Solutions at the end of the article) for 5 days (Noel et al., 2017; Yin et al., 2018). Monolayer
formation followed by 5 days of differentiation are the rate-limiting steps to co-culture
assembly and require strategic experimental planning to coincide with the procurement

of monocyte-derived macrophages or fresh neutrophils. The methods described herein are
not only applicable to generate an enteroid/macrophage co-culture but also to produce
co-cultures of enteroids containing monocytes and neutrophils.

Macrophages are derived from monocytes isolated from human PBMC. The separation
and recovery of PBMC from human peripheral blood is accomplished by Ficoll-Hypaque
density gradient centrifugation (see Current Protocols article: Fuss, Kanof, Smith, & Zola,
2009). PBMC are either used immediately for monocyte isolation or cryopreserved in
liquid nitrogen for future use. Monocytes are enriched from PBMC by negative selection
using a Pan Monocyte Isolation kit (Miltenyi Biotec) and subsequently differentiated into
macrophages by supplementation of macrophage colony-stimulating factor (M-CSF) in the
culture medium for 6 days. Monocyte-derived macrophages exhibit a CD14* CD16!oW
CD64oW CX3CR1~ phenotype and have the capacity to phagocytose bacteria (Noel et al.,
2017). Successful assembly of the co-culture requires careful time coordination to obtain
confluent, differentiated enteroid monolayers and fully differentiated macrophages. The
required pre-incubation and planning times are built into the protocol described.

Co-cultures can also be assembled with monocytes, macrophages, or neutrophils. Once
monocytes are enriched from PBMC (either fresh or frozen), they can be used immediately
or can be maintained in culture for 7 to 10 days in the same culture medium used to

derive macrophages but omitting M-CSF. Human polymorphonuclear neutrophils (PMN)
exhibiting the phenotype CD15" CD16™ CD14™ are used the same day of isolation (Lemme-
Dumit, Doucet, Zachos, & Pasetti, 2020). Co-cultures with PMN are short-lived given
PMN’s limited lifespan (Kolaczkowska & Kubes, 2013). Details for the isolation and
handling of PMN are covered by Kuhns and co-workers (Current Protocols article: Kuhns,
Priel, Chu, & Zarember, 2015). Once the PMN are adhered to the bottom of the insert/
Transwell, the co-culture may be interrogated for up to 2 hr post assembly.

STRATEGIC PLANNING

It is important to have experience with the propagation and handling of enteroid cultures
as these methods (Foulke-Abel et al., 2016; Fujii, Matano, Nanki, & Sato, 2015; Noel
etal., 2017; Yin et al., 2018) will not be addressed in detail in this article (also see
Current Protocols article: Poole, Rajan, & Maresso, 2018). It is critical to achieve healthy
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enteroid cultures that need splitting at a minimum ratio of 1:2 every 6 to 7 days prior to

use for monolayers. Maintain enteroids in small domes (25 to 30 L of Matrigel; Corning,
356231) in 24-well plates. Enteroid lines recovered from liquid nitrogen storage should be
propagated for at least 2 to 3 weeks and observed for sustained growth before monolayer
seeding. Careful monitoring of monolayer formation prior to differentiation by measuring
transepithelial electrical resistance (TEER; Srinivasan et al., 2015) or visually by low power
light microscopy will dictate when to procure a blood donor for monocyte or PMN isolation.
Although not ultimately necessary, we highly recommend access to a voltohmmeter to
ascertain monolayer formation and maturation and to determine loss or gain of barrier
function as an experimental challenge outcome. It is a convenient and non-invasive way

to judge monolayer health over time. As for immune cells, macrophages are derived from
monocytes after 6 days in medium containing M-CSF and PMN are used fresh the same day
of isolation. Monocyte differentiation into macrophages (6 days) should begin a day ahead
of the start of monolayer maturation (5 days). The co-culture is assembled on the fifth day of
monolayer differentiation. The protocols have incorporated timelines to coincide monolayer
differentiation with macrophage derivation from monocytes.

Universal safety precautions should be followed when handling human blood and tissue
samples. Institutional Review Board-approved protocols are required for collection and use
of human tissue and for conduct of any research involving human subjects. All solutions
and tubes used need to be sterile and proper sterile technique maintained throughout. PBMC
and PMN isolation should be performed in a biosafety level 2 (BSL2) cabinet using sterile
technique. Enteroids and co-cultures should be prepared and manipulated in a dedicated
BSL2 cabinet to avoid contamination.

Co-cultures for bacterial infection require monolayer differentiation in media without
antibiotics. All other co-cultures for non-infection experiments are established in media
with antibiotics (Lemme-Dumit et al., 2020; Noel et al., 2017).

BASIC PROTOCOL 1
SEEDING ENTEROID FRAGMENTS ONTO TRANSWELLS FOR MONOLAYER FORMATION

Monolayer formation precedes all subsequent steps in the protocol. It is advisable to
practice seeding enteroids/colonoids onto inserts/TWs and monitor monolayer formation
prior to planning a co-culture experiment (see Strategic Planning and Noel et al., 2017).
Practical experience on enteroid/colonoid monolayer formation is important to adequately
time blood collection and immune cell isolation. We recommend using one well (from a
24-well plate) with ~100 enteroids to seed two TWSs or equivalent inserts (24-well plates,
0.33 cm? growth area). It is, therefore, important to consider the number of enteroid

wells needed for seeding in addition to wells needed for enteroid propagation. Once TWs
are seeded, there is a 7 to 14 day growth period until the enteroid fragments grow into
monolayers and this is followed by 5 days of differentiation (12 to 19 days in total). Basic
Protocol 1 utilizes an enzymatic step to generate enteroid/colonoid fragments. However,
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some lines will not form monolayers after enzymatic digestion and need to be fragmented
by mechanical trituration (Alternate Protocol); this can only be determined empirically.
TEER will gradually increase as monolayers become confluent in propagation medium.
Alternatively, monolayer confluence may be monitored by light microscopy under low
magnification (e.g., inverted light microscope).

Enteroids/colonoids embedded in Matrigel (phenol red free; Corning, 356231) in non-
differentiation medium (NDM) for cell propagation (see recipe; Fujii et al., 2015; Yin et
al., 2018)

Collagen IV, from human placenta (MilliporeSigma, C5533; prepare 1 mg/ml in 100 mM or
0.5 M acetic acid; store in single-use aliquots at —20°C)

Sterile PBS

TrypLE Express Enzyme, 1 x, no phenol red (Thermo Fisher Scientific, 12604013; aliquot
and store protected from light at room temperature)

Cultrex Organoid Harvesting solution (biotechne, R&D Systems brand, 3700-100-01)

Enteroid propagation medium: non-differentiation medium (NDM; see recipe)
Differentiation medium (DFM; see recipe; Fujii et al., 2015; Yin et al., 2018) Complete
medium without growth factors (CMGF-; see recipe)

10 UM Y-27632 (ROCK inhibitor for ileum and colon; see recipe)
10 uM CHIR99021 (GSK-3 inhibitor for ileum and colon; see recipe)

1.0-um pore Transwell (TW)/culture inserts (PET membrane; MilliporeSigma,
MCSP24H48) for 24-well plates for macrophage or monocyte co-cultures

3.0-um pore Transwell (TW)/culture inserts (PET membrane; Corning, 3472) for 24-well
plates for PMN co-cultures (PET membranes are translucent and permit visualization of the
underlying immune cells through the monolayer for immunofluorescence)

Sterile mini cell scrapers (United Biosystems, MCS-200) Centrifuge (swinging bucket)
37°C water bath

P200 and P1000 micropipets Sterile Pasteur pipets

Orbital shaker at 4°C

Tissue culture incubator (37°C, 5% COy)

\Voltohmmeter to monitor TEER to establish confluence and differentiation status (World
Precision Instruments EVOM? with STX2 electrode)
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Inverted light microscope capable of 5x and 10x magnification
1 Dilute 1.0 mg/ml collagen 1V 1:30 in sterile PBS to obtain a 33 pg/ml solution.

2. Coat desired number of inserts/TWSs with 100 pl diluted human collagen IV
(either overnight at 4°C or =2 hr at 37°C). Discard unused diluted collagen IV.

Make sure to include TWSs for mono-culture controls (no immune cells).

3. Have a minimum of one dense well of enteroids (~100 or more enteroids in a
25-30 pl dome of Matrigel) in a 24-well plate for two TWs.

The seeding enteroids should be as large as possible so that when they are
fragmented, the fragments will lay and attach to the TW membrane. Use enteroids
that have been in propagation medium for 6-8 days. A ratio higher or lower than
one well for two TWs may be more appropriate depending on the well densities.

4. Aspirate medium from the enteroid wells and add 1.0 ml cold Organoid Harvesting
solution. Dislodge Matrigel and enteroids from the bottom of the well using a mini
cell scraper.

5. Shake plate on an orbital shaker at 4°C as per the Organoid Harvesting solution
manufacturer’s recommendations, usually 30-40 min at 250 rpm.

Matrigel removal is critical (see note in step 8).

6. Recover dislodged enteroids using a P1000 micropipet and transfer enteroids to a
15-ml conical tube.

As much as possible, maintain enteroids in an intact state, avoiding small cellular
clumps.

7. Add equal volume of CMGF- (see recipe below) and pellet enteroids by
centrifugation at 400 x g for 10 min at 4°C.

8. Aspirate and remove as much of the supernatant as possible without disturbing the
enteroid pellet; the enteroid pellet should be free of Matrigel.

Any remaining Matrigel will form a translucent layer above the enteroid pellet. To
remove residual Matrigel, add 2 ml of Organoid Harvesting solution and gently
suspend the pellet using a P1000 micropipet. Place the 15-ml tube on its side on the
orbital shaker at 4°C and shake for 10 min. Repeat step 7 to recover the enteroids.

9. Add 50 pl/well of TrypLE Express to the enteroids; mix gently five times by
pipetting with a P1000 micropipet.

For example, use four wells plus 200 pl of TrypLE. Once the TrypLE is added to
the enteroids, work quickly to limit exposure to the enzyme.

10. Place suspended enteroids in a 37°C water bath for 90 s. Use less time for
smaller enteroids (i.e., 75 s). Swirl tube occasionally during the incubation to suspend
enteroids.

11. Move tubes to the biosafety cabinet and add 5-8 ml of cold CMGF-. Pellet
enteroid fragments by centrifugation as above.
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12. Aspirate supernatant and gently suspend enteroid fragments at 100 ul NDM

per insert/TW (with 10 pM each Y-27632 and CHIR99021 inhibitors for ileum and
colon) using a P1000 micropipet. For example: enteroid fragments from one well will
be suspended in 200 ul propagation medium to seed two inserts/TWSs. Set aside at
room temperature.

13. Aspirate collagen solution from the TWSs and wash with 100-200 pl CMGF-.
Repeat (two washes in total). Aspirate wash.

14. Gently suspend enteroid fragments using a P1000 micropipet and plate 100 pl per
TW using a P200 micropipet.

Gently resuspend the enteroid fragments with a P200 micropipet each time prior to
adding 100 pl into TWSs. The enteroid fragments will settle and need resuspension
between plating.

15. Add 0.6 ml propagation medium (NDM) to the well of the receiver plate (with 10
UM each Y-27632 and CHIR99021 inhibitors for ileum or colon).

16. Incubate at 37°C, 5% CO,.

17. Change medium at 48 hr to NDM without Y-27632 and CHIR99021 inhibitors
and continue to incubate at 37°C with medium changes every 2 days.

18. Observe for patch formation and eventual closed monolayers; monolayer
confluency is usually reached in 1-2 weeks.

Measure TEER (Srinivasan et al., 2015; refer to voltohmmeter manufacturer for
instructions on how to perform TEER measurements) or observe inserts/TWSs under
an inverted microscope to monitor confluence (TEER range depends on intestinal
segment). Raw TEER values of <200 Q indicate incomplete monolayer coverage of
the insert/ TW membrane. Newly confluent monolayers will have raw TEER values
in the range of 300-500 Q (100-165 Q-cm?). TEER values will continue to increase
over time while the monolayers are maintained in NDM.

19. Once confluent, change monolayer medium to differentiation medium (DFM) for
5 days. Change DFM on days 2 and 4. Monitor for an increase in TEER as a sign of
monolayer maturation. Start monolayer differentiation after 1-3 days of confluency.
For experiments interrogating crypt-like epithelia, maintain monolayers in NDM, and
proceed to co-culture setup (Basic Protocol 4).

Undifferentiated monolayers in propagation medium will remain viable and
confluent for up to 7-10 days; however, it is best to start the differentiation process
soon after the monolayers become confluent as older monolayers tend to fall apart.
TEER values will increase rapidly over the 5-day period ending at greater than two
to three times the initial ohm value after start of monolayer differentiation (Noel et
al., 2017).
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ALTERNATE PROTOCOL
SEEDING ENTEROID FRAGMENTS FOR MONOLAYER FORMATION USING TRITURATION

Materials

Some enteroid or colonoid lines will not form monolayers when fragmented with Try-pLE
Express. For these instances, substitute trituration for TrypLE in steps 9-11 of Basic
Protocol 1.

See Basic Protocol 1

1 After recovery of the enteroids from Matrigel (Basic Protocol 1, step 7), suspend
enteroids in NDM (with 10 puM each Y-27632 and CHIR99021 inhibitors for
ileum or colon) at 100 pl per TW using a P1000 micropipet.

2. Using a P200 micropipet, triturate enteroids by vigorously pipetting up and down
25 to 30 times as for fragmenting enteroids for propagation.

3. Transfer 100 ul of mechanically fragmented enteroids into washed TWSs (Basic
Protocol 1, step 13).

4. Proceed with Basic Protocol 1, step 14-19.

BASIC PROTOCOL 2

ISOLATION OF MONOCYTES AND DERIVATION OF IMMUNE CELLS FROM HUMAN
PERIPHERAL BLOOD

Materials

Monocytes are obtained from human PBMC isolated from whole blood. Refer to Current
Protocols article: Fuss et al., 2009 for an in-depth description of PBMC isolation from
peripheral blood. The protocol for monocyte isolation using negative selection is abbreviated
and the reader is referred to the manufacturer’s recommendations. Monocytes should be
plated the same day of isolation to obtain macrophages through M-CSF treatment. Plate
monocytes in medium containing M-CSF for 6 days before assembly of the co-culture, 1 day
before start of monolayer differentiation.

Human peripheral blood (~60 ml whole blood is sufficient for isolating the number of
monocytes needed to set up more than ten co-cultures; collect blood into ETDA tubes)

Ficoll-Paque PREMIUM (Cytiva, 17544202)

Pan Monocyte Isolation kit (Miltenyi Biotec, 130-096-537)
Macrophage colony-stimulating factor (M-CSF; PreproTech, 300-25)
Monocyte-derived macrophage (MoDM) medium (see recipe)

ETDA tubes (BD Vacutainer™, 366643)

Centrifuge (swinging bucket)
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6-well tissue culture plate
15-ml conical tubes

Tissue culture incubator (37°C, 5% COy)

1. Six days prior to setting up the co-culture, isolate monocytes: Draw 60 ml whole
blood into EDTA tubes.

Ideally whole blood should be processed into PBMC on the day of collection.

2. Isolate PBMC by centrifugation gradient over Ficoll-Paque PREMIUM per the
manufacturer’s recommendations (also refer Current Protocols article: Fuss et al.,
2009).

3. Isolate monocytes from PBMC by using Pan Monocyte Isolation kit, according to
the manufacturer’s instructions.

The PBMC and monocyte isolation will take 4-5 hr.

4. Plate monocytes in MoDM medium with 50 ng/ml M-CSF into 6-well plates at 1 x
108cells/ml. Plate 2 ml per well.

For monocytes, omit M-CSF from medium.

5. Differentiate monocytes into macrophages for 6 days replacing culture medium
(MoDM + M-CSF) every other day.

Observe for cell adherence to the plate and production of cell extensions. Rounding
and loss of adhesion are signs of cell death.

6. Five days before assembly of the co-culture (refer to step 19 in Basic Protocol 1),
change propagation medium (NDM) of the confluent enteroid/colonoid monolayers
to differentiation medium (DFM; no Wtn3A, Rspol, and SB 202190) if necessary, for
the experiment. Change DFM on day 2 and 4. The co-culture is assembled on day 5
of enteroid/colonoid monolayer differentiation.

BASIC PROTOCOL 3
ISOLATION OF NEUTROPHILS FROM HUMAN PERIPHERAL BLOOD

Human neutrophils are sensitive cells which can be easily activated after isolation or by
contaminants and have a relatively short lifespan. All reagents and material that come in
contact with PMN should be pyrogen-free. The reader is referred to Current Protocols
article: Kuhns et al., 2015 (and Alternate Protocol 1 of that article) for Ficoll-Paque detailed
isolation of PMN and removal of erythrocytes. The PMN are isolated the same day of
co-culture assembly. The isolation process takes ~4 hr and should be performed using strict
sterile technique.

Materials

Human peripheral blood (~30 ml whole blood is sufficient for isolating the number of
PMN needed to set up more than ten co-cultures; collect blood into ETDA tubes; start
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PMN isolation early in the day of co-culture that represents day 5 of differentiated enteroid/
colonoid monolayers)

Ficoll-Pague PREMIUM (Cytiva, 17544202)

6% dextran (Alfa Aesar, J63702; see Current Protocols article: Kuhns et al., 2015 for
preparation)

PBS (1x), pH 7.4 (Quality Biological, 114-058-101)
PBS (10x%), pH 7.4 (Quality Biological, 119-069-131)
Cold sterile MilliQ water

ETDA tubes (BD Vacutainer™ 366643)

50-ml conical tubes

Centrifuge

Hemacytometer (or other means for counting cells) Inverted light microscope

1. In a 50-ml conical tube, transfer 15 ml anticoagulated blood and add PBS (1) toa
final volume of 50 ml.

If starting with 30 ml of whole blood, set up duplicate samples.

2. Centrifuge for 10 min at 400 x g, 21°C with the acceleration/deacceleration brake
set at 5/5.

3. Aspirate supernatant (mix of PBS and plasma) without disturbing the pellet and
suspend cells in PBS (1x) to a final volume of 35 ml.

4. Dispense 15 ml Ficoll-Paque PREMIUM in a new 50-ml conical tube and carefully
layer the 35 ml of washed blood cells from step 3.

5. Centrifuge for 35 min at 300 x g, 21°C without brake.

It is important to avoid the use of the brake during spin-down process to maintain
the gradient.

6. Collect PBMC layer and remove Ficoll-Paque without disturbing the PMN/
erythrocytes pellet.

7. Suspend PMN/erythrocytes pellet in remaining liquid and transfer to a new 50-ml
conical tube.

It is important to transfer to a fresh conical tube to avoid PBMC contamination that
can remain on the tube walls.

8. Add PBS (1x) to a final volume of 22.5 ml.

9. Add 7.5 ml of 6% dextran (dilution 1:4). Mix tube contents by gentle inversion, ten
times.
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10. Set aside to allow erythrocytes to sediment by gravity for 15-20 min at room
temperature.

11. Transfer supernatant to a new 50-ml conical tube and bring volume to 50 ml with
PBS (1x).

12. Centrifuge for 10 min at 300 x g, 21°C with the acceleration/deacceleration brake
set at 5/5.

13. Aspirate supernatant and suspend pellet in the remaining liquid.

14. Add 18 ml cold sterile water to lyse erythrocytes. Mix cell suspension by
inversion for 20 s, and immediately add 2 ml cold 10x PBS and 20 ml cold 1x
PBS.

15. Centrifuge for 10 min at 300 x g at 4°C with the acceleration/deacceleration
brake set at 5/5.

16. Repeat steps 10 and 11 if necessary, to lyse any remaining erythrocytes.

17. Suspend PMN in 1-2 ml DFM without antibiotics and count using a
hemacytometer (see Current Protocols article: Strober, 2015) or an automatic cell
counter.

Keep PMN suspension at 4°C while counting.

18. Adjust PMN concentration to 1 x 107 viable cells/ml in DFM without antibiotics.
Immediately proceed to co-culture set up.

BASIC PROTOCOL 4
ASSEMBLY OF ENTEROID/MACROPHAGE OR ENTEROID/NEUTROPHIL CO-CULTURE

Co-culture of monolayers and macrophages is useful to model intestinal homeostasis
(resident cells) and under activating conditions, immunity to pathogens. PMN in enteroid
co-cultures model inflammation. The day of co-culture assembly will coincide with 5 days
of monolayer maturation and 6 days of monocyte-derived macrophage differentiation. PMN
are recovered from whole blood the same day the co-culture is established. Perform all steps
under a biosafety cabinet.

Materials

Immune cells (e.g., macrophages, monocytes, polymorphonuclear neutrophils, neutrophils;
see Basic Protocols 2 and 3)

Sterile PBS (1x), pH 7.4
NDM or DFM (without antibiotics for bacterial infections; see recipe)
15-ml sterile conical tubes

Sterile cell scrapers (United Biosystems, MCS-200)
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12-well flat bottom tissue culture plate(s)

Small metal forceps

Sterile Pasteur pipets

P200 micropipet

FIREBOY Safety Bunsen burner (Integra Biosciences Corp, 144010) Centrifuge
Hemacytometer (or other means to count cells)

Light microscope

Tissue culture incubator (37°C, 5% COy)

1. The morning of the experiment, measure TEER if this is a read-out parameter of
the assay. Return plate to the tissue culture incubator until macrophages are ready or
when PMN isolation is complete (~4 hr). Once PMN are in DFM without antibiotics,
proceed to step 7 without delay.

2. Using a sterile cell scraper, gently remove attached macrophages in a 6-well plate
and collect in a 15-ml centrifuge tube.

3. Pellet macrophages by centrifugation (swinging bucket; 400 x g for 5 min room
temperature).

4. Suspend macrophages in sterile PBS and count using trypan blue to determine
viability (see Current Protocols article: Strober, 2015).

5. Determine number of cells needed (1 x 10° per monolayer) and transfer volume to
a new 15-ml centrifuge tube.

6. Pellet macrophages by centrifugation and suspend in enteroid medium
(propagation medium or DFM) with 10 ng/ml M-CSF at a concentration of 2 x
106 viable cells/ml. Set aside at room temperature.

7. Using metal forceps (flame to sterilize), pick up a monolayer TW and gently invert
into an empty 12-well plate. Retain the 12-well plate lid.

Some of the apical medium will drain; however, the monolayer will retain some
medium. Set up the number of inverted monolayers needed.

8. Gently aspirate any remaining medium on the bottom (how facing up) of culture
inserts using a sterile Pasteur pipet attached to an aspirator.

Angle the Pasteur pipet 90° to the insert to aspirate any medium.

9. Using a P200 micropipet, gently add 50 pl of the macrophage suspension (1 10°
cells) in enteroid medium (propagation or DFM) plus M-CSF onto the bottom of the
insert. For PMN, add 50 pl (5 x 10° cells) in DFM without antibiotics.

For monocytes, add 50 pl (1 x 10° cells) in enteroid medium (propagation or
DFM).
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10. Repeat until macrophages/immune cells have been deposited onto the inverted
inserts.

11. Gently place the lid onto the 12-well plate.

The lid will contact the 50-ul bubble containing the macrophages/immune cells and
form a bevel.

12. Return plate to the 37°C, 5% CO, incubator for 2 hr.

Longer incubations of the inverted inserts do not improve adherence of the immune
cells. Keep the original insert/TW receiver 24-well plate with medium at 37°C, 5%
CO». Alternatively, a new 24-well plate can be used to keep upright the co-culture
insert/TWs.

13. Move plate from the incubator with the inverted TWs and place under the
biosafety cabinet.

14. Using metal forceps (flame to sterilize), pick up the inverted TWs and place
upright into the original or a new 24-well plate.

15. Add 100 pl enteroid medium (propagation or DFM) to the apical side and 600 pl
to the well of the receiver plate plus M-CSF at 10 ng/ml for macrophages (omit for
PMN or monocytes), if using a new 24-well plate.

If the original 24-well receiver plate is used, add M-CSF to the remaining medium
to 10 ng/ml if co-culturing monolayers with macrophages.

16. Return plate to the incubator and run a co-culture time course. The standard
co-culture time is 24 hr at the time of seeding macrophages onto the bottom of the
inserts (22 hr after placing the upright inserts/TWs at 37°C, 5% CO,).

PMN co-cultures run for up to 2 hr after returning the inserts/TWs to their upright
position. These experiments run for a total of 4 hr. Monocyte co-cultures can be
extended up to 48 hr, as for macrophage co-cultures; see Background Information
section below.

17. Measure TEER at 24 hr of co-culture and again at the end of any treatment (i.e.,
bacterial infection) if this is a read-out.

Some of the macrophages will drop from the bottom of the insert/TW onto

the receiver plate at >48 hr. Any treatment is for up to 24 hr after co-culture
establishment (e.g., 24 hr co-culture is treated or interrogated for up to 24 hr, or 48
hr total).

REAGENTS AND SOLUTIONS

CHIR99021—CHIR99021 (biotechne, R&D Systems brand, 4423)
Prepare 10 mM in DMSO.

Store aliquots at —20°C for up to 1 month.
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Complete medium without growth factors (CMGF-)—Advanced DMEM/F12 (Gibco
brand, Thermo Fisher Scientific, 12634028)

10 mM HEPES buffer (Gibco brand, Thermo Fisher Scientific, 15630080)
1% GlutaMAX (Thermo Fisher Scientific, 35050061)

1% penicillin-streptomycin (Quality Biological, 120-095-721)

Store at 4°C for up to 1 month.

Differentiation medium (DFM)—CMGF- (without pen/strep for bacterial infection of
co-cultures)

50 ng/ml EGF (biotechne, R&D Systems brand, 236-GMP)

2% B27 Supplement (50x; Gibco brand, Thermo Fisher Scientific, 17504044)
10 nM gastrin (AnaSpec, AS-64149)

500 nM A 83-01 (biotechne, Tocris brand, 2939)

125 pg/ml Primocin (InvivoGen ant-pm-2; antimicrobial reagent for primary cells; omit for
bacterial infections of co-culture)

10% Noggin-conditioned medium (HEK293T cells stably expressing murine Noggin-Fc
from Dr. Gijs R. van den Brink, Tytgat Institute for Liver and Intestinal Research and
Department of Gastroenterology and Hepatology, Academic Medical Center, Amsterdam,
The Netherlands)

Store at 4°C forl week.

Monocyte-derived macrophages (MoDM) complete medium—RPMI (Thermo
Fisher Scientific, 11875093)

10% FBS, heat inactivated (MilliporeSigma, F4135)

1 x MEM non-essential amino acids (MilliporeSigma, M7145)

1 mM sodium pyruvate (100 mM solution; MilliporeSigma, S8636)

55 uM 2-mercaptoethanol (Gibco brand, Thermo Fisher Scientific, 21985023)
1% penicillin-streptomycin (Quality Biological, 120-095-721)

50 ng/ml macrophage colony-stimulating factor (M-CSF; PreproTech, 300-25)

Store at 4°C for up to 2 weeks. Omit M-CSF for culturing monocytes.

Non-differentiation medium (NDM)—CMGF- (see recipe)
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50 ng/ml EGF (biotechne, R&D Systems brand,236-GMP)
2% B27 Supplement (50; Gibco brand, Thermo Fisher Scientific, 17504044)
10 nM Gastrin (AnaSpec, AS-64149)
500 nM A 83-01 (biotechne, Tocris brand, 2939)
10 uM SB 202190 (MilliporeSigma, S7067; prepare stock solution in DMSO)
125 pg/ml Primocin (InvivoGen ant-pm-2; antimicrobial reagent for primary cells)
50% Wnt3A-conditioned medium (L Wnt3A from ATCC, CRL-2647)
15% R-Spondin 1-conditioned medium (HEK293T cells stably expressing mouse Rspol-Fc
from Dr. Calvin Kuo, Stanford University).
10% Noggin-conditioned medium (HEK293T cells stably expressing murine Noggin-Fc
from Dr. Gijs R. van den Brink, Tytgat Institute for Liver and Intestinal Research and
Department of Gastroenterology and Hepatology, Academic Medical Center, Amsterdam,
The Netherlands).
Store at 4°C forl week.
Y-27632—Y-27632 dihydrochloride (biotechne, R&D Systems brand, 1254)
Prepare 10 mM in sterile double-distilled H,O.
Store aliquots at —20°C for up to 1 month.

COMMENTARY

Background Information—Human intestinal enteroids/colonoids offer a relevant and
practical experimental ex vivo model to study physiology, developmental biology,
pathophysiology, or host-pathogen interactions of the intestinal epithelium (Blutt et al.,
2019; Costantini et al., 2018; Foulke-Abel et al., 2014; Foulke-Abel et al., 2016; Koestler

et al., 2019; Noel et al., 2017; Current Protocols article: Poole et al., 2018; Ranganathan et
al., 2019; Saxena et al., 2016; Yoo & Donowitz, 2019; Zachos et al., 2016; Zou et al., 2019,
Lemme-Dumit et al., 2020). Because enteroids recapitulate normal and diseased intestinal
physiology, e.g., chloride ion (CI7) secretion defects in cystic fibrosis (Cil et al., 2017; de
Winter-de Groot et al., 2018; Duan et al., 2019; Liu, Walker, Cook, Ootani, & Clarke, 2012),
and are readily established from biopsies or surgical tissues, the use and applications of

this model continue to expand. The use of human enteroids/colonoids as a surrogate for

the small intestinal or colonic epithelium, respectively, overcomes multiple major drawbacks
of immortalized cell lines. Traditional human intestinal culture lines do not recapitulate
normal intestinal physiology, often vary phenotypically between subclones of the same line
or after certain passage numbers and many lines are aneuploid. Enteroids derived from
different intestinal segments retain the physiological characteristics of the tissue of origin
including microbe infectivity tropisms (Blutt, Crawford, Ramani, Zou, & Estes, 2018; Chan
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etal., 2019; Haga et al., 2020; Rajan et al., 2018). Long-term culture of enteroids (years)
do not introduce phenotypic or genetic changes (Sato & Clevers, 2013); supplementation
with Wnt3A maintains the indefinite epithelial self-renewal capacity without the need for
transformation. While the spheroidal three-dimensional enteroid growth forms have been
employed in many studies, the ability to generate enteroid monolayers offers a practical
conveniency by facilitating tissue manipulation and by expanding the information (i.e.,
outcome readouts) that can be derived from this model (In et al., 2016; In, Foulke-Abel,
Clarke, & Kovbasnjuk, 2019).

Immortalized cells lines consist of a single cell type while enteroid epithelial cells can

give rise to multiple cell types found in normal intestinal epithelia: stem cells, Paneth

cells, enteroendocrine cells, goblet cells, microfold cells, and Tuft cells (Ding et al., 2020;
Fasciano, Blutt, Estes, & Mecsas, 2019; Howitt et al., 2016; Noel et al., 2017; Sato et al.,
2009). Medium manipulation also permits modeling of the enteroids to reflect a more crypt-
like or villus-like cellular compartment that is lacking with traditional cell lines. A crypt-like
epithelium is induced by maintaining enteroids in propagation medium (NDM) and removal
of Wnt signaling (DFM) promotes epithelial differentiation to mimic a villus-like epithelium
of the small intestine or surface cells of the colon. Other medium manipulations can further
drive enrichment of specific epithelial cell types (Beumer et al., 2018; Beumer et al., 2020)
to suit experimental needs. For example, the rare M cell type found in the follicle-associated
epithelium of Peyer’s patches or isolated lymphoid follicles can be induced in ileal enteroids
grown as spheroids or monolayers by addition of tumor necrosis factor alpha (TNF-a)

and receptor activator of NF-xB ligand (RANKL,; Fasciano et al., 2019; Ranganathan et

al., 2019; Wood, Rios, & Williams, 2016) or retinoic acid, lymphotoxin, and RANKL

(Ding et al., 2020). Small intestinal enteroids were recently engineered to increase the
differentiation and numbers of hormone-secreting enteroendocrine cells by over expression
of neurogenin 3 (Chang-Graham et al., 2019). Medium manipulation or over expression of
a targeted transcription factor as a means to influence intestinal epithelial developmental
physiology is often incomplete when using transformed cell lines. In all, human enteroids
have become the choice physiologically relevant experimental model to study the intestinal
epithelium. Because it employs primary human cells, this model has high translational value
for interrogation of disease- and health-associated cellular pathways and the evaluation of
preventive and therapeutic tools.

It is important to bear in mind, however, that although useful for ex vivo studies, enteroid
monolayers represent a reductionist model of the intestinal epithelium. The physiology

of the intestinal epithelium is the result of the functional collaboration of epithelial and
underlying immune, nerve, and mesenchymal cells. In the enteroid model, growth factors
secreted by mesenchymal and other underlying cells are provided in the medium. Exposing
enteroid/colonoid monolayers to purified cytokines, chemokines, or proteases may mimic
immune cell simulation; however, the outcome may reflect a narrow and perhaps incomplete
epithelial response. The contributions of immune cells to epithelial physiology or host
defenses are lacking unless these are added to the enteroids in a co-culture system. The co-
culture system described here overcomes the limits of monoculture models by incorporating,
in the same tissue culture framework, intestinal epithelial monolayers in close proximity to
immune cells. All intestinal segments are amenable to monolayer formation and co-culture
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(Noel et al., 2017). Macrophage co-cultures with ileal enteroids and colonoids have also
been established by our group (Noel et al., 2017 and J. F. Staab and N. C. Zachos,
unpublished results) and in principle any segment, including stomach (Sebrell et al., 2019),
could be combined with innate immune cells to address specific experimental questions. The
interchangeability of the enteroids and immune cells in this co-culture model also supports
personalized medicine and preclinical translational studies.

Critical Parameters and Troubleshooting—A key variable for generating monolayers
is to have well-established, healthy enteroid cultures propagating at a rate that requires
splitting every 6—7 days. When planning the culture of monolayers, it is important to
consider the number of wells needed for seeding in addition to those needed to maintain
enteroid propagation and maintenance. Often, it takes 2—3 weeks of enteroid expansion

to generate enough wells for seeding monolayers and continued propagation. Monolayer
formation across culture inserts/Transwells (TWSs) is not always complete. It is, therefore,
advisable to seed at least two additional monolayers per experiment. Ultimately, the type

of experimental inquiry will dictate the number of co-cultures needed. For endpoints that
require recovery and lysis of the monolayer for RNA or protein isolation, pooling duplicate
or triplicate samples is recommended. We have found that the RNA or protein yield from
one monolayer is only adequate for molecular analysis of only a few genes or proteins.

For interrogation immune cells, a combination of three to four co-cultures will yield ample
material for RNA or protein analysis, or fluorescence-activated cell sorting (FACS). Ideally,
replicate experiments should include monolayers derived from two or more enteroid lines
and two or more healthy blood donors to account for biological variability.

Monolayer formation in culture inserts/TWs of larger pore membranes (3.0 um) usually
takes longer but these inserts are needed for basolateral bacterial cell invasion assays
(Koestler et al., 2019; Ranganathan et al., 2019). Here we use the 3.0-um pore culture
inserts/TWs for PMN co-cultures to allow PMN migration through the monolayer (Lemme-
Dumit et al., 2020). We have not noticed differences in phenotypic features of the
monolayers (e.g., TEER, differentiation) grown on 3.0-, 1.0-, or 0.4-um pore culture
inserts/TWs (Noel et al., 2017 and J. F. Staab, J. M. Lemme-Dumit, R. Latanich, and N.

C. Zachos, unpublished data).

It is important to monitor confluence by light microscopy and/or TEER to plan for the start
of differentiation, which will determine the day of co-culture assembly. Monolayers in NDM
with TEER values >70 Q-cm? have reached confluence and are ready for differentiation.
Try to start the differentiation process 1 to 3 days upon monolayer confluence because
older monolayers sometimes lose integrity after culture in DFM for 5 days. It is common
to find that some monolayers lag in reaching confluence when it is necessary to begin
differentiation in order to keep with immune cell maturation or isolation plans. Under
these circumstances, we have found that monolayers can complete their closing in DFM

if they are near confluence (~90% closed). This process takes 1 to 2 days in DFM and

thus day 5 of differentiation should now be considered as the fifth day after changing

the medium to DFM. There is no appreciable difference in day 5 TEER values or other
physiological parameters between monolayers differentiated from fully closed or nearly
closed monolayers. Medium changes affect TEER values; therefore, it is recommended
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that measurements are performed before replacing the medium. The times to measure
TEER should be during monolayer growth, before assembly of the co-cultures, 24 hr later
(pre-treatment), and O to 24 hr post treatment.

A key step that affects enteroid fragment adhesion to culture inserts/TWSs is the human
collagen IV coating. The stock 1 mg/ml solution in acetic acid is prepared in the shipping
vial (5 mg) and allowed to reconstitute at 4°C for several hours with occasional mixing
(refer to MilliporeSigma recommendations). The collagen must be completely dissolved to
allow for the enteroid fragments to properly adhere and spread onto the culture insert/TW.
The stock collagen suspension should be stored in single-use aliquots at —20°C and can be
used for several months. Replace the collagen 1V stock solution at the first sign that enteroid
fragments are failing to adhere to culture inserts/TWs. We find that the culture inserts/TWs
need to be coated with a saturating concentration of collagen 1V (10 pg/cm?) for efficient
adhesion and spreading of enteroid fragments. Collagen coating can be done the day before
seeding by placing the culture inserts/TWs with 0.33 pg/ml collagen 1V in a Parafilm-sealed
receiver plate at 4°C. On the day of seeding, move the plate from 4°C storage and place it
under the biosafety cabinet at the start of the protocol to allow the plate to come to room
temperature. Culture inserts/TWs with 0.33 pug/ml collagen IV can be left at 4°C for up to

2 days without detriment. This is a convenient method to save time (2 hr) on the day of
seeding.

Understanding Results—TEER measurements are key in co-culture experiments
because they quickly inform on the monolayer barrier integrity and fate of the experiment.
After the initial 24 hr of co-culture (2 hr for PMN co-cultures), the monolayer can be
treated apically with bacteria, virus, cytokines, or compound of choice for up to 24 hr (2
hr for PMN co-culture). Treatments that destroy the barrier function of the monolayers are
likely toxic and should be scaled back in time or application (drug concentration, bacteria
numbers). Alternatively, loss of barrier function may be the intended or expected result

of the experiment. A starting point for cytokine or drug concentrations can be based on
experiments in neoplastic intestinal epithelium cell lines (e.g., T-84 or CaCo-2).

Bacterial infection should be based on multiplicity of infection (MOI) relative to the number
of immune cells. A range of MOI from 10 to 100 should inform on immune cell function
and activity without overwhelming and destroying the monolayers.

Cytokine concentrations can be determined from apical and basolateral medium at the end
of the co-culture experiment. These are best performed on a multiplex platform due to

the small apical volumes (recovery is usually <100 pl) in the inserts/TWs. A confounding
variable is discerning the cytokine contribution from the monolayer versus the immune cells.
Comparison to monocultures is helpful but may be limited unless there is a significant
change in cytokine levels upon treatment.

Replicate experiments with multiple enteroid lines derived from the small intestine (e.g.,
duodenum, jejunum, ileum) or colon (e.g., ascending, transverse, descending) should be
considered when planning experiments. Certain experiments may only be performed with
a given intestinal segment because of bacterial or viral tropism (Ranganathan, Smith,
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Foulke-Abel, & Barry, 2020); therefore, multiple same-segment enteroid lines should be
incorporated into the experimental plan. In general, small intestine enteroid lines have
similar phenotypes (e.g., TEER, cytokine expression) that are different from colon-derived
lines.

Time Considerations—Propagation, seeding of culture inserts/TWSs, and monolayer
confluence can take up to 3 to 4 weeks. Another 5 days are required for differentiation

of the monolayers, followed by an initial 24 hr of co-culture and another 24 hr of treatment
(for macrophages or monocytes). In all, a co-culture experiment from enteroid seeding into
culture inserts/TWs to co-culture harvest may take 5 to 6 weeks. It is advisable to use a
stepwise approach and become comfortable with seeding and culturing monolayers prior

to attempting immune cell co-cultures. Adding immune cells to monolayers significantly
increases the time commitment and complexity of the experimental method. Large
experiments with >24 co-cultures may require two investigators working separately to
establish monolayers, and isolate and culture immune cells. Harvesting the components of
the co-culture for analysis is often the most time-intensive part of the procedure. Preparation
of monolayer lysates for bacterial plating is best performed with two investigators working
in tandem: one investigator preparing monolayer lysates while a second scientist performs
serial dilutions and plating for colony-forming units. Other harvest procedures can be
performed by a single researcher. Collected apical and basolateral medium are either pooled
or stored separately at —20°C until sampled for cytokine or other biomolecule levels. Co-
cultures destined for immunofluorescence can be fixed and stored at 4°C for several weeks
prior to antibody staining. Monolayer or immune cell lysates can be stored at —80°C for
protein or RNA isolation purification at a later date. Many of the downstream assays can be
conveniently performed on banked frozen samples from replicate experiments. Ultimately,
co-culture experiments are at best a low to medium throughput platform that require strong
resource and time commitments. Human enteroid and immune cell co-cultures can be
established in a reliable and reproducible manner. This refined ex vivo model is suitable to
unravel mechanistic biological processes relevant to the human gut.
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Figure 1.
Generation and applications of immune cell co-culture.
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