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1. Introduction

l

Organoids are cell conglomerates that,

unlike in monolayer cultivation, are

Isolation Process According to Kramer et al. 2020
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Figure 1: Graphical abstract of the isolation of organoids focus on this specific type of organoids.

according to Kramer et al. 2020, the process of polarity . .
reversal and the effects on proliferation, cell death and gene  In order to establish an organoid

expression (created with BioRender.com). culture, the stem cells are first identified
with the stem cell marker leucine-rich repeat-containing G-protein coupled receptor 5
(LGR5)[3]. An alternative approach is the isolation of intact crypts from the intestinal epithelium.
Following the protocol of Sato et al. 2009, these LGR5" stem cells or the crypts are then
embedded in Matrigel and cultured in a medium comprised of epidermal growth factor (EGF),
Noggin and R-spondin-1. The Matrigel serves as a substitute for the extracellular matrix and
promotes not only the aggregation of the cells in a three-dimensional structure, but seemingly
also the polarization of these cells enabling cell proliferation and differentiation [1,4]. It should
be mentioned that for the retrieval of the intestinal crypts for organoids used in this publication
the refined isolation protocol of Kramer et al. 2020 was applied.
To distinguish between organoids and other in vitro models, a specific definition is needed.
Organoids are characterized by the presence of different cell types that are specific to the

organ of which the stem cells are derived from. Consequently, these cells are supposed to



fulfill organ-specific functions such as filtration, excretion, or contractions. Another hallmark of
organoids is the organ-like structure. This results in the following definition according to
Lancaster and Knoblich, 2014: “A collection of organ-specific cell types that develops from
stem cells or organ progenitors and self-organizes through cell sorting and spatially restricted
lineage commitment in a manner similar to in vivo” [5].

Especially when taking the concept of One Health into consideration the importance of
organoids cannot be dismissed. One Health describes an increasingly relevant approach that
considers the importance of the inclusion of not only humans but also animals and the
environment into scientific matters. Specifically when also taking the so-called 3Rs into
account, this approach has significantly influenced research in recent years [6].

3R is a concept describing the “Replacement”, “Reduction” and “Refinement” in the context of
animal testing. Replacement refers to the substitution of animal testing with alternative
methods. “Reduction” implies significantly reducing the number of animals used in animal
experiments. Refinement tries to modify the use in experiments and the housing conditions of
the animals in a manner that keeps the burden on the animals as little as possible [7].
Correspondingly there is a need for establishing new in vivo and in vitro models to limit the
suffering and the number of animals used in research. According to the report of the European
Commission in 2020, 7.94 million animals were used in animal testing in the European Union
member states and Norway for the first time - 8716 of those animals being dogs [8]. These
numbers highlight the importance of alternative methods to the use of living animals. Said
alternatives do not only include approaches like the conventional monolayer cell culture but
also the usage of computer-based prediction methods that are becoming increasingly
dependent on artificial intelligence (Al) and three-dimensional models whereby also organoids
come into play as they not only pose a more sophisticated model than their monolayer
counterparts, but also provide the possibility of long-term cultivation and the development of a
variety of different cell types within a single model [6]. This allows for much more true-to-live
research findings and offers prospects for an alternative model to animal testing.

The organoids that have been used specifically for this publication are derived from stem cells
that have been extracted from the intestines of several different dogs. The stem cells were
retrieved from the jejunum and the colon. The extraction is commonly carried out through
intestinal biopsies followed by the isolation of the required stem cells resulting in a decline in
morbidity and mortality of the animals used in experiments [9]. These factors also contribute
to the aforementioned consideration of the 3R. The intestinal crypts used for our study were

collected from three dogs that had died shortly before the isolation. Importantly, these dogs



were not euthanized for the purpose of stem cell collection. Approaches like the one utilized in
this publication also present an opportunity to reduce the number of live animals used for
testing.

When working with epithelial organoids, specifically those of the intestine, they are grown in
an extracellular matrix (ECM) scaffold. Their basal side is exposed, which makes accessing
the apical side rather difficult. The apical side is where the majority of interactions occur, such
as nutrient absorption and interaction with microorganisms, among others, is hidden within the
organoid lumen. However, there are a variety of methods available to access the apical
surface. The methods range from microinjection, where reagents are injected directly into the
organoids using microneedles [10] over the mechanical disruption of the organoids followed
by the reforming of the epithelial barrier enveloping the reagents in order to expose the apical
surface [11] to the dissociation of the three-dimensional structure followed by the establishment
of a two-dimensional monolayer [12]. All of the aforementioned methods pose some sort of
disadvantages. The dosage of microinjections for instance is rather challenging and special
equipment is required. The mechanical disruption exposes both the basolateral and the apical
side of the organoids to the reagent during the inoculation making it difficult to pinpoint the
exact effect and also leading to non-specific reactions. Establishing a two-dimensional
monolayer from organoids as a result of seeding them onto an ECM is not an ideal alternative
as the loss of the three-dimensional structure also represents a step away from in vivo
conditions [13,14]. There has been improvement — especially in the field of microinjections as
high-throughput microinjection systems have been introduced. Even though this technique
brought about major improvements to the method of microinjections, the need for a high level
of expertise, specialized equipment and a time-intensive method can be seen as downsides
to this method [15]. However, it can definitely be seen as a possibility to significantly increase
the throughput. A careful evaluation of the method according to the needs of the specific
research topic is therefore required.

The focus of this paper was the method of polarity reversal in order to generate apical-out
organoids which seems to have major advantages over other approaches to access the apical
surface of the organoids. The method was first introduced by Co et al., who also described
said benefits. These range from synchronized polarity reversal while maintaining an intact
barrier to the exposure of the organoids to consistent concentrations of the reagents used in
the assays. The approach requires the cultivation within an ECM scaffold, which enables the
organoids to grow and differentiate basal-out. In order to reverse the polarity, the organoids

are then removed from the matrix through incubation in EDTA or in our case in Organoid



Harvesting Solution and subsequently resuspended in culture media. The process of polarity
reversal thereafter follows as a cell-intrinsic reaction to the loss of ECM [16].

In order to determine the effects of the depolarization, a variety of assays were performed,
such as immunohistochemical, DAPI/phalloidin, and EdU staining some of which have been a
major aspect of my contribution to the publication. The focus of these assays was the
evaluation of proliferation and apoptosis within and after the period of the polarity reversal.

In order to evaluate the effectiveness of the process of polarity reversal 4',6-diamino-2-
phenylindole (DAPI), and phalloidin staining were performed. DAPI was used to depict nuclear
staining and phalloidin was used to visualize actin filaments using a Zeiss CLSM880 confocal
microscope.

EdU staining describes the incorporation of 5—ethynyl-2-deoxyuridine (EdU) into cellular DNA
in order to reveal DNA synthesis making it possible to monitor cell proliferation. EdU is
integrated into the DNA during the replication process. The replicating DNA can then be
visualized by a so-called ,Click-iT“reaction which describes the interaction of EdU and a
fluorescent azide in a copper-catalyzed [3+2] cycloaddition [17].

Furthermore, immunohistochemical stainings were performed to further gain insight into
proliferation and apoptosis. For this reason, Ki-67, a marker for proliferation, and caspase-3, a
marker for apoptosis, were stained to verify the findings of the EdU staining.

Lastly, we performed qPCR to characterize changes in the expression of cell-specific markers
during polarity reversal. Therefore, organoids were collected in intervals of 12 hours and RT-
gPCR was performed to monitor the expression of stem cell markers and differentiation
markers throughout the process of the polarity reversal. The stem cell marker LGR5 and the
differentiation markers chromogranin A (CHGA) for enteroendocrine cells, mucin-2 (MUC?2) for
the goblet cells and villin 1 (VIL1) for enterocytes were used.

With the polarity reversal being the method of choice used in this publication, the main research
topic were the effects this process inflicts on the organoids. We were able to successfully
determine the efficiency of polarity reversal. This reversal reduced organoid viability leading to
increased cell death. However, this phenomenon could not be reasoned by increased
differentiation of intestinal organoids. More research is needed to understand the exact

process of organoid polarity reversal and its accompanying effects.
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1 | INTRODUCTION

Gastrointestinal diseases represent a major health burden all over the
world. One of the most important gastrointestinal diseases in humans
is inflammatory bowel disease (IBD) with an estimated 6.8 million peo-
ple living with IBD.* Interestingly, IBD does not only occur in humans
but also affects animals like dogs and cats, but it is not a naturally
occurring disease in common laboratory rodents.? Therefore, gastroin-
testinal diseases do not only cause immensely high costs for health
care systems but also to pet owners and require in-depth analysis as
commonly used treatments are unsatisfactory and the underlying
cause for IBD is multifactorial and still not entirely known.®

In the search of developing new in vitro model systems that resem-
ble physiological properties found in vivo, organoids have been around
for almost 15 years since the first establishment of intestinal organoids
from Lgr5" stem cells.* In the meantime, organoids comprise a variety of
different organs, including several gastrointestinal ones like stomach,”
liver® and pancreas,” besides the classical intestinal organoids. The com-
plex three-dimensional architecture of organoids, which consist of
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Apical-out intestinal organoids are a relatively simple method of gaining access to the
apical cell surface and have faced increasing scientific interest over the last few years.
Apical-out organoids can thus be used for disease modelling to compare differing
effects on the basolateral versus the apical cell surface. However, these ‘inside-out’
organoids die relatively quickly and cannot be propagated as long as their basal-out
counterparts. Here, we show that apical-out organoids have drastically reduced prolifera-
tive potential, as evidenced by immunohistochemical staining and the incorporation of
the thymidine analogue EdU. At the same time, cell death levels are increased. Neverthe-
less, these phenomena cannot be explained by an induction of differentiation, as the

gene expression of key marker genes for various cell types does not change over time.

several different cell types (e.g., stem cells, enterocytes, goblet cells and
enteroendocrine cells), can be established from either adult stem cells or
induced pluripotent stem cells (iPSCs) via targeted differentiation. In this
regard, canine intestinal organoids are not only necessary for veterinary
research, but could also potentially replace live dogs used for research
(especially pharmacological testing) in the future.

However, intestinal organoids bear the major drawback of the
apical cell surface of epithelial cells being inaccessible and hidden on
the inner surface of the organoids. Han et al. provide a very good
review on the possibilities one has to access the apical surface.® Apart
from the possibility to physically disrupt organoids to reach the apical
side temporarily, generating organoid-derived monolayers’ or using
microinjection techniques'® have become alternative approaches.
Another feasible method is the generation of so-called ‘apical-out’
organoids. In regard to this method, we have previously reviewed dif-
ferent disease modelling approaches using intestinal organoids, espe-
cially in a One Health context.!*

Apical-out organoids were first published by Co et al., who have
demonstrated that human intestinal organoids that usually grow

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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embedded in a three-dimensional extracellular matrix (ECM) can
reverse their polarity when they are cultured in a floating manner in
medium without ECM.*? This method has now been adopted by many
other labs and expanded to different animal species, for example, pigs,13
chickens,™* cows™® and dogs,'® and also organoids derived from human
iPSCs and embryonic stem cells.*”*® Remarkably, regardiess of the spe-
cies from which the organoids were derived, the majority of these studies
utilised their apical-out organoids within the initial 7 days following the
induction of polarity reversal.*31¢1719-2 Experiences from our lab show,
that canine intestinal apical-out organoids produce a lot of cell debris
within the culture well, which is most probably due to dying cells being
extruded from the epithelial layer of cells directly into the medium. This
phenomenon increases until apical-out organoids slowly start to die off
completely after approximately 1 week of culture. Taken together, these
observations lead to the hypothesis that the polarity reversal of intestinal
organoids leads to a change in proliferative behaviour and a higher rate of
apoptotic cells in apical-out organoids compared to basal-out organoids.

According to previous reports, whether the induction of polarity
reversal is associated with organoid differentiation is to some extent
controversial. Two studies show that apical-out organoids do not pre-
sent immensely different gene expression profiles compared to their
basal-out counterparts as long as they are cultured in their standard
growth medium.*?*® However, according to another study using
porcine organoids, the expression of the stem cell marker termed
leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) is
diminished after 3 days of apical-out culture and differentiation
markers chromogranin A (CHGA; enteroendocrine cells), mucin-2
(MUC2; goblet cells) and intestinal alkaline phosphatase (ALPI; entero-
cytes) show strikingly elevated expression.

In this study, we successfully established apical-out intestinal orga-
noids from canine small and large intestines and quantified the rate at
which organoids reverse their polarity after ECM removal. Additionally,
we show that apical-out organoids have drastically decreased number
of actively proliferating cells after 36 h. We then analysed organoid via-
bility and cell death in basal-out and apical-out organoids over a period
of 72h and discovered that apical-out organoids have lower cell
viability-coupled with higher cell death rates, which might explain why
apical-out organoids die after a few days in culture. However, reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) data
show that this increase in cell death does not coincide with increased
differentiation in canine intestinal organoids.

Overall, we would like to emphasise that newly established model
systems require careful characterisation before their utilisation as cer-
tain attributes can fundamentally influence outcomes and potentially
skew findings.

2 | RESULTS
2.1 | Polarity reversal

We quantified the efficiency of polarity reversal over time, in intervals
of 12 h, after inducing polarity reversal. This quantification was based

on DAPI/Phalloidin stainings of organoids as can be seen in
Figure 1G,H. Successful polarity reversal was also evidenced by transmis-
sion electron microscopy (TEM) of basal-out and apical-out organoids
(Figure 1A-F). While basal-out organoids present their apical microvilli
into the organoid lumen, apical-out organoids are oriented in the other
direction. Organoids feature apical desmosomes and a basal lamina, as
seen in TEM images. Unexpectedly, nearly 40% of organoids exhibited
apical-out polarity at the onset of the polarity reversal (Figure 1), with
the majority of the remaining organoids displaying mixed polarity. This
was despite the fact that the vast majority of organoids show a basal-out
state before ECM removal. However, we could verify that 72 h after
inducing polarity reversal, almost 100% of organoids are apical-out with
a small number of mixed polarity organoids and absolutely no basal-out
oriented organoids. On the other hand, floating basal-out controls remain
in a basal-out state 72 h after harvest.

Treatment with a-ITGB antibody at a concentration of 3 pug/mL for
3 days led to mixed polarity organoids, with no full polarity reversal
(Figure 2). Further increasing the concentration of a-ITGB merely led to
an increase in cell death. Thus, attempting to reverse the polarity of
canine intestinal organoids with a-ITGB is not advisable and does not

yield efficiently re-polarised organoids for downstream experiments.

2.2 | EdU staining

To get an overview of the proliferation status of organoids after polarity
reversal, we incubated organoids with 10 uM EdU for 1.5 h every 12 h
starting at the time point when polarity reversal was induced. While prolif-
eration, as measured by EdU™ cells, was high right until the end at 72 h in
basal-out organoids, apical-out organoids showed a clear reduction of prolif-
erating cells. The decrease in proliferation was most pronounced comparing
the 24-h time point to the 36-h time point after polarity reversal, where we
noticed a clear drop of EdU™ cells, exemplified by data from small intestinal
organoids (Figure 3A). A very similar pattern can also be seen in organoids
from the large intestine (Figure S1). Image analysis using Arivis4D allowed
us to quantify the amount of EdU™ cells over time, highlighting the clear dif-
ference between basal-out and apical-out organoids with a significant inter-
action effect of time x polarity (p value 0.0028).

Although treatment with a-ITGB antibody was unsuccessful in
inducing complete polarity reversal, integrin signalling will be reduced
in apical-out organoids due to the absence of ECM, with the lack of
signalling ultimately impacting the MAPK pathway.?>?* Therefore, we
attempted to re-activate MAPK-signalling using the small-molecule
activator Senkyunolide | (SENI), an agonist of Erk1/2. However,
boosting MAPK signalling did not lead to higher numbers of EdU™
cells in apical-out organoids after 3 days of SENI treatment compared
to untreated controls (Figure S2).

2.3 | Viability and cell death

After noticing that organoids seemingly stop proliferating after revers-
ing their polarity, we used viability and apoptosis/necrosis assays for
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Polarity reversal of canine intestinal organoids. (A-F) Electron microscopic images representing basal-out (A, C, E) and apical-out

(B, D, F) organoids. Arrows indicate desmosomes in (C) and (D) and a basal lamina in (E). M = mitochondria; N = nucleus. Immunofluorescent
stainings of basal-out (G) and apical-out (H) organoids with Claudin-7 (green) and Phalloidin (red) representing the flipped polarity. Nuclei were
stained with DAPI (blue). (I) Quantitative analysis of organoid repolarisation over time. Data are presented as mean + standard deviation.

further analysis of the difference between basal-out and apical-out
organoids. The viability assay, serving as an indicator of cell mass,
reveals that basal-out organoids continue to increase their cell
mass, that is, proliferate, until the final time point at 72 h following
polarity reversal. However, apical-out organoids only show a small peak
at 12 h post-polarity reversal with subsequently decreasing viability
values. This is consistent with apoptosis and necrosis measurements, in
which apical-out organoids generally present slightly higher values than
basal-out organoids. Overall, all samples show highly significant values
when analysing the difference between basal-out to apical-out orga-
noids over a time course of 72 h, except for colonic apoptosis, where
polarity did not have a significant effect (Figure 4 and Table S1).

These data were further verified with immunohistochemical stain-
ing of Ki-67 (for proliferation) and cleaved caspase-3 (for apoptosis) in
both small intestinal (Figure 5) and large intestinal organoids
(Figure S3). Immunohistochemical stainings fit very well to the afore-
mentioned data of higher proliferation in basal-out organoids and
slightly increased cell death in apical-out organoids. While all orga-
noids show similar properties at time point O, basal-out organoids are
steadily increasing in size, cell number and the amount of Ki-67" cells.
Apical-out organoids generally appear more unstructured with the sin-
gle epithelial layer being less clear at 72 h after polarity reversal (see
also Figure 1H). Especially areas in the centre of apical-out organoids

show more cleaved caspase-3" cells.
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FIGURE 2  Organoids incubated with a-ITGB1-antibody for 3 days partially reverse their polarity. In contrast to control organoids (left), which
remain in a basal-out state, ITGB1-antibody treated organoids present a mixed polarity state in which Actin staining (cyan) indicative of microvilli
can be seen on both surfaces of the organoids. Nuclei were stained with Hoechst (grey).
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FIGURE 3 (A) Staining of EdU incorporation (red) in small intestinal basal-out and apical-out canine intestinal organoids over 72 h, highlighting the
reduced proliferation of apical-out organoids compared to their basal-out counterparts. Nuclei were stained with Hoechst (grey). (B) Quantification of
EdU" cells of both small and large intestinal basal-out and apical-out organoids. There is a significant interaction effect of time x polarity (p value 0.0028).
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FIGURE 4 Viability, apoptosis and necrosis measurements of small and large intestinal organoids. The effect of polarity was significant over
72 hin all samples according to a two-way ANOVA. Data are presented as mean + standard deviation of three different small and large intestinal
organoids, which were measured in eight individual reactions each. ANOVA, analysis of variance.
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Oh 72h oh 72h

Ki-67

Cleaved Caspase-3

FIGURE 5 Immunohistochemical stainings of basal-out and apical-out small intestinal organoids for proliferation marker Ki-67 and apoptosis
marker cleaved caspase-3. Scale bar = 100 pum.

2.4 | Transcript expression stem cell exhaustion. To define whether cell differentiation after polar-
ity reversal is responsible for reduced proliferation in apical-out orga-
One possible explanation for reduced proliferation concomitant with noids, we collected organoids every 12 h after removing the ECM to

increased apoptosis could be increased cell differentiation leading to perform RT-qPCR analysis. Compared to directly after ECM removal
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FIGURE 6 RT-gPCR analysis of basal-out and apical-out organoids after inducing polarity reversal. Only minor changes in transcript
abundance can be observed indicating stability of culture condition. Normaliser: geometric mean of DAP3 and ESD, calibrator: time point of O h
(not depicted). n = 6 (three small and three large intestinal organoids). RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

(i.e., O h time point), there are no significant changes in transcript
expression of the key stem cell marker gene LGR5 or markers for cell
type differentiation (CHGA, MUC2 and VIL1) over time. However, there
is a trend towards LGR5 and MUC2 transcript reduction (Figure 6).

3 | DISCUSSION

The efficiency of polarity reversal was very comparable to previously
published data with almost no basal-out organoids left after 36-48 h
after inducing repolarisation,'? and seemed to be much more efficient
than porcine intestinal organoids, where only about 40% of organoids
are in an apical-out state after 48 h.*> However, astonishingly only
after incubation with organoid harvesting solution for 1.5 h, about
two thirds of all organoids showed apical-out or mixed polarity based
on phalloidin staining. Considering that before the utilisation of orga-
noid harvesting solution, over 80% of organoids exhibited basal-out
polarity, it really is remarkable that organoids are capable of rapidly
reversing their polarity, even in cold buffered harvesting solution

where cellular functions, such as cytoskeletal remodelling, would be
expected to operate less efficiently than under normothermic condi-
tions. Even though many organoids do not show basal-out polarity
directly after ECM harvest, almost 100% of organoids are in a basal-
out state when cultured in medium supplemented with 7.5% Geltrex.
Thus, two different scenarios are possible: initially seeded apical-out
and mixed polarity organoids could potentially die in basal-out
medium and only basal-out organoids remain at 72 h post-harvest or
apical-out organoids return to a basal-out state. These findings sug-
gest that selecting the appropriate time point for subsequent experi-
ments may be critical, as the polarity of organoids could impact the
results and the utilisation of mixed polarity organoids may not yield
meaningful data.

Even though canine intestinal organoids appear to be closer to
human than porcine organoids in terms of repolarisation efficiency, we
could not reverse organoid polarity using the same «-ITGB1 antibody
as Co et al.*? Even though organoid polarity changed to a more mixed-
polarity state, no organoids presented complete apical-out characteris-
tics after being treated with a-ITGB1 for 3 days. Consequently, in the
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case of canine intestinal organoids, f1-integrins do not appear to be
the sole determinant of proper organoid polarity, and their inhibition
does not induce complete polarity reversal, as opposed to human orga-
noids. The exact mechanism for organoid polarity inversion in canine
intestinal organoids remains unexplained and will have to be explored
more in-depth in follow-up studies. Nevertheless, integrin signalling can
potentially influence many other intracellular signalling pathways, for
instance, the MAPK signalling pathway, thus directly affecting prolifera-
tion, differentiation and cell death. However, the attempt to activate
MAPK signalling via activation of Erk1/2 using small-molecule activator
SENI was not successful, with very few EdU™ cells in apical-out orga-
noids, as is the same in untreated organoids. Therefore, we propose
that other factors, different from MAPK signalling, determine whether
organoids stop proliferating upon polarity reversal.

Viability and cell death measurements make clear, why apical-out
organoids die after about 1 week. While basal-out organoids show
constantly increasing viability values, apical-out organoid viability
rates drop after an initial peak at 12 h after polarity reversal. Together
with apoptosis and necrosis values, which are both generally higher in
apical-out organoids than in basal-out organoids, this leads to a
decreasing number of cells. This indicates that more apoptotic/
necrotic cells coupled with a smaller number of proliferating cells, ulti-
mately lead to dying organoids. These results are further validated by
Ki-67 (i.e., proliferation) and cleaved caspase-3 (i.e., apoptosis) immu-
nohistochemical stainings. These stainings highlight the significantly
higher proliferative potential of basal-out organoids over apical-out
organoids. Concurrently, there are fewer cleaved caspase-3* cells in
basal-out organoids, leading to much higher viability in basal-out com-
pared to apical-out organoids.

In general, intestinal organoids are very stable culture systems over
many passages.>*?> Despite this, there exist conflicting data on cell dif-
ferentiation in apical-out organoids. In two studies, stem cell markers
(LGR5 and ASCL2) remain constant or even increase in expression.
Similarly, CHGA and MUC2 show no change. Interestingly, Co et al.
show increased expression of enterocyte marker gene sucrose isomal-
tase (SI), while Kakni et al. demonstrate slightly decreasing levels of
enterocyte marker gene villin-1 (VIL1).*2*® Using our canine organoids,
we demonstrate that overall, key marker genes are relatively stably
expressed in our basal-out and apical-out organoids. While LGR5 and
MUC2 expression decreases slightly, but non-significantly, VIL1 expres-
sion is slightly increased 72 h after polarity reversal. These data are
partly in conflict with previous studies, too. We see a slight decrease in
LGR5 and MUC2 levels but a slight increase in VIL1 expression in canine
organoids. However, since we analysed all samples every 12 h after
polarity reversal, we can successfully rule out time-dependent oscilla-
tions that might lead to random results and prove the high stability of our
system in terms of gene expression. The reasons why other studies might
deliver different results are manifold and range from differently com-
posed culture media to different gene regulation in other species and the
choice of appropriate reference genes for RT-qPCR data normalisation.

Since polarity reversal shows drastic effects in terms of prolifera-
tion, this can have an immense effect on potential disease modelling
applications. However, there is no obvious difference between small

and large intestinal organoids as organoids from both sections of the
intestine change in the same way upon polarity reversal. Given
the fact that proliferation may affect various signalling pathways,
basal-out and apical-out organoids might be different in many other
ways. Therefore, reversing the polarity can not only change the mor-
phology but also signalling within the cell and hence how organoids
react to anything you intend to test, whether it is simply a change in
medium components or something more complex like toxins or even
pathogens like viruses or bacteria. Thus, any system using apical-out
organoids should be carefully assessed before use, especially when
comparisons to basal-out organoids are made. Our data show that it is
critical to choose the correct time point for any experiment to mini-
mise differences between basal-out and apical-out organoids.

4 | CONCLUSION

Given the important differences between basal-out and apical-out
organoids within this paper, it must be critically evaluated, whether
apical-out organoids can and should be used as a relevant in vitro
model. Apical-out organoids undeniably present crucial advantages
over basal-out organoids in some respects as the apical cell surface is
directly accessible and therefore the epithelium can be easier chal-
lenged with all sorts of different toxins/pathogens that usually affect
the intestine from its luminal surface. However, apical-out organoids
show much lower proliferation and viability and are not as long-lived
compared to basal-out organoids despite presenting necessary stabil-
ity in terms of gene expression and differentiation. Therefore, other
options (e.g., organ-on-chip technology) might seem more tedious and
costly, but could potentially be more relevant if the basolateral
and apical cell surfaces are accessible at the same time.

This leads to the conclusion that the characteristics of apical-out
organoids should be critically evaluated before using them for disease
modelling or similar approaches, especially if they are subject to com-
parisons to basal-out organoids. Other options to gain access to the
apical cell surface of intestinal organoids should be considered to sup-
port findings from studies using apical-out organoids. For instance,
organoid fragmentation, microinjection and the generation of
organoid-derived monolayers are valid alternative methods that can
complement apical-out studies.®

5 | MATERIALS AND METHODS

5.1 | Organoid culture

Canine intestinal crypts were isolated from jejunum and colon of three
different dogs according to Kramer et al.?® Based on the guidelines of
the institutional ethics committee, the use of tissue material collected
during therapeutic excision or post-mortem is included in the univer-
sity's ‘owner's consent for treatment’, which was signed by all patient
owners. Organoid growth medium consisted of 37% basal medium
(Advanced DMEM/F12 supplemented with 2 mM GlutaMAX and
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10 mM HEPES), 1 x B27 (Invitrogen, Thermo Fisher Scientific), 1 mM
N-acetylcysteine, 10 nM Gastrin (Sigma-Aldrich), 100 ng/mL Noggin,
500 nM A8301, 50 ng/mL HGF, 100 ng/mL IGF1, 50 ng/mL FGF2
(PeproTech), 10% (v/v) Rspondinl and 50% (v/v) Wnt3a conditioned
media. For the first 2 days of culture, 50 ng/mL mEGF (Thermo Fisher
Scientific) and 10 uM Rock-inhibitor Y-27632 (Selleck Chemicals)
were added. The growth medium was changed every 2-3 days.
Weekly passaging at 1:4 to 1:8 split ratios was achieved by mechani-
cal disruption using flame-polished Pasteur pipettes. For experiments
where it is indicated, small-molecule inhibitor Senkyunolide | (SENI)

was used in a concentration of 5 uM as described previously.?”-?®

5.2 | Polarity reversal

Apical-out and floating basal-out organoids were generated as
described previously.'? Organoids were harvested using Cultrex®
Organoid Harvesting Solution (Bio-Techne) for 1.5 h at 4°C, under
constant shaking. Thereafter, organoids were washed with basal
medium, resuspended in growth medium and seeded in multiwell
plates treated with Anti-Adherence Rinsing Solution (Stemcell Tech-
nologies) to prevent organoid attachment to the surface. To generate
floating basal-out organoids, 7.5% Geltrex (Thermo Fisher Scientific)
was added to the culture medium. Organoids were incubated for up
to 72 h in a humidified incubator with 5% CO, before further use.

5.3 | Transmission electron microscopy

To further analyse polarity reversal of organoids, basal-out and apical-
out organoids at day three after induction of polarity reversal were
used. All samples were fixed in 3% buffered glutaraldehyde (pH 7.4,
Merck). Organoids were then pre-embedded in 1.5% agarose. After
being washed in 0.1 M Soerensen buffer (pH 7.4), the samples were
postfixed for 2h at room temperature in 1% osmium tetroxide
(Electron Microscopy Sciences). This was followed by dehydration in
an ethanol series along with an increasing series of propylene oxide
(Sigma-Aldrich) before embedding and polymerisation in epoxy resin
(Serva) for 48 h at 60°C. Ultrathin sections (70 nm) were cut for trans-
mission electron microscopic evaluation and contrasted in methanolic
uranyl acetate (Fluka Chemie AG) and alkaline lead citrate (Merck).
For imaging, a transmission electron microscope (EM 900, Zeiss)
equipped with a slow-scan CCD camera (2k Wide-angle Dual Speed,
TRS) and ImageSP Professional software (SYSPROG, TRS) were used.

54 | Immunofluorescent staining

Organoids were fixed with 2% (v/v) paraformaldehyde (PFA) and
stained according to a previously published protocol including a clear-
ing step after organoid staining.?? Organoids were stained with 1:100
Claudin 7 Polyclonal Antibody (Invitrogen, Thermo Fisher Scientific)
for tight junctions with secondary antibody AF-488 goat anti-rabbit

(Invitrogen, Thermo Fisher Scientific) diluted 1:500, 1:200 phalloidin
(Alexa Fluor 647, Invitrogen, Thermo Fisher Scientific) to visualise
actin filaments, and with 4 pg/mL 4',6-diamino-2-phenylindole (DAPI;
Sigma-Aldrich) for nuclear staining. Confocal images were acquired
using a Zeiss LSM 880 confocal microscope (Zeiss).

5.5 | EdU staining

To assess cell proliferation, the Click-iT® EdU Imaging Kit (Invitrogen,
Thermo Fisher Scientific) was used. Basal-out and apical-out orga-
noids of the small and large intestine were incubated with 5-ethynyl-
2'deoxyuridine (EdU) at a final concentration of 10 uM for 1.5h at
37°C and were then fixed with 2% (v/v) PFA for 15 min at room tem-
perature. Staining was carried out according to the manufacturer's
instructions. DNA was counterstained using Hoechst33342 (Abcam).
Confocal images were taken using an LSM 880 (Zeiss). The acquired
images were further analysed using the Vision4D Software by Arivis/
Zeiss. Using this software, organoids chosen for analysis were
encircled individually and segmented into their nuclei positive for
Hoechst and EdU, respectively. Only nuclei larger than 15 um? were
considered for the analysis. A total number of 390 organoids
were analysed. Dead cells within the organoid lumen were excluded.
After calculating the area of the positive cell nuclei, we summed up all
the numbers for each time point at both polarity states before calcu-
lating the percentage of EdU™ cells of the total cell mass (EdU™ and
Hoechst™ nuclei). This number then serves as an estimate of EdU™

proliferating cells within our sample.

5.6 | Viability and cell death assays

Viability and apoptosis of basal-out and apical-out organoids were
assessed using the RealTime-Glo MT Cell Viability Assay (Promega)
and RealTime-Glo Annexin V Apoptosis Assay (Promega; referred to
as ‘apoptosis and necrosis assay’). Equal numbers of organoids were
seeded into each well of a white 96-well plate with clear bottom to
induce polarity reversal as described above. Detection reagents were
prepared according to the manufacturer's instructions and added to
the respective wells. Luminescence was measured at O, 12, 24, 36,
48, 60 and 72 h after adding the substrates at time point O h using a
GloMax Explorer plate reader (Promega). Experiments were carried
out in eight technical replicates of three biological replicates per intes-
tinal section (small and large intestines).

5.7 | Immunohistochemistry

Organoids were fixed in 2% (v/v) PFA for 15 min and embedded in
paraffin. Sections from paraffin tissue blocks were cut for standard
immunohistochemical staining. All slides were deparaffinised with
xylene and rehydrated through a graded series of alcohols followed
by endogenous peroxidase blocking with 0.6% hydrogen peroxide in
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methanol. Heat retrieval in citrate buffer (pH 6.0) was done with a
steamer. Protein blocking was performed with 1.5% goat serum
(Sigma-Aldrich) in PBS. Immunolabelling was performed by incuba-
tion with a monoclonal mouse anti-Ki-67 antibody (MIB1, DAKO,
#M724029) at a dilution of 1:500 in PBS or a monoclonal rabbit
anti-cleaved caspase-3 antibody (#9664, Cell Signaling Technol-
ogy) at a dilution of 1:250 in PBS overnight at 4°C followed by
60 min at room temperature. The next day, sections were incu-
bated with the respective horseradish peroxidase (HRP) labelled
secondary antibody (mouse or rabbit Immunologic Bright Vision
HRP) and the signal was detected by 3'3'diaminobenzidine (Bright
DAB, Immunologic, Arnhem) reaction. ‘No primary antibody’ con-
trols were used to show that there was no host-specific binding of

the secondary antibodies.

5.8 | Reverse transcription-quantitative
polymerase chain reaction

At time points 0, 12, 24, 36, 48, 60 and 72 h after induction of polar-
ity reversal, basal-out and apical-out organoids were harvested. Orga-
noid RNA was isolated using the ReliaPrep RNA Tissue Miniprep
System according to the manufacturer's instructions (Promega). About
500 ng RNA was subjected to RT with oligo-dT and random hexamer
primers according to the manufacturer's recommendations (GoScript
Reverse Transcription System, Promega). Dye-based gPCR was car-
ried out using GoTagq® qPCR Master Mix (Promega) and the primer
sequences were provided in Table S2. Amplification conditions were
as follows: 15 min of initial denaturation at 95°C, 40 cycles of 15 s of
denaturation at 95°C, 60 s of annealing/extension at 60°C and a read
step, followed by 10 s of dissociation at 95°C and a melting curve
from 65°C to 95°C in 5s per 0.5°C increments. Quantitative data
analysis involved adjustment of experimental amplification efficiency
(E).%° The efficiency of each individual sample was calculated in
silico from non-baseline-corrected fluorescence values using the
Real-time PCR Miner software®* (http://miner.ewindup.cn/miner/).
Experimentally measured Cq values were adjusted by the term
Cq x (logiolE + 1)/log10(2)).3% Outlying triplicates of samples
causing a standard deviation of more than 0.5 were excluded from
analysis. Abundance of a target transcript was normalised to
the geometric mean of the reference-gene pair DAP3 and ESD
(manuscript in preparation) and subsequently calibrated to the O h

time point and presented as mean log, fold-change.

5.9 | Statistical analysis

Data from EdU staining and log-transformed data from viability,
apoptosis and necrosis measurements as well as RNA expression
data were subjected to statistical analysis by means of a two-way
analysis of variance to take time and polarity into account.
Statistical evaluation was performed using GraphPad Prism
9 (GraphPad Software).
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3. Summary

3.1.  Summary - Deutsch
Organoide stellen ein vielversprechendes Alternativmodell zu herkémmlichen Modellen dar,
das gerade in Hinblick auf One-Health-Konzepte und die 3R unbedingt beachtet werden
sollte. Die Polarit[tsinversion dieser beschreibt dabei eine Methode, welche neue An[J iz der
experimentellen Nutzung der Organoide ermdglicht.
Es I[sst sich festhalten, dass die Inversion der Polaritl t der intestinalen Organoide sowohl die
Apoptose als auch die Proliferation signifikant beeinflusst. Auch die Inversion der Polarit't
verlief mit [berraschender Effizienz. So lielRen sich bereits nach 36 bis 48 Stunden beinahe
keine basal-out Organoide mehr feststellen. Eine weitere erwhnenswerte Beobachtung ist die
Tatsache, dass bereits nach eineinhalb Stunden Inkubation der Organoide in Organoid
Harvesting Solution ein Grolteil dieser apical-out bzw. eine gemischte Polaritt aufwiesen.
Dies zeigte sich in den DAPI/Phalloidin-[] rbungen. Dieser Prozess lief demnach deutlich
schneller ab als dies in bisher publizierten Experimenten der Fall war.
Die basal-out Organoide zeigten konstante, wenn nicht sogar steigende Proliferationsraten,
wlLhrend die apical-out Organoide nach einem kurzen Héhepunkt hinsichtlich der Viabilit t in
steigenden Apoptosewerten und einer sinkenden Zellzahl resultierten. Auch die
immunhistochemischen [1 rbungen best[ tigten diese Ergebnisse.
Die mittels RT-gPCR untersuchten Markergene zeigten eine stabile Genexpression in basal-

und apical-out Organoiden.

3.2. Summary - English

Organoids represent a promising alternative model that should definitely be considered,
especially with regard to One-Health concepts and the 3Rs. The polarity reversal of organoids
poses a method that enables new approaches to the experimental use of organoids.

It can be concluded that the polarity inversion of intestinal organoids significantly affected both
apoptosis and proliferation. The process of polarity reversal also proceeded with surprising
efficiency. Thus, almost no basal-out organoids could be detected after only 36 to 48 hours.
Another unexpected finding was the fact that within one and a half hours of incubation in
Organoid Harvesting Solution, the majority of the organoids exhibited apical-out or mixed
polarity. The process of the polarity reversal was therefore significantly faster than in prior

reports.
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The basal-out organoids showed constant, if not increasing, proliferation rates, whereas the
apical-out organoids, after a short peak in terms of viability, resulted in increasing apoptosis
levels and a decreasing cell number. Immunohistochemical staining also confirmed these
findings.

Marker genes examined by RT-gPCR further showed stable gene expression in basal- and

apical-out organoids.
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4. Conclusion

41. Conclusion - Deutsch
Sollte sich eine Erkenntnis als unmissverstndlich herausstellen, so ist es die, dass apical-out
Modelle mit einer gewissen Skepsis zu betrachten sind. Gerade die verringerten
Proliferationsraten, erhéhten Apoptosewerte und die sehr schmalen Zeitintervalle machen die
Nutzung dieses Modells in der Praxis schwierig. Auch ist die Mdglichkeit nicht auszuschliefden,
dass neben morphologischer Vernderungen auch gewisse Signalwege beeinflusst sein
konnten, was den Erkenntnisgewinn hinsichtlich seiner Validit't in Frage stellen kdnnte. Eine
Paarung des apical-out Modells mit anderen in vitro Modellen, wie sie beispielsweise in der
Einleitung angefihrt wurden, ist demnach vermutlich unabdinglich, wenn man integre

Forschungsergebnisse gewinnen méchte.

4.2. Conclusion - English
The most important takeaway, however, was that apical-out models need to be taken with a
grain of salt. High apoptosis rates, decreased viability and rather short time frames make the
use of this model a rather challenging task. Furthermore, it cannot be fully ruled out that the
morphological changes might result in significant changes in cell signaling, which might
influence the research findings considerably. Combining the apical-out models with other in
vitro models such as those mentioned in the introduction might pose a possibility to further

ensure the integrity of the scientific knowledge gained.
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