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SUMMARY:

The pituitary gland is the key regulator of the body’s endocrine system. This article describes
the development of organoids from the mouse pituitary as a novel 3D in vitro model to study
the gland’s stem cell population of which the biology and function remain poorly understood.

ABSTRACT:

The pituitary is the master endocrine gland regulating key physiological processes, including
body growth, metabolism, sexual maturation, reproduction, and stress response. More than
a decade ago, stem cells were identified in the pituitary gland. However, despite the
application of transgenic in vivo approaches, their phenotype, biology, and role remain
unclear. To tackle this enigma, a new and innovative organoid in vitro model is developed to
deeply unravel pituitary stem cell biology. Organoids represent 3D cell structures that, under
defined culture conditions, self-develop from a tissue’s (epithelial) stem cells and recapitulate
multiple hallmarks of those stem cells and their tissue. It is shown here that mouse pituitary-
derived organoids develop from the gland’s stem cells and faithfully recapitulate their in vivo
phenotypic and functional characteristics. Among others, they reproduce the activation state
of the stem cells as in vivo occurring in response to transgenically inflicted local damage. The
organoids are long-term expandable while robustly retaining their stemness phenotype. The
new research model is highly valuable to decipher the stem cells’ phenotype and behavior
during key conditions of pituitary remodeling, ranging from neonatal maturation to aging-
associated fading, and from healthy to diseased glands. Here, a detailed protocol is presented
to establish mouse pituitary-derived organoids, which provide a powerful tool to dive into the
yet enigmatic world of pituitary stem cells.

INTRODUCTION:
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The pituitary is a tiny endocrine gland located at the base of the brain, where it is connected
to the hypothalamus. The gland integrates peripheral and central (hypothalamic) inputs to
generate a tuned and coordinated hormone release, thereby regulating downstream target
endocrine organs (such as adrenal glands and gonads) for producing appropriate hormones
at the proper time. The pituitary is the key regulator of the endocrine system and is therefore
rightfully termed the master gland®.

The mouse pituitary consists of three lobes (Figure 1), i.e., the anterior lobe (AL), the
intermediate lobe (IL), and the posterior lobe (PL). The major endocrine AL contains five
hormonal cell types, including somatotropes that produce growth hormone (GH); lactotropes
generating prolactin (PRL); corticotropes that secrete adrenocorticotropic hormone (ACTH);
thyrotropes responsible for thyroid-stimulating hormone (TSH) production; and
gonadotropes that make luteinizing hormone (LH) and follicle-stimulating hormone (FSH). The
PL consists of axonal projections from the hypothalamus in which the hormones oxytocin and
vasopressin (antidiuretic hormone) are stored. The IL is located in-between the AL and PL and
houses melanotropes that produce melanocyte-stimulating hormone (MSH). In the human
pituitary, the IL regresses during development, and melanotropes are spread within the AL,
In addition to the endocrine cells, the pituitary gland also contains a pool of stem cells,
essentially marked by the transcription factor SOX227°. These SOX2* cells are located in the
marginal zone (MZ), the epithelial lining of the cleft (an embryonic remnant lumen between
the AL and IL), or are spread as clusters throughout the parenchyma of the AL, thereby
proposing two stem cell niches in the gland (Figure 1)>®.

Given the indispensable nature of the pituitary, malfunctioning of the gland is associated with
serious morbidity. Hyperpituitarism (characterized by over-secretion of one or more
hormones) and hypopituitarism (defective or missing production of one or more hormones)
can be caused by pituitary neuroendocrine tumors (PitNETs; e.g., ACTH-producing tumors
leading to Cushing’s disease) or by genetic defects (e.g., GH deficiency resulting in dwarfism)’.
In addition, pituitary surgery (e.g., to remove tumors), infections (e.g., hypothalamic-pituitary
tuberculosis, or infections following bacterial meningitis or encephalitis), Sheehan’s
syndrome (necrosis because of insufficient blood flow due to heavy blood loss at birth-giving),
pituitary apoplexy and traumatic brain injury are other important causes of pituitary
hypofunction®. It has been shown that the mouse pituitary possesses the regenerative
capacity, being able to repair local damage introduced by transgenic ablation of endocrine
cells®>'0, The SOX2* stem cells acutely react to the inflicted injury showing an activated
phenotype, marked by enhanced proliferation (resulting in stem cell expansion) and
increased expression of stemness-related factors and pathways (e.g., WNT/NOTCH).
Moreover, the stem cells start to express the ablated hormone, finally resulting in substantial
restoration of the depleted cell population over the following (5 to 6) months®°. Also, during
the neonatal maturation phase of the gland (the first 3 weeks after birth), the pituitary stem
cells are thriving in an activated state®!'13, whereas organismal aging is associated with
declined in situ stem cell functionality, due to an increasing inflammatory (micro-)
environment at aging (or ‘inflammaging’)!%!4. In addition, tumorigenesis in the gland is also
associated with stem cell activation”*>. Although stem cell activation has been detected in
several situations of pituitary remodeling (reviewed in”'¢), underlying mechanisms remain
unclear. Since in vivo approaches (such as lineage tracing in transgenic mice) have not
delivered a clear or comprehensive picture of pituitary stem cells, the development of reliable
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in vitro models to explore stem cell biology in normal and diseased pituitary is essential.
Standard in vitro culture of primary pituitary stem cells remains inadequate because of very
limited growth capacity and non-physiological (2D) conditions with rapid loss of phenotype
(for a more detailed overview, see'®). 3D sphere cultures (pituispheres) have been established
from pituitary stem cells as identified by side population and SOX2* phenotype®*. The
pituispheres clonally grow from the stem cells, express stemness markers and show
differentiation capacity into the endocrine cell types. However, they do not considerably
expand while showing only limited passageability (2—3 passages)>*. Sphere-like structures
were also obtained from non-dissociated pituitary stem cell clusters when cultured in 50%
diluted Matrigel for 1 week, but expandability was not shown?'’. The pituisphere approach is
mostly used as a read-out tool for stem cell numbers, but further applications are limited by
inferior expansion capacity?®.

To address and overcome these shortcomings, a new 3D model has recently been established,
i.e., organoids, starting from the major endocrine AL of mice containing the MZ and
parenchymal stem cells. It has been shown that the organoids are indeed derived from the
pituitary’s stem cells and faithfully recapitulate their phenotype!®. Moreover, the organoids
are long-term expandable, while robustly maintaining their stemness nature. Therefore, they
provide a reliable method to expand primary pituitary stem cells for profound exploration.
Such exploration is not achievable with the limited number of stem cells that can be isolated
from a pituitary, which are also not expandable in 2D conditions?®. It has been shown that the
organoids are valuable and reliable tools to uncover new pituitary stem cell features
(translatable to in vivo)**!8. Importantly, the organoid model faithfully mirrors the pituitary
stem cell activation status as occurring during local tissue damage and neonatal maturation,
showing enhanced formation efficiency and replicating upregulated molecular pathways*18,
Hence, the pituitary-derived organoid model is an innovative and powerful pituitary stem cell
biology research model as well as a stem cell activation readout tool.

This protocol describes in detail the establishment of mouse pituitary-derived organoids. To
this aim, the AL is isolated and dissociated into single cells, which are embedded in
extracellular matrix-mimicking Matrigel (hereon referred to as ECM). The cell-ECM assembly
is then cultured in a defined medium, essentially containing stem cell growth factors and
pituitary embryonic regulators (further referred to as ‘pituitary organoid medium’ (PitOM)*8;
Table 1). Once the organoids are fully developed (after 10-14 days), they can be further
expanded trough sequential passaging and subjected to extensive downstream exploration
(e.g., immunofluorescence, RT-gPCR, and bulk or single-cell transcriptomics; Figure 1). In the
longer run, it is expected that the pituitary stem cell organoids will pave the way to tissue
repair approaches and regenerative medicine.

PROTOCOL:

Animal experiments for this study were approved by the KU Leuven Ethical Committee for
Animal Experimentation (P153/2018). All mice were housed at the university’s animal facility
under standardized conditions (constant temperature of 23 + 1.5 °C, relative humidity 40%—
60%, and a day/night cycle of 12 h), with access to water and food ad libitum.

1. Mice
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1.1 Use commercially available mouse strains, such as C57BL/6J mice, of young-adult age (8—
12 weeks old). In general, 2—3 mice provide a sufficient number of AL cells for the protocol.

2. Isolation and dissociation of mouse AL

NOTE: Medium A, B, and C are prepared in advance®?°. Compositions are shown in Table 2.
2.1 Isolation of mouse AL

2.1.1 Euthanize the mice by CO; asphyxiation, followed by decapitation (Figure 2A). Wash
mice heads with deionized water to remove the blood and spray them with 70% EtOH to
generate a sterile environment.

2.1.2 Using sterile surgical tools, remove the skin of the head between the ears (Figure 2B).

2.1.3 Open the cranium and remove the brain.

2.1.3.1 Break the ‘nose bridge’ (i.e., anterior part of the frontal bone; Figure 2B) with sterile
scissors.

2.1.3.2 Open the cranium further with scissors, starting from the broken nose bridge toward
the ears, on both sides (Figure 2C).

2.1.3.3 Remove the cranium and the brain with sterile tweezers, without touching the
pituitary gland (Figure 2D).

2.1.4 Remove the diaphragma sellae with blunt tweezers, without damaging the pituitary.
Discard the PL and the IL from the AL under a stereomicroscope.

NOTE: The PL and IL are linked and thus removed simultaneously. These parts appear as white
tissue, as compared to the pink-colored AL (Figure 2D).

2.1.5 Carefully isolate the AL with blunt tweezers and collect it in a 10 mL Erlenmeyer flask,
filled with 3 mL of medium A (see Table 2). Place the flask on ice until further processing.

2.2 Dissociation of mouse AL

2.2.1 Remove the supernatant (SN) medium A from the Erlenmeyer flask containing the
isolated AL. Add 2 mL of prewarmed (37 °C) 2.5% trypsin solution and incubate at 37 °C for 15
min.

2.2.2 Without removing the trypsin solution, add 2 mL of prewarmed (37 °C) DNase solution
(2 pg/mL in medium A; sterile-filtered through a 0.22 um mesh), and swirl the Erlenmeyer
flask 10 times. Let the pituitary sink to the bottom (~1 min) and remove the SN.
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2.2.3 Add 2 mL of prewarmed (37 °C) trypsin inhibitor solution (0.1 mg/mL in medium A;
sterile-filtered through a 0.22 um mesh) and incubate at 37 °C for 10 min. Let the pituitary
sediment to the bottom and remove the SN.

2.2.4 Add 2 mL of prewarmed (37 °C) medium B (see Table 2) and incubate at 37 °C for 5 min.
Without removing the SN, add 2 mL of prewarmed (37 °C) medium C (see Table 2) and
incubate at 37 °C for 15 min.

2.2.5 Let the pituitary sink to the bottom and remove the SN. Rinse the pituitary three times
with prewarmed (37 °C) medium C.

2.2.6 Dissociate the pituitary into single cells.

2.2.6.1 Add 2 mL of prewarmed (37 °C) medium C. Aspirate and expel the pituitary gland with
a sterile, flame-polished Pasteur pipette multiple times, until fragments are not visible
anymore.

2.2.6.2 Transfer the suspension to a 15 mL tube with 4.5 mL of prewarmed (37 °C) DNase
solution (2 pg/mL in medium A; sterile-filtered through a 0.22 pm mesh). Rinse the
Erlenmeyer three times with 2 mL of prewarmed (37 °C) medium C and transfer the
suspension to the 15 mL tube.

2.2.7 Mix the collected cell suspension and filter it through a 40 um cell strainer into a 30 mL
tube. Rinse the 15 mL tube and the cell strainer three times with 2 mL of medium C and
transfer the suspension to the 30 mL tube.

2.2.8 Position the tip of a glass Pasteur pipette, filled with 2 mL of 3% bovine serum albumin
(BSA) solution (in medium A; sterile-filtered through a 0.22 um mesh), at the bottom of the
tube and gently pipette out to form a visible density layer. Centrifuge at 190 x g for 10 min at
4°C.

2.2.9 Remove the SN by inverting the tube in one fluent movement and remove the remaining
SN droplets with a P1000 tip. Resuspend the cell pellet in 1 mL of ice-cold Advanced DMEM
(Adv DMEM) and quantify the cells with a cell counter.

3. Establishment and culturing of AL-derived organoids

NOTE: Thaw ECM on ice in advance (2—3 h for 1 mL) and keep it on ice for the duration of the
protocol.

3.1 Organoid seeding and culturing
3.1.1 Centrifuge the AL cell suspension at 190 x g for 10 min at 4 °C and remove the SN.

Resuspend the cell pellet in Adv DMEM using the specific volume calculated to reach a cell
density of 1.1 x 10° cells/mlL.
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NOTE: For instance, if the cell suspension contains 500,000 cells/mL, one must resuspend the
cell pellet in 454.54 pL of Adv DMEM to reach the desired density of 1.1 x 10° cells/mL.

3.1.2 Take out the volume of cell suspension needed for plating (according to the desired
number of wells to seed for organoid development) and add ECM in a 30:70 ratio (30% cell
suspension (in Adv DMEM) and 70% ECM). Mix well by pipetting up and down.

NOTE: For instance, for one droplet of 30 uL (see step 3.1.3), one should (gently) mix 9 uL of
cell suspension (containing ~10,000 cells when taken from the 1.1 x 10° cells/mL suspension)
with 21 pL of ECM.

3.1.3 Per well, deposit a 30 puL drop of the cell suspension/ECM mixture (see step 3.1.2) on a
pre-warmed (37 °C) 48-well plate. Turn the plate upside down and let the ECM solidify at 37
°C for 20 min.

NOTE: Pre-warm the culture plates for at least 24 h at 37 °C.

3.1.4 Return the plate to its proper orientation and carefully add 250 pL of prewarmed (37
°C) PitOM (see Table 1) supplemented with 10 uM Rock Inhibitor (Y-27632).

3.1.5 Continue to culture the organoids by changing the medium (devoid of Y-27632) every
2-3 days until the organoids are fully grown, which takes between 10-14 days (Figure 3A).
Then, passage the organoids.

NOTE: When aspirating the medium, make sure not to disrupt the ECM dome. Tilt the culture
plate slightly and remove the medium from the bottom rim of the well. Fresh (prewarmed at
37 °C) medium should be added gently to the side of the well. If gel droplets de-attach, collect
the organoids and resuspend and culture them again in a new ECM droplet.

3.2 Organoid passaging

3.2.1 Aspirate the medium gently and add 400 pL of ice-cold Adv DMEM to disintegrate the
ECM and collect the organoids in a microcentrifuge tube. Wash once with 400 pL of ice-cold
Adv DMEM. Centrifuge at 200 x g for 5 min at 4 °C.

3.2.2 Remove the SN carefully and add 400 pL of prewarmed (37 °C) TrypLE Express Enzyme
(1X). Mix by inverting the tube several times, and incubate at 37 °C for 5 min.

3.2.3 Add 400 pL of ice-cold Adv DMEM and centrifuge at 200 x g for 5 min at 4 °C. Remove
the SN.

3.2.4 Resuspend the pellet with 100 uL of ice-cold Adv DMEM and subsequently break up the
organoids by vigorously pipetting up and down with a narrowed P200 tip (i.e., push down the
empty tip against the bottom of the microcentrifuge tube, to reduce its opening diameter)
until organoid fragments (with a diameter around 50 um) are obtained (Figure 3B).
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NOTE: The dissociation mixture should contain predominantly organoid fragments and only a
few single cells. Harsh dissociation of the organoids into single cells negatively impacts the re-
growth of the organoids.

3.2.5 Add 800 pL of Adv DMEM and centrifuge at 190 x g for 10 min at 4 °C. Remove the SN.

3.2.6 Passage the organoids in a 1:2 to 1:4 ratio. Resuspend the pellet in an adequate volume
of Adv DMEM as needed for plating and add ECM in a 30:70 ratio (30% cell suspension and
70% ECM). Mix well by pipetting up and down.

3.2.7 Seed and culture the organoids as described above in steps 3.1.3-3.1.5.

NOTE: On average, 20 organoids develop per well from the 10,000 whole-AL cells seeded
(0.2%). These passage 0 organoids can be split in a 1:2 ratio, resulting in >50 organoids
developing per well (passage 1). Organoids can then be split in a 1:2 to 1:4 ratio during
subsequent passages. Re-growth of the organoids slows down after ~10 passages
(corresponding to 3 months of culture), concretized in gradually fewer and smaller organoids.
4. Cryopreservation of AL-derived organoids and thawing

4.1 Cryopreservation of organoids

4.1.1 Follow the passaging protocol from step 3.2.1 until step 3.2.5.

4.1.2 Resuspend the organoid pellet (containing fragments and cells) with 1 mL of
cryopreservation medium (Table 3). Transfer the suspension into a cryovial and place it on

Ice.

NOTE: Organoids (i.e., resultant fragments and cells) from up to four wells of the 48-well plate
can be combined in one cryovial.

4.1.3 Place the cryovials in a freezing container and transfer them to -80 °C.

4.1.4 After 24 h, transfer the samples to a cryobox and store them in liquid nitrogen (-196 °C)
for long-term storage.

4.2 Thawing of cryopreserved organoids

4.2.1 Remove the cryovial from the liquid nitrogen tank and place it on ice. Immediately
proceed with the thawing protocol.

4.2.2 Thaw the solution with the cryopreserved organoid fragments and single cells at 37 °C
(water bath).

NOTE: Do not keep the solution for more than 2 min at 37 °C to avoid cell toxicity by DMSO.
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4.2.3 Transfer the content to a 15 mL tube containing 10 mL of ice-cold Adv DMEM with 30%
fetal bovine serum (FBS). Rinse the cryovial with 1 mL of Adv DMEM with 30% FBS.

4.2.4 Centrifuge at 190 x g for 10 min at 4 °C. Resuspend the pellet with 1 mL of ice-cold Adv
DMEM and transfer the suspension to a microcentrifuge tube.

4.2.5 Centrifuge at 190 x g for 10 min at 4 °C. Resuspend the pellet in an adequate volume of
Adv DMEM as needed for plating and add ECM in a 30:70 ratio. Mix well by pipetting up and
down.

4.2.6 Seed and culture the organoids as described above in steps 3.1.3-3.1.5.

5. Validation of AL-derived organoids

5.1 Collection and lysis of organoids for RNA isolation

5.1.1 Collect and centrifuge the organoids as described above (step 3.2.1).

5.1.2 Remove the SN and add 350 L of lysis buffer with 1% 2-mercapto-ethanol. Vortex for
30 s and store at -80 °C or proceed immediately to RNA isolation.

CAUTION: Beware that 2-mercapto-ethanol is a toxic compound. All work must be done in a
chemical fume hood while wearing nitrile gloves, a dust mask, and safety glasses. 2-Mercapto-
ethanol can cause irreversible damage to the eyes and skin.

5.2 Fixation and embedding of organoids for immuno-histochemistry/-fluorescence staining
5.2.1 Collect and centrifuge the organoids as described above (step 3.2.1).

5.2.2 Remove the SN, add 1 mL of 4% paraformaldehyde (PFA) and incubate for 30 min at
room temperature (RT) on an orbital shaker (100 rpm).

CAUTION: PFA is a known human carcinogen that can cause irreversible damage to the
cornea. All work must be done in a chemical fume hood. Nitrile gloves and safety glasses must
always be worn.

5.2.3 Centrifuge at 200 x g for 5 min and remove the SN. Add 1 mL of PBS, incubate 10 min at
RT on an orbital shaker (100 rpm), and centrifuge at 90 x g for 3 min at 4 °C. Repeat the
washing step twice. Store in PBS at 4 °C.

5.2.4 For tissue processing and dehydration, remove the SN and add 150 pL of 2% agarose gel
(in PBS) to the organoid pellet using a prewarmed widened p200 tip (made by cutting a small
piece of the tip). Immediately pipet the entire volume up and eject in the lid of the
microcentrifuge tube.

NOTE: It is important to work swiftly, as the gel containing the organoids will quickly solidify.
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5.2.5 Let the gel firmly solidify for 30 min and move the gel disc to a histology cassette.
Immerse and store in 50% EtOH, until dehydration in the tissue processor.

5.2.6 For paraffin embedding, place the gel disc (using forceps) in an embedding mold and fill
with warm paraffin (60 °C). Place the molds at 4 °C until the paraffin is solid (approximately
45 min). These samples can either be stored at 4 °C or can immediately be subjected to
sectioning.

5.2.7 Microtome the paraffin blocks containing organoids at 5 um thickness and collect the
samples on glass slides. Add one drop of deionized water underneath each section to allow
proper stretching of the section and place the slides on a flat heating plate at 37 °C overnight.
Store the slides with sections at 4 °C or directly continue with immunohistochemical or
immunofluorescence staining.

REPRESENTATIVE RESULTS:

After isolation and dissociation of the AL, the obtained single cells are seeded in ECM and
grown in PitOM (Figure 1, Table 1). Figure 3A displays the cell culture and density at seeding
(Day 0). Some small debris may be present (Figure 3A, white arrowheads), but will disappear
at passaging. Fourteen days after seeding, the AL-derived organoids are fully developed
(Figure 3A). The organoids exhibit a cystic morphology, with an epithelial layer that encloses
a lumen. At this stage, the organoids reach a diameter of 500 um and have to be passaged.
Figure 3B shows the AlL-derived organoid culture after passaging at the indicated time
following re-seeding of the dissociated organoid fragments.

Occasionally, one or more dense structures may appear in the organoid culture (Figure 3A,
Unfavorable). When passaging, dense organoids tend to take over, ending up in cultures with
only dense structures after a couple of passages (Figure 3B, Unfavorable). Therefore, it is
recommended not to proceed with wells that contain dense organoids (passage O).
Alternatively, dense organoids can be discarded by sedimentation, which leaves the cystic
organoids to continue with. The origin of these dense organoids is at present unclear, but
they show a less pronounced pituitary nature®®. If organoids do not, or less efficiently regrow
after passaging, dissociation procedures need to be optimized. In particular, one must pay
attention not to dissociate too harsh; the organoids must be split up to fragments, not to
single cells (Figure 3B, Day O, inset).

Immunofluorescence staining analysis confirms the epithelial character of the AlL-derived
organoids, as they express the epithelial markers E-cadherin (E-Cad) and cytokeratin 8/18
(CK8/18; Figure 3C), which, moreover, have been described as stem cell markers in the
pituitary®. The stemness nature of the organoids is additionally demonstrated by SOX2 and
TROP2 expression, both of which were also identified as pituitary stem cell markers (Figure
3C)*18, LHX3, a transcription factor specifically expressed in the (early-developing) pituitary,
validates the organoids’ pituitary phenotype (Figure 3C). Some of the organoid-constituting
cells are in a proliferative state, expressing the proliferation marker Ki67 (Figure 3C).

Further exploration and validation of the pituitary (stemness) phenotype of the AL-derived
organoids is performed with reverse transcription-quantitative PCR (RT-qPCR). High
expression of the stemness markers Sox2, Cdhl (encoding E-Cad), Krt8, Krt18 and Trop2 is
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present in the organoids, clearly higher than in primary AL, indicating that the organoids
enrich for the stem cells and thus represent the AL stem cell compartment, as previously
described (Figure 3D)'. Notably, the developmental transcription factors Pitx1 and Pitx2
remain expressed after development in several hormonal cell types in the AL, and hence their
high expression in the AL as well. The cultures robustly retain their stemness phenotype, as
demonstrated by the sustained (high) expression of these markers after multiple passages
(Figure 3D).

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of the establishment, maintenance, characterization, and application
potential of organoids from healthy and diseased pituitary. AL, anterior lobe; IL,
intermediate lobe; PL, posterior lobe; MZ, marginal zone; PitOM, pituitary organoid medium
(created with BioRender.com). Stem cell niches in the AL are indicated in purple.

Figure 2: Isolation of the pituitary gland from adult euthanized mouse. Representative
images consecutively taken following (A) decapitation, (B) removal of head skin (nose bridge
is encircled), (C) opening of the cranium, and (D) removal of the brain, exposing the pituitary
gland (encircled). Arrow points to the PL, which is discarded (together with the associated IL),
leaving the AL for isolation and dissociation.

Figure 3: Establishment and validation of AL-derived organoids. (A) AL cell seeding and
organoid development in PitOM at indicated days (passage 0). The top row shows favorable
organoid growth, with only cystic structures developing. The bottom row shows unfavorable
growth with a large dense structure appearing (boxed). White arrowheads indicate debris,
black arrowheads indicate single cells (magnified in inset). (B) Organoid fragments (magnified
in inset) seeded at passaging (Day 0) and regrowth of organoids as observed 7 days later. The
top row shows favorable organoid regrowth, with only cystic structures growing. The bottom
row shows unfavorable regrowth with dense organoids taking over the culture. (C)
Immunofluorescence staining of E-Cad, SOX2, TROP2 (all red), CK8/18, LHX3 and Ki67 (all
green) in AlL-derived organoids. Nuclei are labeled with Hoechst33342 (blue). Arrowheads
indicate Ki67* cells. Scale bars are indicated. (D) Gene expression analysis of stemness
markers (Sox2, Cdhl, Krt8, Krt18, Trop2), and developmental transcription factors (Pitx1,
Pitx2) in primary AL and AL-derived organoids (Passage 0 means 14 days after cell seeding)
determined by RT-gPCR (mean * SEM). Data points represent biological replicates. Delta cycle
threshold (dCT) values are shown, calculated using the formula: CT(gene of interest) -
CT(housekeeping gene Actb). The more positive the dCT value (which is presented on the Y-
axis below the zero X-axis), the lower the expression level of the gene of interest. The lower
(or more negative) the dCT value, the higher the expression level141821.22,

Table 1. Composition of PitOM. PitOM is filtered through a 0.22 um mesh filter and stored at
4 °C for a maximum of 2 weeks.

Table 2. Composition of medium A, B, and C. All media are filtered through a 0.22 um mesh
filter and stored at 4 °C for a maximum of 4 months. The pH of medium A and C must be

adjusted to 7.3.

Table 3. Composition of cryopreservation medium.
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DISCUSSION:

The AlL-derived organoids, as described here, represent a powerful research model to study
pituitary stem cells in vitro. At present, this organoid approach is the only available tool to
reliably and robustly grow and expand primary pituitary stem cells. A pituitary organoid model
derived from embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC) has been
reported previously, which closely recapitulates pituitary embryonic organogenesis??;
however, although highly useful to study pituitary development or model pituitary disease?*~
25 the reported protocol, starting from ESC/iPSC, is very time-consuming compared to the
protocol described here, and the resulting organoids are also not expandable.

Successful culturing of pituitary stem cell organoids depends on some critical steps in the
protocol. It is important to plate an appropriate number of cells at initial cell seeding. A very
high number will give rise to overcrowded cultures, which deteriorates the viability of the
organoids and obstructs full organoid expansion, whereas a very low number of cells will
result in limited organoid formation. Furthermore, it is important not to disturb the integrity
of the ECM dome once in culture. Adding and removing medium should be done very
carefully, without touching the gel droplet. In addition, prewarming the culture medium
reduces the risk of depolymerization of the gel. Finally, passaging the organoids correctly (i.e.,
dissociating to fragments and not to single cells) is crucial for efficient expansion of the
cultures.

These pituitary stem cell organoids can be harnessed to answer questions regarding the stem
cells’ phenotype, biology, and function. They have already been proven valuable in
uncovering novel stem cell features as well as markers of pituitary damage-associated stem
cell activation and as a read-out tool for stem cell activity (Figure 1)*'8. Current efforts
include their derivation from diseased pituitary, such as hypopituitarism and PitNETs (Figure
1). Eventually, organoids can also be engaged into a platform for drug screening, as
successfully established for other diseases?®?”. Therefore, further upscaling of the organoid
cultures to reach high throughput analysis will be necessary. It has been noticed already that
AlL-derived organoids can be efficiently grown in a 96-well format, also resulting in more
homogenous cultures.

It has been observed that after ~10 passages (corresponding to 3 months of culture), organoid
growth efficiency gradually decreased with organoids regrowing at lower numbers and
smaller size. This growth decline may be inherent to the intrinsic nature of pituitary stem cells,
which may not need to self-renew many times in the gland in vivo, which is only slowly turning
over, thus becoming exhausted after a couple of division rounds!®?2, Although this eventual
growth decline might be considered as a limitation, the model is highly useful since organoid
expansion during the preceding passages is more than sufficient for extensive downstream
analyses.

Another aspect that might be regarded as a limitation is that the pituitary stem cell organoids
do not show prominent differentiation capacity toward the endocrine cell types of the AL,
even after xenografting under the kidney capsule of immunodeficient mice (which resulted in
a limited number of GH* and PRL* cells as described in detail in reference?®). Either the right
in vitro conditions to drive the stem cells into differentiation are not identified yet, or the
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major role of the stem cells (especially in the adult gland) is not situated in generating new
endocrine cells (since likely not needed in the lazy gland but only in perturbed or challenged
conditions)®1%1418 |nstead, the major function may be situated in other biological aspects
(e.g., paracrine signaling to the hormonal progenitor/precursor or mature cells in basic, but
likely more in active (developmental, repair, disease) conditions)'®. Indeed, although
pituitary stem cells have been shown to possess multipotent differentiation capacity
especially in the embryonic and neonatal period, it is conceivable that stem cells in the adult
gland do not (need to) maintain this capacity, given the very low turnover of the adult
gland!®28_ |t is possible that the adult pituitary stem cells act more as a paracrine signaling
hub, involved in stimulating or regulating the surrounding progenitor/precursor/endocrine
cells’>1 Hence, robust differentiation of the pituitary stem cell organoids culminating in
hormone secretion may be an erroneous expectation that will never be reached.

Taken together, the protocol presented here offers a swiftly applicable and reliable tool to
robustly expand primary pituitary stem cells in a 3D setting in vitro. The protocol gives rise to
organoids that faithfully capture the pituitary stem cell phenotype. The system has already
been successfully applied to study pituitary stem cell biology and activation'#'8, and the
findings are highly translatable to the in vivo situation.
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