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Preface

The literature study of this thesis highlights the importance of canine organoids for both veterinary and
human medicine. To illustrate this, a state of the art overview was established of all reported canine
organoids. My attention was drawn to this specific subject, because | wanted to establish something that
would benefit both humans and animals. We are connected in our daily life and | believe that this could
also be applied to research. Given the benefits that canine organoids can have for both canine and
human patients, | decided to write my thesis about the use of canine organoids for the translation to
human disease, and more specifically cancer.

During the process of writing this thesis, my fascination for organoids grew. In addition, | was surprised
to learn how little people, including veterinarians, know about the existence of organoids. The target
audience for this thesis would be anyone who would like to learn more about this interesting new
research tool.

| want to thank my supervisors, Dr. Jonas Steenbrugge and Julie Bellemans, for the time they invested
in the project and to allow me to give my own interpretation to the subject, to guide me through the
writing process and to provide any helpful feedback.
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Abstract

Organoids are a recent development that has already shown great promise within human
medicine. However, in veterinary medicine the applications of organoids are vastly
underestimated and reports are far more limited. Besides the potential benefits of canine
organoids in veterinary medicine, the concept of ‘One Health’ implies that scientific and clinical
results are potentially exchangeable between humans and animals. Therefore, also humans can
benefit from these pet-derived organoids. Previous reports already discussed the use of canine
organoids to investigate human disease, such as cancer. Nonetheless, a complete review on all
available canine organoids is currently lacking. Moreover, studies that compare the culture
media between different types of canine organoids cannot be found. This literature review
critically reviews the use of canine organoids for translation to human medicine. Canine
organoids show great resemblance to their human counterparts and they overcome many ethical
limitations that are related to animal models and human tissue availability. A state of the art
overview of all reported canine organoids and tumouroids was also assembled, with a detailed
description of their culture conditions. Interestingly, we here show that there are clear
correlations in the culture media between the many types of canine organoids and tumouroids
that have already been established. As a future perspective, it is necessary to perform more
research and develop standardized organoid culture conditions. Increasing of the organoid
applicability, reproducibility, efficiency and safety is crucial for canine organoids to have an
impact in both veterinary and human medicine.

Organoiden zijn een recente ontwikkeling die in de humane geneeskunde al veelbelovend is gebleken.
In de diergeneeskunde worden de toepassingen van organoiden echter sterk onderschat en is het
aantal studies veel beperkter. Naast de potenti€le voordelen van caniene organoiden in de
diergeneeskunde impliceert het concept van 'One Health’ dat wetenschappelijke en klinische resultaten
tussen mens en dier kunnen worden uitgewisseld. Hierdoor kan ook de mens voordelen halen uit het
gebruik van deze huisdier-afgeleide organoiden. Eerdere publicaties bespraken al het gebruik van
caniene organoiden voor onderzoek naar ziekten bij de mens, zoals kanker. Echter, een compleet
overzicht van alle beschikbare caniene organoiden ontbreekt op dit moment. Er zijn verder ook geen
studies beschikbaar die de kweekmedia tussen verschillende types caniene organoiden vergelijken. In
dit literatuuronderzoek wordt het gebruik van caniene organoiden voor translatie naar de humane
geneeskunde kritisch bekeken. Caniene organoiden vertonen een grote gelijkenis met hun humane
tegenhangers en ze vermijden veel ethische beperkingen die samenhangen met diermodellen en de
beschikbaarheid van menselijk weefsel. Er wordt ook een ‘state of the art’ overzicht gegeven van alle
gerapporteerde beschikbare caniene organoiden en tumoroiden, met een gedetailleerde beschrijving
van hun kweekcondities. Opvallend is dat duidelijk correlaties waargenomen kunnen worden tussen de
verschillende kweekmedia van de vele soorten caniene organoiden en tumoroiden die reeds ontwikkeld
zijn. Met het oog op de toekomst is het nodig om meer onderzoek te doen en om gestandaardiseerde
kweekomstandigheden voor organoiden te ontwikkelen. Het vergroten van de toepasbaarheid,
reproduceerbaarheid, efficiéntie en veiligheid van organoiden is cruciaal voor caniene organoiden om
een blijvende impact te hebben op zowel de humane als de veterinaire geneeskunde.



1. Introduction

Organoids are a recent concept that has gained popularity over the past decades, both within human
and veterinary medicine. Already in the years 1965-1985, an increase in the number of publications
reporting the term ‘organoid’ can be observed!. However, the origins of organoid technology can be
found in stem cell research?. In conjunction with studies in regenerative medicine, it was shown that
stem cells can be used to create three dimensional (3D) miniature organs in vitro, so called ‘organoids’2.
This is possible because of the unique quality of stem cells being “self-renewing and their ability to
generate differentiated cells, allowing them to create a variety of tissues within a developing embryo”s.
Therefore, an organoid is defined as a "stem cell-based and self-organizing 3D culture that mimics the
cell type composition, architecture and, to a certain extent, functionality of differentiated tissues"s.
Organoids provide a bridge between two dimensional (2D) cell line cultures and animal models, and
they provide a much better representation of the healthy or pathological situations in the living
organism234567 Moreover, they allow a connection between fundamental in vitro research and patient
treatment26. Organoids also have ethical benefits, providing solutions for ethical restrictions in human
medicine and contributing to the “replacement, refinement, and reduction” of animal models, the so
called ‘3R-concept’27:8:9.10,

The applications for organoids can be divided into four main groups: for studying organogenesis and
homeostasis (1), for use in regenerative medicine (2), for disease modelling (3) and for therapeutic and
pharmacological applications (4)25.

1. Organogenesis and homeostasis

Organoids are able to mimic certain principles of the original organ biology?11. Therefore, they provide
information in organogenesis and homeostasis?!l. Moreover, organoids can be used to study
mechanisms involved in self-organization, research which is not accessible to human
experimentation11, Studies already showed that for example optic cup or intestinal organoids can be
used to observe the underlying developmental mechanisms for these tissues!213,

2. Regenerative medicine

Organoids offer a potential solution for donor-tissue shortages and for organ rejection by the patient’s
immune system?2141516 Therefore, they create a promising alternative to organ transplantation?14-16,
Transplanted dissociated cells are limited by their lack of physiological context?17. In contrast, organoids
are able to provide cells that can reconstruct organ function and create a niche to protect the graft from
hostile pathological environment?17. ‘Proof of concept’ transplantation experiments for regenerative
medicine in animal models have already been performed, such as intestinal organoids of mice being
able to regenerate damaged colon?14.18,

3. Disease modelling

Organoids can be used to determine the onset and progression of a disease at the organ level and to
identify novel biomarkers for disease severity?516, This advantage cannot be observed in traditional cell
cultures that exist of a single cell type?51%, Organoid biobanking is defined as the “systemic collection,
processing, storage and distribution” of organoids and their associated data?1%20. Therefore, organoid
biobanks contribute to global research and clinical and translational applications2192°, Organoids can
be used to for example model genetic diseases and to study host-pathogen interactions?21.22.23_ |n
addition, patient derived organoids (PDOs) can be used to define genetic causes for complex
pathologies with a high interpatient variability?21-23, The oncological applications of organoids are also a
very important part of disease modelling?. More specifically, organoids are able to incorporate the tumour
microenvironment (TME), mimicking the histological structure of the tumour?2425,



4. Therapeutic and pharmacological applications

Organoids, especially derived from adult stem cells (ASCs), can be used for drug testing and
screening”!1. In addition, PDOs can be used for personalized medicine’!1. By testing medication on
both healthy and pathological PDOs, more effective and personalized treatment can be designed with
minimal side effects and potential therapeutic resistance can be determined’15,

Many applications have been developed for organoids in human medicine, including using veterinary
organoids for studying human disease®. However, few studies are focussing on the applications in
veterinary medicine®. The concept of ‘One Health’, also known as ‘One Medicine’ or ‘Cross-Health’,
argues that no distinction should be made between human and veterinary medicine and that it is possible
to translate research findings to other species0.26.27,

The purpose of this literature study is to create a state of the art overview of organoids in canine
veterinary medicine. The current available canine tissues from which organoids can be derived will be
discussed, with a special focus on oncology, and their culture media will be compared. Moreover, a
connection will be made to human medicine in view of the ‘One Health’ concept. The focus on canine
veterinary medicine was chosen, because of the strong interest from Ghent University in this concept
and their proven translational applications in human medicine.




2. The evolution of organoid research
2.1 From 2D cell lines to 3D structured organoids over time

In vitro cell cultures are essential to study the development of disease in an organism?’. 2D cell line
cultures are frequently used, because they are easy to maintain, rapidly grown, highly reproducible, and
they have a low cost?829.30, However, most 2D monolayer cell lines do not resemble the cells in vivo,
which are composed of a 3D architecture and are surrounded by extracellular components?11.25.31, This
makes 2D cell lines limited translation models” 112531, Indeed, the surface topography and stiffness of
the 2D cell cultures is significantly different from the tissues they are derived from, which also alters the
cell function 67112531 |n addition, for long-term growth of 2D cell line cultures, malignant degeneration
needs to be induced’. Thanks to many developments within stem cell research, the idea of using stem
cell technology for the creation of organoids emerged?119, Organoids consist of 3D cell cultures, in
which an environment is created where cells “grow and interact with their environment in three
dimensions” and where prolonged growth can occur without changing any genetic or phenotypic
features*’. The evolutionary change in the number of publications that can be found in PubMed,
considering some specific search terms on the concept of organoids, is illustrated in figure 1.
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Figure 1: The evolutionary change in the number of publications based on a PubMed search performed on
Friday December 2™, The results are divided over two vertical axes, due to the range in article numbers for
the individual results.




In vitro research on organ regeneration can be traced back to 190731323334 |n this study, Wilson’s
experiment showed that dissociated sponges could organize themselves into perfect new sponges when
kept under the right conditions3-34. However, the term ‘organoid’ first appears in PubMed in 1946 in a
case report on a cystic organoid teratoma in a two month old infant, and is referred to as ‘being similar
to an organ’235, In 1989, Barcellos-Hoff et al. succeeded in the formation of 3D structured alveoli by
cultivating primary mammary cells on a reconstituted basement membrane?1€0. This can be seen as
one of the first examples of an engineered organoid?. Nevertheless, Hans Clevers (1957- present) and
Yoshiki Sasai (1962-2014) could be considered the true founders of the idea of the in vivo organ
resemblance of organoids, due to their research on specific stem cell subtypes23¢, Organoids derived
from mouse or human tissues are already widely described!®. However, research studies that are
focussing on organoids from large domesticated animals, such as pigs, cattle, poultry, sheep, horses
cats and dogs, are far more limited®. The different developments that have contributed to organoid
research, more specifically on canine organoids, are illustrated in figure 2216,

The history of organoids

1907 First report on 1967 Dogs as translational
organ regeneration model for human cancer
1946 First appearance 1975 Importance of
of ‘organoids’ in literature culture conditions
2008 Establishment of 1981 First isolation
iPSC-derived organoids of ESCs from mice
2006 Technique to 1980s Importance of the ECM
develop iPSCs and first description of Matrigel

2015 Canine hepatic,
neurological and 2018 Canine
cardiac organoids dermatological organoids
2009 Establishment of ASC-derived 2017 Canine mammary
organoids and canine intestinal and organoids/cancer tumouroids
endometrial organoids and prostate cancer tumouroids
2023 Canine oviductal 2021 Canine thyroid cancer,
organoids and malignant osteosarcoma and lymphoma
mesothelioma tumouroids tumouroids
2022 Canine bladder, corneal, 2019 Canine renal organoids
pancreatic and pulmonary and bladder cancer tumouroids
organoids

Figure 2: Timeline of the developments in the organoid field and establishments of canine
non-malignant tissue derived organoids and tumour derived tumouroids, based on
scientific literature. Abbreviations: ECM (extracellular matrix), ESCs (embryonic stem
cells), iPSCs (induced pluripotent stem cells), ASC (adult stem cell).

! Retrievable at: https:/pubmed.ncbi.nim.nih.gov/?term=organoid&sort=pubdate&sort_order=asc (last consulted on 20-01-2023).
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2.2 The three main features of organoid development

The exponential use and characterization of organoids has called for a clear definition of factors that
influence efficient organoid growth and establishment. To this end, three main features that affect the
self-organization and specificities of the final organoid have recently been defined: the physical
characteristics of the culture environment (1), endogenous and exogenous signals provided to the
culture (2), and the starting cell type (3)>2.

1. Physical characteristics of the culture environment

In 1975, Rheinwald and Green co-cultured human keratinocytes and 3T3-fibroblasts to create a stratified
squamous epithelium colony in a monolayer®”. This was the first realisation of the need for special
conditions necessary for this cultivation®”. However, due to the focus of this study on cultivating cells on
a 2D surface, the used conditions did not fully apply to the cultivation of cells into a 3D organization?.
The cells of which a tissue is composed are not simply attached to each other, but are woven into a
complex network?. This network, called the extracellular matrix (ECM), retains a level of water and the
homeostatic balance of the tissue and it provides structural support?.

To establish the 3D culturing of cells and create an organoid that recapitulates the structure and
environment of the tissue in vivo, the ECM needs to be included, with all positional information33.38,
Purification of natural ECM produced by Engelbreth-Holm-Swarm tumours in mice, leads to the
formation of a gelatinous protein mixture that is commercialized as Matrige|®2.7:12.30,39.4041.42  Matrigel®
was first described in the mid
1980s and it is now the most

idel q id ECM f Matrix Composition Derivation Applications
wiaely use Soll or
organoid development27.12,30,39-42 Matrigel® collagen type IV, murine Englebreth- 3D cell culture
However, Matrigel® is not a well- 'Sar};gg‘ el ?ggﬁ:?”gors

. . . u u
defined matrix, due to its complex profecgiycans
structure and variable entactin/nidogen,
composition?3841, As a result, it is and a number of
difficult to fully control the culture growth factors
environment, which can lead to a Collagen type | collagen type | rat tail 3D cell culture
lower reproducibility of the HA hydrogel hyaluronic acid synthetic SQ 'ceII CultL.ll'e;l
organoids23841, Matrigel® also sl . i
contains animal-derived products, PEG hydrogel ~ polyethylene glycol  synthetic SP 'ceII CUHLIII'e;I

. . . (PEG) hydrogel clinical applications
yvhlch provides a risk of supplemented with
immunogen and pathogen an RGD
transfer when used for clinical (Arg-Gly-Asp)
applications23°. Because of these Reqtide
limitations, different culturing PEG-4MAL PEG‘wrvth synthetic GD _ceII CU|Il:lre;.
strategies have been adopted, as hydrogel maleimide groups clinical applications

! at each terminus

i in fi 2,30,38
IIIUStrated in fi l_Jre 3 ’ Thes_e Fibrin/laminin fibrin, laminin synthetic 3D cell culture;
matrices consist of synthetic hydrogel clinical applications

ECM-analogues that are

composed of natural or non- | Figure 3: Most commonly used matrices to develop organoids.
natural polymers?3038, At this | Matrigel® is the most often used matrix, but has also limitations, which
point, the choice of used ECM | is why other strategies have been developed in the form of synthetic
components mostly depends on | matrices.

experience and previous From: Fiorini et al., 2020

observations?.

2 Retrievable at: https:/biologydictionary.net/extracellular-matrix/ (last consulted on 22-01-2023).
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2. Endogenous and exogenous signals

To successfully develop and survive, the majority of the organoids needs both endogenous and
exogenous signals to be present, including growth factors27:39, Yet, some organoids seem to rely only
on endogenous signals and derive their necessary exogenous signals from the Matrigel®that is used in
the culture?. Overall, different organoid types have their own unique culture media and alternation of this
medium will automatically influence the organoid function0.

3. Starting cell type

The self-organization of organoids depends on the starting cell type and the initial system conditions of
the cell population2. To this end, starting cell types have been identified for organoid formation as
illustrated in figure 4: embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), adult stem
cells (ASCs) and cancer stem cells (CSCs)>743,

The first ESCs were discovered in mice in 198144, However, the use of ESCs as starting cell type can
be regarded as controversial>744, ESCs need to be derived directly from blastocysts, which is associated
with several ethical issues?744. Moreover, it has been difficult to derive ESCs from large domesticated
animal species, such as dogs**.

As an alternative approach, Hans Clevers and his colleagues reported the use of ASCs as starting
population for organoid development!2. They established in 2009 the derivation of intestinal crypt-villus
like organoids by using ASCs of the small intestine and colon from micel2. Moreover, the use of specific
culture conditions allowed long-term culturing of these organoids for more than 8 months'2. This is also
the first report of ASCs that are marked by the Lgr5-gene (leucine-rich-repeat containing G-protein-
coupled receptor 5)12, Lgr5, also known as Gpr49 (G-protein-coupled receptor 49), was later discovered
to be a more general marker of stem cells and Lgr5-expressing stem cells proved to have a high capacity
to generate organoids??.

CSCs, a term often used interchangeably with tumour-initiating cells, represent a small subpopulation
of stem cells that drive tumour growth and metastasis in vivo’.334546, CSCs can be directly used from
tumour resection or biopsies’334546, |n addition, tumour cells can be created in vitro when inducing
oncogenic mutations in healthy organoids by genetic modification?:3°,

| L8
bt !
Patient Blastocyst LY
88089838 “\ AN
7 Tumouroid
80880880 > > (@9 ;
. S ESCs _ o
Normal tissue Neoplastic tissue \ // Genetic modification
b @ / !
¥ \ /
CSCs \ v /
EIC) .
ASCs

TS

Reprogramming
v %
P

v
L Reprogramming —» & @ -

IPSCs

Culture media

S |

Organoid

Figure 4: Generation of organoids derived from different starting cell types. Organoids can be
derived from adult stem cells (ASCs), induced pluripotent stem cells (iPSCs) or embryonic stem
cells (ESCs), indicated by the blue arrows. Tumouroids are typically generated by using cancer
stem cells (CSCs), or iPSCs from reprogrammed CSCs, indicated by the red arrows. Genetic
modification of organoids can also induce oncogenic mutations, generating tumour cells in vitro.
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Reprogramming ASCs or CSCs can further provide a more pluripotent stem cell type with a broader
differentiation range, so called ‘induced pluripotent stem cells’ (iPSCs)747. Important transcription factors
for this reprogramming include c-Myc, KLF4, Oct4 and Sox2747.The first organoids created by iPSCs
were organoids of the cortical tissues and the optic cup, shown in research performed by Sasai and his
colleagues in respectively 2008 and 20111348, The technique to develop iPSCs was discovered in 2006
by S. Yamanaka and K. Takahashi in mice and one year later in human cells?47:4%50, iPSCs can be seen
as a ground breaking discovery as they provide an unlimited source of pluripotent stem cells that can
be used for scientific purposes*44749-51  Besides, they solve ethical difficulties by avoiding the
endangering of the life of an embryo in the process of obtaining ESCs and they will not elicit an immune
response due to their autologous nature*4.47.:49-51,

The different starting cell types have also repercussions on the maturation characteristics of the final
organoid, as shown in figure 52. ASC-derived organoids are useful for the study of adult tissue biology,
because they phenocopy the homeostatic or regenerative conditions that can also be seen in the original
tissuel?, Pluripotent stem cell (PSC)-derived organoids are mainly used to study organogenesis and
tissue formation248:5253, However, they rarely reach the adult tissue stage due to the missing of crucial
environmental factors in vitro2485253 Because of the limited reconstruction of organogenesis with classic
PSC-derived organoids, self-organized PSC-derived structures creating embryonic organoid systems
can be used, called ‘embryoids’?. Embryoids consist of cells from multiple germ layers, as can be seen
in real embryos2. Tumour cells or CSCs can be used in a similar way to generate tumour organoids,
also called tumouroids?24545556.57 Tumouroids are highly similar to the original tumour, considering that
they have similar histological features and 74% of the proteins occur in both tumouroids and the original
tumour38.58, By co-culturing the tumouroid with a variety of cell lines, such as immune cells, interactions

Adult

between tumour cells and stromal cells can be observed38:58,

Tumouroids

Intestinal organoids
Mammary gland organoids

Enterospheres

Pancreatic organoids
Fetal

Optic cup organoids
Cerebral organoids
Gastric organoids

Level of organoid maturation in vitro

Neural tube cysts

® >

Gastruloids

Embryonic

>

Cancer cells

PSCs Fetal cells Adult cells

Developmental stage of the cellular source
Figure 5: The starting cell type determines the organoid maturation characteristics. The graphs show the level
of organoid maturation in vitro (vertical axis) depending on the developmental stage of the starting cell type
(horizontal axis), which are either PSCs (pluripotent stem cells), foetal cells, adult cells or cancer cells.
From: Rossi et al., (2018)

13



3. Canine organoids for modelling human disease
3.1 Pros and cons of dog models

Before new drugs are allowed to be tested in human clinical trials, preclinical animal studies are required
to test the safety and efficiency of the drug®. More than 95% of all used animal models are mice, due
to their easy maintenance, financial accessibility, rapid reproduction, and standardization by age, sex,
history and genetic predisposition?0:5%.60.61  However, mouse models also have disadvantages in
translating results to humans, due to differences in their anatomy, physiology, environment and
pathogenesis of diseases??0:60.62.63 Dogs (Canis lupus familiaris) share similarities with humans in
genetic, anatomical and physiological features, making them more appropriate translational models for
human medicing?0.64.65.66  Since their domestication 15.000-100.000 years ago, dogs have lived
alongside humans!657, This results in dogs and humans being exposed to analogous environmental and
nutritional factors, which often makes them susceptible to similar diseases?%.68:69.70, Companion dogs
also benefit from high-quality medical care due to the increased appreciation of pets and the improved
financial situation after the end of World War Il, which increases the available data'®6870, As a result of
improved vaccination protocols, nutrition, diagnostic techniques and treatment options, dogs have an
increased lifespan that ranges from 5.5-14.5 years, depending on their body mass®466.69.71 This is also
highly relevant for humans®46.69.71 Moreover, dogs age seven to eight times faster than humans, which
results in more efficient clinical trials and follow-up studies?20:29.66.69-71 For example, in cancer research
is the latency period between exposure to a carcinogenic substance and tumour development in dogs
a lot shorter than in humans?02266.69-71  The canine genome has been sequenced in 200572. Canine
genetics can be used in research on genetic factors in diseases that are also common in humans?2. The
selective breeding of dogs has led to more genetically homogenous subpopulations, which are
predisposed to certain diseases!6.6870.7273 |n addition, stem cell markers and their expression can also
be translated to dogs747576.77.78,

Cancer remains one of the most challenging and lethal diseases worldwide, in both human and
veterinary medicine’®72.79, This is mainly because we do not yet fully understand the cellular and
molecular mechanisms underlying the heterogeneity of cancer, including the acquired resistance,
recurrence and metastasis’379.8081 Each year, about 6 million dogs are diagnosed with some type of
cancer’282, Moreover, more than 50% of dogs older than 10 years of age will develop cancer in their
life’282, Nowadays, owners are highly motivated to contribute to research for new treatment options for
their pets, opening perspectives for further studies and also translation to human medicine”82, One of
the first studies of canine models as a translational model for human cancer, was performed in 19678283,
In this study, companion dogs with non-Hodgkin’s lymphoma (NHL) were treated by bone-marrow
transplantation82.83,

Despite the advantages, there are also limitations in using dog models, especially when they are
considered pets®6.72, Firstly, there are some ethical challenges, due to research requiring either invasive
methods, genetic modification or sacrifice of the animal®®84, Secondly, clinical trials in dogs take longer
than in mice and because dogs are larger in size, a higher dose of the drugs is necessary’%82. This will
increase the costs and pharmaceutical companies may not be willing to sponsor clinical trials for these
reasons’?82, Lastly, translation from an epidemiological point of view is limited, due to the differences in
lifestyleb9.70,

3.2 Canine tumouroids as alternative for other model systems

One of the main obstacles in anti-cancer drug development and cancer research is the lack of
appropriate preclinical model systems30:58, This results in only 4% of the discovered anti-cancer drugs
reaching the clinical trial phase3%58, The model systems that are currently used in cancer research are
illustrated in figure 6%°. Recent literature highlights that the limitations of working with living dogs as
disease models can be overcome through organoids’. In addition, high tissue availability and fewer
ethical constraints are most noteworthy advantages of canine organoids compared to human tissue
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biopsies®8. This is especially of relevance in the field of oncology, where canine tumoroids come into

places.
e % &
< s >
= =1 =1 %
2D cell lines Organ-on-a-Chip Spheroid culture Organoid culture Rodent Xenografts
Advantages « Easy to generate/maintain |+ Controlled environment |« Simple protocols * Multiple cell lineages |+ Accurate tumour

« Experimental versatility
« High reproducibility
* Low cost

« Facilitates tissue-tissue
interfaces
* Ability for co-culture

« Co-culture ability
« High reproducibility
« Patient specific

» Complex structural
organisation
« Patient specific

genetics
* Pre-implantation
manipulation possible
« Complex
microenvironment

Disadvantages

« Less biologically relevant
« Lack of microenvironment
* Unnatural adhesion forces

« Variability/inconsistency
between chips
« Often use cell lines

« Poor structural organisation
* Poor supply of oxygen and
nutrients to spheroid core

* High inter-patient
variability
* Complex downstream

* Non-human
environment
(different immune

* No cellular heterogenicity |+ Non-standard protocols |« Variable spheroid size experimental analysis | system)
* High cost « Extensive resources
* High cost

Figure 6: Overview of current model systems used in cancer research: 2D cell lines, organ-on-a-chip,
spheroids, organoids and animal models, with their advantages and disadvantages.
From: Porter et al., (2020)

Overall, two major outcomes can be envisaged with canine tumouroids.

1. Studving the biology of cancer: the emergence, growth, behaviour,
reoccurrence and prognostic consequences of tumours

metastasizing,

Tumouroids are a valuable resource for the identification of cancer-associated genes and for studying
tumour biology and progression®2. Moreover, canine tumouroids can provide insights in factors that are
responsible for tumour heterogeneity and for the loss of tissue organization that can be observed in
carcinogenesis’3%85, |n fact, the heterogeneity of tumours is the main cause for differences in sensitivity
to cancer therapies, making it an important aspect for therapeutic resistance”588285 |nvestigating
tumour heterogeneity has been greatly facilitated by the possibility to establish canine tumouroids from
cryopreserved cancer tissue®. These frozen tissue-derived tumouroids show more similarities to fresh
tumouroids compared to cryopreserved tumouroids®8. Tumouroids can also be used as a suitable model
to investigate the cell-to-cell and cell-to-TME communications that contribute to tumour developments8,
Even when used in combination with an organ-on-a-chip technology, organoid cultures can be used to
study metastasis and associated diagnostic markers, without the need for animal models30-86,

2. Enabling new treatment for cancer: the development and in vitro testing of anti-cancer
therapy

Current canine cancer options include surgery, chemotherapy, radiation therapy, hyperthermia,
photodynamic therapy and immunotherapy®2. At this point, no chemotherapeutic agents have been
approved for cancer in dogs®. As a result, many human chemotherapy protocols are used off-label in
veterinary medicine®2, When developing anti-cancer drugs, a three-step process is followed59:62.63.72,87,
This process consists of laboratory studies, preclinical trials on transplanted or generated tumours in
mice, and finally human clinical trials that consist of three phases themselves596263.7287  Canine
tumouroids can be used to test the safety, efficiency and pharmacokinetics of novel anti-cancer
drugs®87382,_ Moreover, they can be used to evaluate whether a specific tumour type is sensitive to an
already existing anti-cancer drug, before introducing the drugs in canine or human clinical trials5873.82,
Previous studies have already shown that cryopreservation of tumouroids in biobanks does not have an
impact on the drug response®®:88, Therefore, it provides options to compare several different anti-cancer
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drugs at the same time>8:88, Tumouroids can even be used in research concerning the patient response
to immunotherapy, by co-culturing of the tumouroids with lymphocytes3. Organoids can also have a
post-therapeutic effect in cancer, which is illustrated by studies from Schwartz et al., (2017) and Lenti et
al.,, (2019), in which organoids are used to re-epithelialize areas that are affected by radiation
therapy®°-9. Similarly, transplantation of lympho-organoids after radiation therapy or lymph node
dissection can be used to restore lymphatic drainage and reduce the risk of long term complications,
such as lymphoedema?.

Apart from their use to study cancer biology and to test novel anti-cancer treatments that can benefit
both dogs and humans from a ‘One Health’ perspective, patient-derived canine tumouroids can be used
to predict the clinical response to a specific drug””°. Indeed, this approach contributes to the so-called
‘personalized medicine’ and allows to test different therapies at the same time to ascertain which
treatment will be the most successful”30.7%.91, |t is especially useful for tumours without any available
biomarkers, or in rare or metastatic cancers that lack robust data’-3.
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4. Different organoid tissues in canine veterinary medicine

As shown in figure 7, both non-malignant tissue-derived organoids and tumour-derived tumouroids can
be distinguished from published literature. In the following section, an overview will be provided for each
canine organoid type. In addition, relevant publications will be described about the applied technique
and culture conditions for organoid development, as well as downstream application.

Malignant mesothelioma tumouroids Pulmonary organoids Dermatological organoids

Corneal epithelial organoids Oviductal organoids

Neurological organoids Endometrial organoids

gl Bladder cancer tumouroids

Lymphoma tumouroids
Intestinal organoids

Thyroid carcinoma tumouroids

: = ’ £ & Prostate cancer tumouroids
Osteosarcoma tumouroids

Figure 7: Schematic, fictional overview of the different canine organoids derived from non-malignant tissues,
indicated by the blue text boxes, and canine tumouroids derived from tumour tissue, indicated by the orange text
boxes.

For the generation of all these different organoids, the same three steps can be followed, as illustrated
in figure 8: the tissue collection, the tissue preparation and cell isolation, and the culturation®®. Tissue
can be collected from living dogs, that undergo surgery or biopsy, or from euthanized dogs, preferably
not for reasons related to the study of the organoid itself®2. Both fresh and frozen tissues can be used>s.
The next step is microdissection and enzymatical digestion of the obtained tissue samples to isolate the
desired cells®2®3, For the
3D cell culture, the cells SUvOnBNCrONINe
are plated into a matrix and 1 /\ /’\
specific culture media and \

supplements are
introduced for the different

tissues®6. Incubation of the

culture occurs at 37°C and

5%CO: is used in order to [ Liver slice Culture dish with culture
. _ (~300 pm thick) medium and insert

maintain a stable

Figure 8: The three steps of organoid generation: tissue collection, tissue
preparation and cell isolaton, and the culturation
From: Kloker et al., (2018)*8

physiological pH®%.
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4.1 Canine organoids derived from non-malignant tissues
4.1.1 Canine dermatological organoids

The skin is the largest organ and it regulates the body’s temperature6.609295  As it is the body’s first
protective barrier, the skin is constantly exposed to external factors and susceptible to trauma®°. Skin
repair in mammals occurs through a variation of intra- and extracellular repair mechanisms, which will
recover the homeostasis of the skin. However, due to scar formation, full regeneration of skin is not
possible in adult mammalian organisms16.60.96_ The repair mechanisms and scar formation that occur in
skin repair are very similar to those of the tissue repair that can be observed in myocardial infarction or
spinal cord injuries®. To this end, the skin could be used as a translational model for studying tissue
repair and the development of new techniques in regenerative medicine®.

Keratinocytes are the main
epidermal cell type89-97, They
are responsible for generating
epidermal compartments,
including the intrafollicular
epidermis (IFE) and adnexa,
such as hair follicles (HFs)
and sebaceous glands®07,

Hair loss (alopecia) is a
common disease in dogs,
which is likely caused by
problems in the HF-stem
cells®’.

Representative in vitro
models, such as canine

dermatological organoids, are
crucial to study the
pathogenesis of disorders,
such as alopecia or skin
cancer?’. Canine keratinocyte
organoids were established in
2018 and can be used to
evaluate the function,

collagenase 1A+
+ hyaluronidase
37°C,2h

microdissection 0.5%

trypsin/Versene

’ 4°C, O/N
&
4
5
HF
single cells single cells

skin tissue

- -
IFE organoids

Figure 9: Schematic overview of the generation of keratinocyte organoids,
including hair follicle (HF) organoids and intrafolliculal epidermis (IFE)
organoids. Canine skin tissue was first microdisected into HF and IFE
cells and then enzymatically digested. The single cells were then seeded
into Matrigel® and cultured for 7 days.

From: Wiener et al., (2018)

dysfunction and structure of the epidermal layer of the skin, as illustrated in figure 9°2. Two studies on
canine keratinocyte organoids are described in more detail in table 1. However, due to the lack of
connective tissues, blood vessels and immune cells that are normally present, dermatological organoid
systems still need further optimization to allow their clinical applications®®.

Table 1 : Culture conditions used in specific studies to generate canine dermatological organoids

Study Significance of | Technique Growth Supplementation

(year) the study medium

Wiener et | Canine Skin biopsies were taken | Advanced Basic medium:

al., (2018) | keratinocyte from freshly euthanized | Dulbecco’s | e Penicillin/streptomycin (PS)
organoids as a | dogs of 1-2 years old | Modified (1%)
reliable in vitro | without skin | Eagle  Primocin (5mM)
model to study | abnormalities on their | Medium/ e N-2-hydroxyethyl
defects in the IFE | backs. The dogs were | Ham’s F-12 | hinerazine-N2-ethane
and HF | euthanized for other | (DMEM/F12) | gyifonic acid (HEPES)
morphogenesis, reasons than this study. (10mmolll)
re'constit.uti.on and Ti.ssue. was o GlutaMax (1%)
differentiation thgt mlcrodls_sected _ and « B-27 supplement (1x)
leads to alopecia | enzymatically  digested « N-acetylcysteine (NAC)

for 2 hours at 37°C. The (1mM)
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and
disease.

epidermal

cells were then seeded
into Matrigel®. Cells from
IFE and HFs were
cultured into keratinocyte
organoids.

e Noggin (25%)

¢ R-spondin-1 (Rspo1l) (25%)
* Rho-associated coiled-coil
containing protein kinase
inhibitor (Y-27632) (10uM)
HE-organoid:

e Fibroblast growth factor
(FGF)-2 (50ug/ml)

e FGF-10 (100ug/ml)

e Heparin solution (0,2%)
IFE-organoid:

e Epidermal growth factor
(EGF) (50ng/ml)

e Forskolin (10uM)

e Tumour growth factor 8
type 1 receptor inhibitor
(A83-01) (5uM)

Wiener et
al., (2021)

Optimization of the
canine

Skin tissue was obtained
from the backs of recently

Advanced
DMEM/F12

o PS (1%)
e Primocin (5mM)

keratinocyte euthanized dogs with no « HEPES (10mmol/l)
organoid system | skin abnormalities. The « GlutaMax (1%)
by checking | dogs were euthanized for ¢ B-27 supplement (1x)
MRNA expression | other reasons than this « NAC (ImM)

of selected | study. After tissue « Noggin (25%)
epidermal preparation, cells were o
markers. The | plated into Matrigel® and * Rspol (25%)
results ~ showed | cultured at 37°C. The * Y-27632 (10uM)
expression cells were cultured by

differences  with | using expansion and

the use of | differentiation medium to

expansion versus
differentiation
medium.

compare the effect of the
culture medium on the
generated keratinocyte
organoids.

4.1.2 Canine corneal epithelial organoids

The corneal epithelium is the
clear outermost layer of the

CANINE DAY 6 20X  CANINE CANINE DAY 25

DAY 10 20X

cornea of the eye®. It
consists of a stratified
squamous non-keratinized

epithelium®. The cells of the
corneal epithelium have a
high turn-over rate and new
epithelial cells are constantly
originating  from  limbal
epithelial stem cells®. There
are many corneal diseases, such as corneal blindness and keratitis that occur both in humans and
dogs'6:99, Corneal blindness is caused by a group of eye disorders that will change the transparency of
the corneal®®, In humans, it is mostly caused by infectious diseases and predisposed factors, such as
trauma, the use of contact lenses or steroid medications®. One of the treatment options for corneal
blindness is cornea transplantation, which comes with many ethical factors®®. The first human corneal
epithelial organoids, derived from iPSCs and ASCs, were respectively developed in 2017 and
202098.100.101,102 At this point, there is only one publication about the generation of corneal epithelial
organoids in dogs, established in 2022169, These canine corneal epithelial organoids are illustrated in
figure 10 and described in more detail in table 2.

Figure 10: Representative immages of canine corneal epithelial organoids
at day 6, 10 and 25 after culturing of the cells. Scale bar: 100um.
From: Bedos et al., (2022)
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Table 2: Culture conditions used in specific studies to generate canine corneal epithelial organoids

Study Significance of the | Technique Growth Supplementation
(year) study medium
Bedos et | Isolation, culturing | Corneal samples were | Advanced | e Foetal bovine serum (FBS)
al., (2022) | and characterization | derived from healthy | DMEM/F12 | (8%)
of canine corneal | corneal limbal e GlutaMax (2mM)
organoids. The | epithelium. This tissue « HEPES (10mM)
expression of key | was  obtained by « Primocin (100pg/ml)
markers of corneal | performing bilateral e B-27 supplement (1x)
epithelium and | transconjunctival « N2 supplement (1x)
stromal cells was | enucleation that
¢ NAC (1ImM)
evaluated. occurred after

euthanasia, for reasons
not related to this study.
The prepared tissue
cells were seeded into
Matrigel® and the
organoids were cultured
at 37 °C with 5% COa.
The  medium  was
changed every other
day.

e Murine EGF (50ng/ml)

e Murine Noggin (100ng/ml)
¢ Human Rspol (500ng/ml)
e Murine Wnt-3a (100ng/ml)
e [Leu®]-Gastrin | human
(20nMm)

¢ Nicotinamide (10mM)

¢ A83-01 (500nM)

¢ P38-inhibitor (SB202190)
(50uM)

e Trimethoprim sulphate
(TMS) (10pg/ml)

o FGF-2, FGF-7, FGF-10

* Y-27632

¢ Glycogen synthase kinase
3B (GSK3B)-inhibitor

4.1.3 Canine intestinal organoids

Healthy

.-

Figure 11: Organoids from dogs with IBD with staining of
stem cells and tight-junctial proteins. RNA in situ
hybridization is used to stain mRNA of intestinal stem cells
(Lgr5+) and immunohistochemistry to stain tight-junctional
zonulin protein (Zo-1). Increased Lgr5-expression and
upregulation of Zo-1 can be observed in the PLE-
organoids compared to the healty tissue.

From: Allenspach and lennarella-Servantez, (2021).

IBD

Canine models can be used to study the
normal biology of the gastro-intestinal (Gl)-
tract10:65.103.104 |n gddition, they can be used
for research concerning multiple GlI-
diseases, such as inflammatory bowel
disease (IBD) and protein loosing
enteropathy (PLE), as well as diseases
caused by enteric pathogens and intestinal
carcinomas?0.65.103,104, The intestinal
epithelium is the most rapidly self-renewing
tissue, which results in an increased
susceptibility to tumour development2.105,
Canine Gl-models can also be used for
translational purposes to human medicine,
such as toxicology studies and host-
pathogen interactions®®. In terms of
organoids, both human and canine
intestinal organoids were established in
200912 106 The first canine intestinal
organoids were derived from distal ileum
and foetal intestines%. After 4 weeks, the
canine intestinal organoids were allo- and
autotransplanted to determine if intestinal
stem cell organoid transplantation could be
used to generated neomucosa in dogs1®.

20



Canine IBD organoids have also been described to further understand the complexity of the disease
and to screen therapeutic drugs before they are used in clinical trials1%7. In fact, a study by Allenspach
and lennarella-Servantez (2021) found that an increased amount of Lgr5-expressing (Lgr5+) stem cells
and increased tight-junctional expression of zonuline-1 (Zo-1) is characteristic for canine IBD organoids.
As illustrated in figure 11, this increase cannot be observed in healthy epithelium, making these cells
potential therapeutic targets®4. Importantly, the tissue required for these organoids can be obtained
minimal invasively by endoscopic biopsies, which improves the welfare of animals and improves
experimental efficiency%’. Many reports have already been published on canine intestinal organoids.
Four of these reports are described in more detail in table 3.

Table 3: Culture conditions used in specific studies to generate canine intestinal organoids

an intestinal
epithelial
monolayer. This
monolayer could
be used for
investigating
nutrient and drug
absorption,  for
studying host-
microbiome
crosstalk and for
toxicity testing.

were cut into smaller pieces
and incubated with a complete
chelating solution and
ethylenediaminetetraacetic
acid (EDTA) at 4°C for 60 min.
The cells were then seeded
into Matrigel® and culture
medium (a complete medium
with supplements shown on the
right) on a 24-well plate. The
culture was incubated at 37°C
and the culture medium was
changed after two days with
complete medium.

Study Significance of | Technique Growth Supplementation
(year) the study medium
Agopian et | First report of | In a first group, tissue was | DMEM ¢ D-sorbitol (2%)
al., (2009) successful obtained from the ileum of 2- ¢ FBS (2.5%)
generation of | months old Beagles and after ¢ PS (penicillin 1001U/ml
intestinal generation, the intestinal + streptomycin 100
neomucosa after | organoids were U/ml)
the autotransplanted. In a second
transplantation of | group, the tissue was
intestinal  stem | harvested from Beagle
cell organoids in | foetuses and the generated
a dog. intestinal  organoids  were
allotransplanted into 10-
months old mother animals.
Chandra et | Canine Gl | ASCs isolated from canine | Complete e B-27 supplement (1x)
al., (2019) organoids were | intestine crypts from the small | medium e N2 supplement (1x)
derived from | intestine and colon were | with « NAC (1mM)
healthy  tissue obtained_from healthy dogs and | intestinal « EGF (50ng/ml)
_from _ the small | dogs with IBD. They also | stem cell « Noggin (100ng/ml)
intestine and cpllec_ted fuII-thlckqess growth « Rspo1 (500ng/ml)
colon, as well as | biopsies of the proximal | factors
. - . ¢ \Wnt-3a (100ng/ml)
from patients | jejunum of healthy dogs 30 min | (CMGF) « Gastrin (10nM)
with  IBD and | after euthanasia. The cells o )
intestinal were seeded into Matrigel® on * Nicotinamide (10mM)
carcinoma to | a 24-well plate. The organoid * A-8301 (5mM)
study intestinal | culture conditions on the right * SB202190 (50pM)
diseases in both | were used. The plate was * FBS (8%)
humans and | incubated at 37°C. * Y-27632 (10uM)
dogs. e GSK3p-inhibitor
(2.5uMm)
Ambrosini Canine colon | Canine colon cells were | Advanced Culture medium:
et al., | organoids are | obtained by colonoscopic | DMEM/F12 e Y-27632 (10uM)
(2020)%58 used to generate | biopsy. The tissue samples | (20%) « GSK3B-inhibitor

(2,5uM)

Complete medium:

e HEPES (10mM)
o GlutaMax (1x)
e PS (100 units/ml

penicillin + 100ug/ml

streptomycin)

¢ Wnt-3a (50%)
¢ Rspo1l (20%)
e Noggin (10%)

e Murine EGF (50ng/ml)
e SB202190 (30uM)

e A83-01 (500nM)
e Gastrin (10nM)
o NAC (1ImM)
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e Nicotinamide (10mM)
e N2 supplement (1x)

® B-27 supplement (1x)
Kramer et | Generating long- | Tissue samples were obtained | Advanced e PS

al., (2020)*° | living and | from three dogs that were | DMEM/F12 | « HEPES (10mM)
differentiating euthanized for other reasons « GlutaMax (2mM)
canine intestinal | than this study. Duodenal « B27 supplement (1x)
organoids biopsies were taken from a dog o N2 supplement (1x)
derived from the | that underwent gastroduodenal « NAC (1ImM)
duodenum, endoscopy. The tissue was « Gastrin (10nM)
jejunum and | incubated with 5mM EDTA and S .
colon to | washed two times  with * Nicotinamide (10mM)
resemble the | phosphate  buffered saline * EGF (50ng/mi)
cellular diversity | (PBS) and Advanced * A83-01 (500nM)
of the intestine. | DMEM/F12. The cells were * SB202190 (10pM)
resuspended in Matrigel® and * Hepatocyte growth
seeded on a 24-well plate. factor (HGF) (50ng/ml)
Culturing conditions for the e Human Noggin
expansion medium on the right (100ng/ml)
were performed. The medium ® Y-27632
was changed every two-three ¢ Rspo1l (10%)
days. « Wnt-3a (43%)

4.1.4 Canine hepatic organoids

Canine hepatic organoids

can be used to study the c Liver Organoids Liver Organoids
biology and diseases of ;"""‘_"q""“f‘"ff } o, |
the liver, such as HBE *& N o\ f

portosystemic shunts , pe ”m Y/ \é: j

(PSS) and copper storage oo o

diseasel®®, The first canine
hepatic organoids were
developed in a study of
Nantasanti et al. in 2015
from dogs with Copper
Metabolism Domain
Containing 1 (COMMD1)-
deficiency. The genetic
defect that leads to this
deficiency and subsequent
hepatic copper
accumulation could be

SOX9

HNF1B * 7

Figure 12: Canine hepatlc organoids are compared to normal liver tissue.

. . Immunohistochemical or cytochemical staining was used and showed that
restorgd .by Incorporating organoids were able to express cholangiocyte markers (SOX9, HNF 183, K19
the .r‘rlllssmg gene .through and K7), hepatocyte markers (HNF4a and albumin), and epithelial markers
lentiviral transduction°8, (E-cadherin).

From: Nantasanti et al., (2015)

To evaluate the
representativeness of
canine hepatic organoids, immunohistochemical and cytochemical staining techniques were used on
both canine hepatic organoids and liver tissuel®. As a result, it was proven that canine hepatic organoids
are able to express a spectrum of cellular markers that are also present in the liver, as indicated in figure
12108 These markers include cholangiocyte markers (SOX9, HNF1B, K19 and K7), hepatocyte markers
(HNF4a and albumin) and epithelial markers (E-cadherin).
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A second study
focussed organoids
derived from dogs

with COMMD1-
deficiency as a
model for copper

storage disease in
humans, also called

‘Wilson’s
disease’108, The
shortage in donor
organs associated
with liver
transplantation
limits current
treatments in
human liver
diseasel0,
Therefore, the use
of liver cell

transplantation
could provide a less
invasive

alternative 1, The
study showed that

Patient-specific

14G Liver biopsies 8
organoid culture

AP
Y

N
.\J.,
P\
N,

Differentation Gene correction

Expansion

Figure 13: Schematic overview of the establishment, genetic correction and
expansion of canine hepatic organoids from dogs with copper metabolism domain
containing 1 (COMMDZ1)-deficiency that were then used for autologous
transplantation via the portal vein.

From: Kruitwagen et al., (2020)

after generating hepatic organoids from dogs with COMMD1-deficiency, the genetic defect could be
corrected and the cells could safely be transplanted back into the dog, as illustrated in figure 13109,

A third study by Van den Bossche et al., (2017) describes canine hepatic organoids of dogs with PSS
to further understand hepatic lipid accumulation!*°. This could provide insight in non-alcoholic fatty liver

disease that is the most common liver disorder in humans19,

Four reports on canine hepatic organoids and their culture conditions are described in table 4.

Table 4: Culture conditions used in specific studies to generate canine hepatic organoids

Study Significance of the | Technique Growth Supplementation
(year) study medium
Nantasanti | First time canine | Canine hepatic organoids | Advanced ® B-27 supplement (1%)
et al., | hepatic  organoids | are derived from COMMD1- | DMEM/F12 | ¢ N2 supplement (1%)
(2015) were developed. It is | deficient dogs. Cultures can « NAC (1.25 mM)
demonstrated  that | be initiated from fresh and e Gastrin (10nM)
gene frozen liver tissues using Tru-  EGF (200ng/ml)
supplementations in | cut or fine needle biopsies. « Rspol (5%)
these organou_js_ from After_ mechanical dlsse(_:tlon, « FGF-10 (100ng/ml)
COMMD1-deficient the tissue was enzymatically . .
dogs, restores the | digested at 37°C for 3-5 * Nicotinamide (10mM)
hepatocyte function. | hours. The cells were mixed * HGF (_25ng/m|)
This opens | with Matrigel® and cultured. * Noggin (100ng/ml)
possibilities to cure * Wnt-3a (30%)
copper storage * Y-27632 (10uM)
disease. ¢ A-8301 (0,5uM)
Van den | Comparing the lipid | Liver tissues were obtained | Advanced | e B-27 supplement (2%)
Bossche et | accumulation in dogs | from fresh wedge liver | DMEM/F12 | o N2 supplement (1%)
al., (2017) with extrahepatic and | biopsies of pet dogs with o NAC (1,25uM)
intrahepatic PSS to | PSS. Liver tissue from « Gastrin (10nM)
healthy control dogs, | healthy dogs, that were o EGF (200ng/ml)
using LD540. This | euthanized for other reasons « Rspol (5%)
gained insight into | than this study, was used as
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the pathogenesis of | a control group. Liver tissue e FGF-10 (100ng/ml)
steatosis that can be | was dissected and ¢ Nicotinamide (10mM)
observedin dogs with | enzymatically digested in o HGF (25ng/ml)
PSS. The study | DMEM medium with 1% FBS « Noggin (100ng/ml)
showed that steatosis | at 37°C for 3-5 hours. The o Wnt-3a (30%)
probal:(;ly tocctjhrs "[\l/lsstug %as thendmlxed l\:VIth o Y-27632 (10uM)
secondary to e atrige an culture
PSsS. medium was added, * A-8301 (0.5uM)
described on the right. The
organoids were grown at
37°C with 5% COs.
Wu et al., | Canine hepatic | Canine hepatic organoids | Advanced | e B-27 supplement (1%)
(2019) organoids of dogs | are developed from | DMEM/F12 | « N2 supplement (1%)
with COMMD1- | COMMD1-deficient dogs. ¢ NAC (1.25 mM)
deficiency can serve | Cultures can be initiated from e Gastrin (10nM)
as a model for | fresh and frozen liver tissues o EGF (200ng/ml)
Wilson’s disease. | using Tru-cut or fine needle « Rspol (5%)
There is a reduced | biopsies. After mechanical
oI -0 | Dlopsie: . o FGF-10 (100ng/ml)
activity of Farnesoid | dissection of the tissues, the L .
X nuclear receptor | tissue was enzymatically * Nicotinamide (10mM)
(FXR) in dogs with | digested in DMEM with * HGF (25ng/ml)
COMMD1-deficiency | 1%FBS at 37°C for 3-5 hours. ¢ Noggin (100ng/ml)
resulting in reduced | The cells were mixed with ¢ Wnt-3a (30%)
FXR-target gene | Matrigel® and the culture * Y-27632 (10uM)
expression. medium described on the ¢ A-8301 (0,5uM)
right was added.
Kruitwagen | Transplantation  of | The hepatic progenitors of | Advanced | e B-27 supplement (1%)
et al., | genetic restored | five dogs with COMMD1- | DMEM/F12 | ¢ N2 supplement (1%)
(2020) canine hepatic | deficiency were isolated after ¢ NAC (1.25 mM)
organoids, originally | Tru-cut or fine needle biopsy. ¢ Gastrin (10nM)
derived from dogs | After mechanical dissection « EGF (200ng/ml)
\(/jvitfh COMMDL1- | of the tis_sutTIs, th; tissuii was ¢ Rspol (5%)
eficency. enzymatically digested in
DMEM with 1%FBS at 37°C * FGF-10 (100ng/mb)
for 3-5 hours. The cells were * Nicotinamide (10mM)
mixed with Matrigel® and the * HGF (25ng/mi)
culture medium described on * Noggin (100ng/ml)
the right was added. The * Wnt-3a (30%)
genetic defect was corrected * Y-27632 (10uM)
by using a lentivirus. The * A-8301 (0,5uM)
cells were then transplanted
back into the liver of the dog
via the portal vein or via
intrahepatic injection.

4.1.5 Canine pancreatic organoids

Canine pancreatic organoids can be used to study pancreatitis, the most common disease of the
exocrine pancreas of dogs, and for the disease modelling of pancreatic cancer, which is one of the most
lethal cancers in humans®4111, In human medicine, pancreatic organoids have already been established
from healthy and diseased tissue parts!!?2. However, adult human pancreatic organoids are difficult to
establish and culture!!!. At this point, there has only been one report of canine pancreatic organoids,
described by a study of Zdyrski et al. in 2022, as illustrated in table 5.
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Table 5 : Culture conditions used in specific studies to generate canine pancreatic organoids

upregulation  of
multiple genes,

including  Dual
oxidase 2,
Cadherine 17
and Early
Growth
Response 1.

10ml  Complete  Chelating
Solution and then transferred to
6ml of Advanced DMEM/F12.
The cells were plated into
Matrigel®. The growth media on
the right was used. Isolation,
expansion and differentiation of
the different organoids took
between 17 and 31 days.

Study (year) | Significance of | Technique Growth Supplementation
the study medium

Zdyrski et | First report of | 6 organs, including the | Advanced | e FBS (8%)

al., (2022)8* | canine pancreas, were obtained from | DMEM/F12 | « GlutaMax (2mM)
pancreatic 2 female dogs of 4 weeks old ¢ HEPES (10mM)
organoids. that were euthanized. Biopsies « Primocin (100ng/ml)
There was | were washed three times with

e B-27 supplement (1x)
o N2 supplement (1x)

e NAC (1mM)

e Murine EGF (50ng/ml)
e Murine Noggin
(100ng/ml)

e Human Rspol
(500ng/ml)

e Murine Wnt-3a
(100ng/ml)

o [Leul5]-Gastrin |
human (10nM)

e Nicotinamide (10nM)

¢ A83-01 (500nM)

¢ SB202190 (10uM)

¢ SMZ-TMP DS (10ug/ml)
Additional:

* Y-27632 (10uM)

o GSK3B-inhibitor (2.5uM)

4.1.6 Canine renal organoids

Chronic kidney disease (CKD), which means the presence of functional or structural changes in one or
both kidneys for a longer period than three months, is an irreversible and progressive disease that will
eventually lead to end-stage renal disease (ESRD)12, CKD is the most common kidney disease in small
animals and the incidence of humans with ESRD is globally increasing®#112. Current therapies for human
patients with ESRD include dialysis and kidney transplantation®. However, these therapies come with
shortcomings, such as low quality of life and the shortage of organ donors®*. Treatment of CKD in dogs
is mostly based on diet changes to reduce serum phosphorus concentrations, monitoring, and drugs,
such as angiotensin-converting enzyme inhibitors13, Kidney organoids could be used for further drug
screening and even for regenerative medicine!!4. At this point, there is only one publication on canine
renal organoids by Chen et al. in 2019, where adult kidney epithelial stem cells were cultured and gave
rise to dome-forming tubular cells in vitro, as illustrated in table 626.

Table 6: Culture conditions used in specific studies to generate canine renal organoids

Study (year) | Significance of the | Technique Growth Supplementation
study medium

Chen et al., | Canine adult kidney | Excision of a whole canine | K-NAC e Recombinant

(2019) epithelial cells give | kidney was performed in dogs | medium epithelial growth
rise to dome-forming | that were euthanized for | (0,5 ml) factor (5ng/ml)
tubular organoids. | different reasons than this ¢ Bovine pituitary

The canine kidney
epithelial cells
expressed stem cell
markers and they
were capable of
multilineage

differentiating

study. It was washed with PBS,
minced into smaller pieces,
washed again with PBS and
then plated into Matrigel® on
0,5ml/plates. The medium was
daily or every other day
refreshed, depending on the
stage of the culturing.

extract (50pg/ml)

e Insulin (5pg/ml)

e Hydrocortisone
(74ng/ml)

e T3 (6.7ng/ml)

e Nicotinamide (5mM)
¢ FBS (10%)
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4.1.7 Canine pulmonary organoids

The lungs are a vulnerable organ, because they are continuously exposed to environmental factors,
Dogs can be used as a model for respiratory disorders, including asthma, bronchitis, pneumonia,
pulmonary fibrosis, lung cancer and chronic obstructive pulmonary disease (COPD)6, COPD is a
progressive chronic airway inflammation with a high morbidity and mortality in humans and there is no
effective treatment'16.117. Human pulmonary organoids are already established'!8. However, there has
been only one report on canine pulmonary organoids by Zdyrski et al., (2022) that consisted of alveolar

type-2 cells and bronchial epithelial cells, as illustrated in table 784.

Table 7: Culture conditions used in specific studies to generate canine pulmonary organoids

of canine lung

2 female dogs of 4 weeks

Study (year) | Significance Technique Growth Supplementation
of the study medium

Zdyrski et | First 6 organs, including the | Advanced | ¢ FBS (8%)

al., (2022) establishment | lungs, were obtained from | DMEM/F12 | ¢ GlutaMax (2mM)

« HEPES (10mM)

organoids. old that were euthanized. « Primocin (100ng/mi)
There was | Biopsies were washed ¢ B-27 supplement (1x)
upregulation of | three times with 10ml « N2 supplement (1x)
the lung | Complete Chelating « NAC (1mM)
marker  NK2 | Solution and then .
homeobox 1 | transferred to 6ml of y Mur!ne EGF (50ng/m|)
and Advanced DMEM/F12. * Murine Noggin (100ng/ml)
expression of | The cell were plated into ¢ Human Rspo1 (500ng/ml)
Surfactant Matrigel®. The growth e Murine Wnt-3a (100ng/ml)
Protein B and | media on the right was * [Leul5]-Gastrin I human
C genes. used. Isolation, (10nM)

expansion and ¢ Nicotinamide (10nM)

differentiation  of  the
different organoids took
between 17 and 31 days.

« A83-01 (500nM)
« SB202190 (10uM)
« SMZ-TMP DS (10pug/ml)

e Y-27632 (10uM)
e GSK3B-inhibitor (2.5uM)

4.1.8 Canine cardiac organoids

The heart is the main organ of the circulatory system!!®. The heart has numerous functions, such as
providing a sufficient blood pressure to transport blood to all parts of the body, supplying them with
oxygen and nutrients and removing metabolites!!®. Cardiac development, structure and diseases are
complex, indicating the difficulty to study the heart and the need for new research strategies!!®. Cardiac
diseases, such as myocardial infarction, congestive heart failure (CHF), genetic heart diseases and
arrhythmias, occur in both human and veterinary medicine6:93.120.121 | jitle treatment options are
available apart from heart transplantation, which is often compromised by donor shortage!?°.
Cardiovascular diseases are currently the main cause of death in humans!®®. In dogs, more than 50%
of Doberman Pinchers in Europe are diagnosed with dilated cardiomyopathy (DCM) and once CHF
occurs, only palliative and symptomatic treatment is available® 122, The development of cardiac
organoids is quite recent'?0123, The first notification of a human cardiac organoid mimicking the early
heart development is described by a study of 2015119123 However, heart-forming human cardiac
organoids from ESCs or iPSCs have just been developed since 2021 and are still immature!l®124, At
this point, all available organoid models are based on humans!1®124, Canine cardiac organoids are only
mentioned in using cardiosphere-derived cells (CDCs) that were cultured as 3D organoids, creating a
heterogenous population of cardiac cells, as described in table 8'%°. In a study by Hensley et al., (2015),
acute treatment with canine CDCs that were intravenously injected in mice with doxorubicin-induced
DCM showed reduced fibrous tissue formation and cardiac angiogenetic improvement16.93,
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Table 8: Culture conditions used in specific studies to generate canine cardiac organoids

media had to be changed every other

Study Significance of | Technique Growth Supplementation
(year) the study medium
Hensley et | Canine CDCs | CDCs were obtained from the myocardial | Iscove’s e FBS ( 20%)
al., (2015) | are used to be | tissue of healthy heart dog donors. The | Modified

cultured as 3D | tissue samples were washed with PBS, | Dulbecco’s

organoids. microdissected and washed again with | Medium

Canine CDCs | PBS for 3 times. The process was | (IMDM)

were then | followed by enzymatic digestion at 37 °C

injected in collagenase solution for 5 minutes.

intravenously in | IMDM was added with 20% FBS to

mouse models | inactivate the collagenase. The tissue

with  DCM to | sample was further minced in pieces of

demonstrate the | 0,5x0,5 mm before plating on fibronectin

regenerative coated plates into Matrigel® with the

potential of | culture condition described on the right.

CDCs For the maintenance of the culture, the

day.

4.1.9 Canine neurological organoids

The brain is a highly complex organ and phenocopying brain development remains a major challenge
in neuroscience!?s, At this point, cerebral organoids can only be created from primate and rodent
species!?s, Because brain biopsies are not performed routinely, most brain organoids are based on
iPSCs that are then differentiated into mini brain-structured organoidsé. Cerebral organoids derived
from tissues of large domestic animals, such as dogs, could provide new insights in both veterinary and
human research!?>, Indeed, dogs are also susceptible for brain diseases, such as cognitive deficits that
show similarities to Alzheimer disease in humans, and dogs can also develop brain tumours!2, Because
the initial cellular and molecular mechanisms in brain development are similar in different mammalian
species, it could be hypothesized that the protocols to develop human cerebral organoids, can also be
used for the generation of canine cerebral organoids2s.

In veterinary medicine, the use of canine neurological organoids can be traced back to two publications
that are both focussing on neurogenesis!®. More specifically, the publication by Lowe et al., (2015)
showed that organoids could be derived from adult canine hippocampal neural precursors!?. These
organoids provided evidence that hippocampal neurogenesis is depending on dorsal or ventral
location'?6, The publication of Santos et al., (2021) described a protocol to isolate, culture and
characterise neural stem cells (NSCs) and neural progenitor cells (NPCs) from the foetal canine spinal
cord!??, Both reports on these canine neurological organoids are described in table 9.

Table 9: Culture conditions used in specific studies to generate canine neurological organoids

Study (year) Significance of the | Technique Growth Supplementation
study medium

Lowe et al., | First evidence that the | Canine hippocampal | NeuroCult e Rat NSC

(2015) amount of adult canine | neural precursors were | NSC basal | proliferation
hippocampal obtained from five dogs | medium supplements
neurogenesis is | four hours post-mortem. | (rat) e FBS (2%)

depending on the dorsal
or ventral location. The
dorsal hippocampus of
dogs has a markedly
higher rate of adult
neurogenesis than the
ventral part.

The tissue was digested
with 0,1% Trypsin EDTA,
which was then halted by
DMEM with 10% FBS.
The cells were plated into
collagen. The organoid
cultures were incubated
at 37 °C with 5% COz2

e Heparin (2pg/ml)
e EGF (20ng/ml)
e FGF (10ng/ml)
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Santos et al.,
(2021)

A protocol was
established for the
isolation, culture and
characterization of

NSCs and NPCs that
are derived from the
spinal cord of canine
foetuses.

NSCs and NPCs were
isolated from spinal cord
fragments of canine
foetuses at approximately
40d of gestation. The
tissue samples were
washed with PBS and
supplemented with 2%
PS and 1% amphotericin
B. Enzymatic digestion
was performed  with
0,25% TrypLE Express,
which was halted with
DMEM supplemented
with 15% FBS. The
organoids were cultured
at 37°C with 5% COz. The

DMEM/F12

medium was
every 4 days.

changed

e B-27 supplement
(2%)

e L-glutamine (1%)
¢ PS (1%)

¢ Non-essential
amino acids (1%)
e EGF (20ng/ml)

e FGF-2 (20ng/ml)

4.1.10 Canine endometrial organoids

The endometrium is important in canine veterinary medicine, because it is frequently affected by
diseases, including pyometra and cystic endometrial hyperplasial?812%, Dogs can also be used as a
model for endometriosis in humans, a chronic disease in which tissue similar to the lining of the uterus
grows outside the uterus®130, The first canine endometrial organoids were described as models of the
uterine glands by a study of Stadler et al. in 2009. A second study was performed by Zdyrski et al. in
2022. Both reports on canine endometrial organoids are described in table 10.

Table 10 : Culture conditions used in specific studies to generate canine endometrial organoids

Advanced DMEM/F12. The
cells were plated into

Study (year) | Significance of the | Technique Growth Supplementation
study medium
Stadler et | Establishment of the | Tissue was obtained during | DMEM e FBS (10%)
al., (2009) first canine | routine e PS (10.000U/ml)
endometrial ovariohysterectomy. o Nystatin (15ml/l)
organoids that | Samples were taken from e L-glutamine (2ml/)
model the uterine | three different areas of the
glands. uterus. The tissue was
microdissected and
washed three times with
PBS. The cells were plated
into different ECMs such as
Matrigel® and incubated in
collagenase type A at 37°C
containing 5% CO2
Zdyrski et | Canine endometrial | Six organs, including the | Advanced | e FBS (8%)
al., (2022) organoids show | endometrium, were | DMEM/F12 | o GlutaMax (2mM)
upregulation of | obtained from 2 female ¢ HEPES (10mM)
multiple genes, | dogs of 4 weeks old that e Primocin (100ng/ml)
including Dual | were euthanized. Biopsies o B-27 supplement (1)
oxidase 2, | were washed 3x with 10ml « N2 supplement (1x)
Cadherine 17 and | Complete Chelating « NAC (1mM)
Early Growth | Solution and then .
Response 1. transferred to 6ml of * Murine EGF (50ng/ml)

e Murine Noggin
(200ng/ml)

% Retrievable at: https://www.who.int/news-room/fact-sheets/detail/endometriosis (last consulted on 12-5-2022).
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Matrigel®. The  growth e Human Rspol
media on the right was (500ng/ml)
used. Isolation, expansion e Murine Wnt-3a
and differentiation of the (100ng/ml)

different organoids took

o [Leul5]-Gastrin |
between 17 and 31 days.

human (10nM)

e Nicotinamide (10nM)

¢ A83-01 (500nM)

e SB202190 (10uM)

e SMZ-TMP DS (10ug/ml)
Additional:

® Y-27632 (10uM)

o GSK3-inhibitor (2.5uM)

4.1.11 Canine oviductal organoids

The oviduct is an essential and complex component of the reproductive system that connects the ovary
to the uterus®3!. Oviductal epithelium (OE) organoids can be used for personalized medicine and to
investigate fertilization and pathologies!3!. However, because there are many inter-species differences
between the physiology of the oviduct, the applicability of OE organoids from one species to another is
limited!3!. In a study by Lawson et al. in 2023 canine OE organoids were established, in comparison to
other domesticated animals, as described in table 11. This study resulted in porcine, equine and bovine
oviduct-derived organoids showing more resemblance to human oviducts than the OE organoids of
dogs, cats and mice?3l,

Table 11 : Culture conditions used in specific studies to generate canine oviductal organoids

species,
including dogs,
to compare the
differences in
organoid
development.

washed with PBS and 1%PS.
Multiple fringes were dissected
from the infundibulum and
enzymatically digested. After
epithelial cell enrichment, the
cells were plated into Matrigel®.
The OE organoid culture was
used and the medium was
changed every 3 days. After 21
days the organoids were
harvested.

Study (year) | Significance of | Technique Growth Supplementation
the study medium
Lawson et | OE organoids | Complete oviducts were | DMEM/F12 | e Glutamax (1%)
al., (2023) were established | obtained from dogs that e HEPES (1%)
from five | underwent hysterectomy. After ¢ PS (1%)
domesticated collecting the tissues, it was « Wnt3a, Rspo3, Noggin

conditioned medium

e Human EGF (12ng/ml)

e B-27 supplement (2%)

® Y-27632 (5mM)

¢ NAC (1.25mM/ml)

o Nicotinamide (10mM/ml)
e Primocin (0,2%)

¢ A83-01 (0,5mM)

4.2 Canine tumouroids

Canine mammary tumours (CMTSs) are the most diagnosed type of neoplasia in female dogs, accounting
for around 50% of all cancers and 82% of all reproductive occurring tumours?29:58132,133,134,135,136,137  |n
comparison, human breast cancer (HBC) is the most frequently occurring and deadly cancer in women
worldwide, accounting for 25% of all cancers®®”. Older female intact dogs, around 6-7 years old, are
mostly affected and 25% of unspayed female dogs will develop CMTs in their lifetime33137, CMTs can
be used as a translational model for oncological research for HBC, due to many similarities in the age
at onset, predominance of carcinomas, environmental risk factors, histological features, prognostic
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factors, the metastatic pattern, and molecular and genetic characteristics29135136-137 Both CMTs and
HBC are also often hormone dependent and express oestrogen (ER+), progesterone and HER2
receptors®8132, Currently available genetically engineered mouse models lack to mimic ER+ HBC, which
is why ER+ CMTs represent a valuable model'®’. Besides, CMTs occur spontaneously in dogs and it is
possible to derive tumouroid lines from different epithelial origins from the same dog, which is not
possible in humans'®’. One limitation of the use of CMTs in translational medicine is the decreased
incidence of CMTs over the years due to early preventive ovariectomies in dogs’2133135, One major
difference between CMTs and HBC is that chemotherapy is not commonly used in the treatment of

CMTs®8.

However,

some studies have shown that CMTs can be sensitive to certain similar

chemotherapeutics as in HBC, such as paclitaxel®®. The first CMT tumouroids were established in
2017138, Current research focusses on further development of these tumouroids that show even more
resemblance to the primary tumour, by including stromal components, such as immune cells, as
illustrated in table 1258138, Expression of specific biomarkers, such as CK18 and CK14 confirm that
these tumouroids have indeed a similar phenotype to CMTs in vivolS.

Table 12: Culture conditions used in specific studies to generate canine mammary tumour tumouroids

Study Significance of the | Technique Growth Supplementation
(year) study medium
Cocola et | Using different | CMT tissues were obtained | DMEM/F12 | ¢ GlutaMax
al., (2017) | culture conditions, | freshly after mastectomy e FBS (5%)
FGF-2 and EGF | from female dogs with e Serum replacement (SR)
were found to have | spontaneous mammary (10%)
an response on tumours. AISO, non- ¢ Minimal Essential
CSCs to regulate | tumoural tissues were Medium (MEM) (1%)
organoid formation | isolated from the same dog. « Hydrocortisone (0,5pg/ml)
After mechanical dissection o Insulin (1ug/ml)
and enzymatic digestion o FGF-2 (20ng/ml)
with  0,25% trypsin and « EGF (20ng/ml)
0,53mM EDTA for 15 min at
¢ PS (1%)
37°C, the cells were grown
for 7-10 days. The cells
were plated in Growth
Factor Reduced Matrigel®
on 48-well plates. Complete
medium was added. Half of
the medium was changed
every 2,5 days. After 10-15
days, the cultures were
microscopically examined.
Inglebert Organoids derived | Spontaneous CMT tissues | Advanced | e GlutaMax (1x)
et al., from CMTs as a |and normal mammary | DMEM/F12 | ¢ HEPES (10mM)
(2022) model for | tissue was obtained from e PS (50 U/ml)
translational client-owned dogs that e Primocin (50mg/ml)
carcinogenesis and | underwent surgery. The

in vitro drug
screening. They can
also be wused to
investigate whether
specific tumour
mutations  predict
therapy outcomes
by developing a
biobank of CMT-
organoids.

tissue was then dissected
into 1-2 mm?3 pieces and
cryopreserved in a freezing
medium. The cells were
then plated in pre-warmed
24-well plates into Cultrex
PathClear Reduced Growth
Factor Basement
Membrane Extract Type 2.

¢ R-Spondin-3 (Rspo3)
(10%)

¢ Noggin (2%)

¢ Neuregulin-1 (5nM)

e FGF-7 (5ng/ml)

e FGF-10 (20ng/ml)

e EGF (0,5ng/ml)

¢ A83-01 (500nM)

* Y-27632 (5mM)

e SB202190 (1mM)

e B-27 supplement (1x)
¢ NAC (1,25mM)

e Nicotinamide (10mM)

30



Raffo-
Romero et
al., (2023)

First study in which
tumouroids are
created from
heterogeneous
CMT tissues to
develop a
tumouroid biobank.
The histological and
molecular impact of
cryopreservation is
compared.

CMTs were obtained in
dogs with primary
mammary tumours that
underwent surgery. Fresh
tissue was mechanically
and enzymatically
dissociated for 2 hours at
37°C and plated in
Matrigel® on 24-well plates,
overlaid with optimized
mammary tumouroids
culture medium.

Advanced

e GlutaMax (1x)

e HEPES (10mM)

¢ PS (1x)

e Amphotericin (1x)

e Primocin (50ug/ml)
e B-27 supplement (1x)
e Nicotinamide (5mM)
¢ NAC (1,25mM)

¢ Rspol (250ng/ml)

¢ Hereguling-1 (5nM)
e Noggin (100ng/ml)

e FGF-10 (20ng/ml)
e FGF-7 (5ng//ml)

e EGF (5ng/ml)

¢ A83-01(500nM)

¢ SB202190 (500nM)
® Y-27632 (5uM)

Malignant lymphoma is the most common hematopoietic cancer in dogs and despite aggressive
treatment, relapse frequently occurs and lymphoma is in the top five of cancer related deaths, similar to
human lymphoma®8.69139, Within the different types of lymphoma that can be observed in dogs, canine
non-Hodgkin’s lymphoma (cNHL) occurs in 83% of the cases®. cNHL mostly affects middle-aged and
old dogs of all breeds, but it can also be observed in very young dogs less than one year old32. There
are many similar features in the morphology, behaviour, genome instability, chemotherapy response
and driver molecular abnormalities between cNHL and human NHL (hNHL)®8:69.73.132 Yet, the incidence
in dogs is higher, which is why research on cNHL has a dual purpose for both human and canine
veterinary medicine®8. Although high-grade diffuse large B-cell lymphoma is the most common subtype
of cNHL and hNHL, the other subtypes that are commonly observed in dogs, are quite rare in humans®s,
Both cNHL and hNHL are sensitive for chemotherapy in the form of a multi-agent protocol, called
‘CHOP’8869.132. ‘CHOP’ is an acronym for a combination of chemotherapeutics that consists of
cyclophosphamide, hydroxydaunorubicin (also known as doxorubicin), oncovin (also known as
vincristine) and prednisolone®869133  Radiation therapy can be used in hNHL, but it requires more
research to determine the efficiency of this treatment in cNHL®°. ¢cNHL tumouroids could provide new
solutions for investigating both cNHL and hCHL?'%°. There is only one report on cNHL tumouroids,
described in a study by An et al. in 2021, as illustrated in table 13.

Table 13: Culture conditions used in specific studies to generate canine lymphoma tumouroids

Study (year) | Significance of the | Technique Growth Supplementation
study medium
An et al., Co-culturing of both | Stromal cells were obtained from | Roswell e PS (1%)
(2021) lymphoma tumour | submandibular lymph nodes | Park e FBS (20%)
cells and stromal cells | from 3 healthy Beagles via | Memorial
in different ratios to | needle biopsy. Lymphoma cell | Institute
investigate the | lines were mixed with stromal | (RPMI) -
relationship between | cells to create hybrid tumouroids | 1640
tumour cells and the | and plated on StemFIT 3D cell | medium
TME. culture 25-well arrays.
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Osteosarcoma (OSA) is the most diagnosed type of
primary malignant bone cancer in both humans and
dogs70140, OSA has a higher incidence in dogs than in
humans, where OSA is a rare disease’?8. Both canine
OSA (cOSA) and human OSA (hOSA) seem to be
bimodal and similarities can be observed in their clinical
presentation, progression, molecular factor and risk
factors7?88, However, hOSA is mostly seen in children
and adolescents®. In contrast, cOSA mostly occurs in
older dogs®. cOSA is mostly observed in male
individuals and localised in long, weight-bearing bones,
which means mostly in the front legs’4°. Rapidly
growing large dog breeds and tall humans are
predisposed’®140, The incidence rate is also affected by
different families or populations in humans or by different
dog breeds, such as Irish Wolfhounds or Great
Danes’®72, Treatment in cOSA and hOSA is identical and
includes surgery, often in the form of amputation of the
affected limb, combined with adjuvant radiation therapy
or chemotherapy’088132, ¢cOSA and hOSA highly
metastatic tumours that often migrate to the lungs and

Tompr o
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Figure 14: Generation of canine
osteosarcoma (cOSA) tumouroids. The
tumour sample, in this case number D089,
can be observed on the illustrations above.
The tumouroids that were derived from
these samples are shown on the ilustrations
below, using light microscopy at 20x

magnification.
From: Flamant et al., 2021.

other bones?0132.140_ Without adjuvant chemotherapy treatment after amputation of the limb with the
primary tumour, metastasis occurs within 1 and 2 years in respectively cOSA and hOSA88132 The
survival rate in case of metastasis or recurrence is poor8141, This is often the result of resistance to
standard chemotherapy, presumably due to the high intratumoural heterogeneity of OSA88141, Current
research has highlighted the efficiency of generating OSA tumouroids in reproducing the TME4°. The
first cOSA tumouroids were established in 2021, as illustrated in figure 14141, Another study on cOSA
tumouroids was performed in 2022142, Both reports on cOSA tumouroids are described in more detail in

table 14.

Table 14 : Culture conditions used in specific studies to generate canine osteosarcoma tumouroids

Study (year) Significance of the Technique Growth Supplementation

study medium
Flamant et al., | cOSA tumouroids are | cOSA samples were | DMEM (30%) | « FBS (10%)
(2021) used to investigate the | received fresh on-ice from

functional veterinary partners,

consequences of | sectioned into pieces.

tumour heterogeneity | They were plated into

on treatment response. | Matrigel® and cultured

into tumouroids.

Graves et al., | cOSA tumouroids are | cOSA samples were |/ /
(2022) used for comparative | obtained from

oncology. They can be | collaborating veterinary

used to model the | partners, divided into

heterogeneity in drug | sections. They were

response and to | plated into a 3D scaffold

pinpoint collateral | matrix and cultured into

sensitivities in | tumouroids  within 24

chemotherapy-resistant | hours of tissue biopsy.

tumours. This

heterogeneity can be

used in chemotherapy

resistance as a

predictive biomarker.
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4.2.4 Canine bladder cancer tumouroids

Bladder cancer (BC) is the most
common cancer of the urinary tract
in both dogs and humans and it
compromises 1-2% of all naturally
occurring tumours®6: 143.144 - More
than 90% of BC in dogs (cBC) is
classified as intermediate or high
grade muscle invasive urothelial
known

carcinoma, also

transitional

— |

Bladder cancer organoid

k L
-

Bladder cancer  Urine sample

diseased dog

Figure 15: Schematic overview of the generation of canine bladder

cancer (cBC) tumouroids derived from a canine urine sample of a

dog with BC.
as From: Elbadawy et al., (2019)

cell

3D culture

carcinoma86.143.144145_|n gddition, diagnosis often happens at a late stage of the disease8:143.144146 Ag g
result, the prognosis of cBC is very reserved®6:143.144147  ¢cBC tumouroids could provide an important
model for the determination of suitable chemotherapy in canine patients®. However, spontaneously
occurring cBC also resembles muscle-invasive human bladder cancer (hBC)8:143.144. Therefore, cBC
tumouroids also function as a translational model for muscle invasive hBC#®.

cBC tumouroids were first
described in a study of 2019
by Elbadawy et al.,, as
illustrated in figure 15. The
tumouroids were
successfully generated,
with an efficiency of 70%

and the tumouroids
showed tumourigenesis
after transplantation in

vivo®®é, In addition, certain
urothelial biomarkers were
expressed or upregulated
compared to normal
bladder tissue or 2D cell
lines of cBCS5. Different
chemotherapeutics  were
tested on the c¢BC
tumouroids, as illustrated in
figure 1686. Other reports on
cBC tumouroids were
published in 2020 and
2021143144 However, it was
only in 2022 that organoids
were established from the
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Figure 16: Different chemotherapeutics (piroxicam, gemcitabine,
cisplatin and vinblastine) tested in different doses to determine the
viability of the cells of the canine bladder cancer (cBC) tumouroid. A
control group (Cont) has also been taken into account, as shown on

the far left.
From: Elbadawy et al., (2019)

normal canine bladder, which could also be useful to investigate the pathogenesis of BC4’. The different
reports on cBC tumouroids are described in table 15.

Table 15: Culture conditions used in specific studies to generate canine bladder cancer tumouroids

Study Significance of the | Technique Growth Supplementation
(year) study medium
Elbadawy | First establishment | cBC tumouroids were created | Advanced e Wnt-3a
et al., | of ¢cBC tumouroids | by using urine samples from | DMEM ¢ Noggin
(2019) with the | dogs with BC. They were e Rspol
identification of | plated into Matrigel® and ¢ GlutaMax
several specific | cultured. e Primocin (100pg/ml)
organoid genes. It o B-27 supplement
proved that cBC
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tumouroids can be e NAC (1mM)
used to analyse e Nicotinamide (10mM)
tumour e Mouse-EGF (50ng/ml)
development and to « A83-01 (500nM)
determine the  SB202190 (3uM)
sensitivity of anti- o Y-27632 (10uM)
cancer drugs.
Abugomaa | Using 3D organoids | Culture conditions for the | Advanced ¢ HEPES (10mM)
et al., | of cBC to develop | cBC organoid derived from | DMEM/F12 o GlutaMax (1%)
(2020) 2.5D organoids and | urine samples of dogs with o Nicotinamide (10mM)
to perform a | BC were similar to those of e NAC (ImM)
comparative prostate cancer (PC). For the o A83-01 (0,5uM)
analysis. 2.5D-organoid, a special « PS (1%)
culture medium is required « FBS (5%)
that uses FBS instead of Wnt,
Noggin and R-spondin. For
the rest, culture conditions
are very similar.
Elbadawy | cBC tumouroids are | cBC tumouroids were created | Advanced ¢ Wnt-3a
et al., | used to investigate | by using urine samples from | DMEM e Noggin
(2021) the in vitro and in | dogs with BC. e Rspol
vivo effect of the o GlutaMax (1%)
chemotherapeutic e Primocin (100pg/ml)
trametinib. This o B-27 supplement
study . provided a « NAC (1mM)
Fr:sOaTrlr?(I;% for Bcr?ew ¢ Nicotinamide (10mM)
* Mouse-EGF (50ng/ml)
¢ A83-01 (500nM)
¢ SB202190 (3uM)
® Y-27632 (10uM)
Elbadawy Normal bladder | Bladder mucosa cells were | Advanced e Wnt-3a
et al., | organoids from | collected by scratching the | DMEM ¢ Noggin
(2022) dogs are used to | cells of the bladder wall from e Rspol
further understand | healthy dogs. The cells were o GlutaMax (1%)
the pathogenesis of | plated on 24-well plates into e Primocin (100ug/ml)
cBC and muscle | Matrigel® and cultured. « B-27 supplement
invasive hBC. o« NAC (1mM)
o Nicotinamide (10mM)
e Mouse-EGF (50ng/ml)
e A83-01 (500nM)
e SB202190 (3uM)
® Y-27632 (10uM)

Prostate cancer (PC) is the most common type of cancer in men worldwide48149, Dogs are the only
other large mammals that commonly develop PC spontaneously, which makes canine PC (cPC) a
suitable translational model for the diagnosis and disease of human PC (hPC)16:148.149.150 Metastases
often occur in the pelvis and/or lumbar spine in both humans and dogs!®. However, there are also
differences®”.148.150, |n dogs, the incidence of PC is lower than in humans and it presents itself in a very
aggressive form, whereas in hPC, the cancer is more low grade and slowly progressing'6.148-150, cPC
and hPC also show differences in hormone-responsiveness and prostate-specific antigen can be easily
found in the blood of humans, but not in dogs'48-1%0, |t is possible to generate tumouroids from cPC by
using canine urine samples'®148, Tumouroids can be used to clarify the biology of PC and to identify
CSCs as well as to select the most effective treatment for a specific patient49150, The first cPC
tumouroids were developed in 2017 and are described in table 1648,
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Table 16: Culture conditions used in specific studies to generate canine prostate cancer tumouroids

Study (year) Significance of the study | Technique Growth Supplementation
medium

Usui et al., (2017) | First establishment of cPC | Urine samples from | Advanced | e Wnt-3a
tumouroids using CSCs in | dogs with PC were | DMEM e Noggin
urine samples from dogs | plated into Matrigel® e Rspo1l
with PC. An urine-derived | and cultured with e GlutaMax
organoid culture was used. | modified culture e Primocin
These cPC tumouroids | media. (100ug/mi)

recapitulated the TME and
showed tumorigenesis in
Vivo.

e B-27 supplement
e NAC (1mM)

e Nicotinamide
(20mMm)

e Mouse-EGF
(50ng/ml)

¢ A83-01 (500nM)

e SB202190 (3uM)
e Y-27632 (10uM)

Canine thyroid cancer occurs in 1-2% of all neoplasias, 90% being malignant!5t. From all thyroid
carcinomas in dogs, 70% can be classified as canine follicular thyroid carcinoma (cFTC) and 30% as
canine medullary thyroid carcinoma (cMTC)*!, Predisposed breeds for thyroid carcinoma are Boxers,
Beagles, Golden Retrievers and Siberian Huskies and it mostly occurs in older dogs with a median age
of 9-10 years'5.. cFTC and its metastases can be effectively treated with radioactive iodine, specifically
radioiodine-131 (13) 50, This treatment increases the survival time from 3 months in untreated dogs to
a median survival time of 27-30 months?51. However, the efficacy of the treatment depends on the uptake
of 1311 by the cFTC and the metastases?!®l. Moreover, to improve treatment, there is need for models that
help understand the mechanism of the 31| uptake, such as the expression of proteins that are
involved?®!. Thyrotropin receptor (TSHR), sodium iodide symporter (NIS) and thyroid peroxidase (TPO)
are essential for the uptake of iodine by follicular thyroid cells151. Research on the expression of these
proteins could lead to improvement of the therapy in cFTC?5, By generating tumouroids that are derived
from cFTC, a model can be created to investigate the iodine uptake by immunohistochemistry, with new
possibilities for the treatment of cFTC15L,

cMTC is less invasive and metastasis occurs at a slower rate than cFTC, but the prognosis after
thyroidectomy is similar for both tumours!®2. In 2022, the first tumouroids of cMTC were successfully
established’®2. The generation of cFTC and cMTC tumouroids are described in more detail in table 17.

Table 17: Culture conditions used in specific studies to generate canine thyroid cancer tumouroids

Study (year) Significance  of | Technique Growth Supplementation
the study medium
Jankovic et | Using cFTC | cFTC samples were obtained during | Advanced | e L-glutamine
al., (2021) tumouroids to | thyroidectomy. They were frozen in | DMEM/F12 | ¢ HEPES
establish immuno- | dimethyl sulfoxide (DMSO)- e PS
histochemistry containing freezing medium within e NAC
protocols. The | 24 hours. Cells were plated on 24- e B-27
uptake of iodine in | well plates into Cultrex Basement supplement
cFTC with the | Membrane Extract and cultured at « Epithelial
expression of | 37°C and 5% CO2 atmosphere and growth factor
TSHR, NIS and | the medium was changed twice a « Noggin
TPO was studied. week.
e Rspol
* Y-27632
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Establishment of
cMTC tumouroids
to study the effect
of anti-cancer
drugs.

Scheemaeker
et al.,, (2022)

Tissues of cMTCs were obtained
from the biobank of canine thyroid
tumour tissue. The tissue was
originally obtained from client-owned
dogs that underwent thyroidectomy.
The tissue was washed in PBS and
microdissected and then stored in
freezing medium. The frozen tissues
were then washed, centrifuged and
enzymatically digested. They were
then cultured using basic growth
medium that was mixed with
Cultrex® basement membrane
extract. Incubation occurred at 37°C
and 5% COa.

Advanced
DMEM/F12

e HEPES (10mM)
e L-glutamine
(2mM)

e PS (50U/ml)

e Rspol (10%)

e Noggin (10%)
e B-27
supplement
(2%)

e Bovine thyroid
stimulating
hormone (TSH)
(8mIU/mI)

The mesothelium is the serous epithelium that is covering the body cavities and the surface of organs
and it is composed of mesothelial cells®3. Canine malignant mesothelioma (cMM) is a rare and drug-
resistant tumour that is very similar to human MM (hMM)1%3, cMM arises mainly from the mesothelial
lining of the pleura, peritoneum and pericardium53, In humans, pleural mesothelioma is the most
common form153, cMM tumouroids could become a potential in vitro tool for developing new treatment
options for both cMM and hMM?%3, In 2023, the study of Sato et al. established cMM tumouroids for the
first time, using pleural effusion samples, as illustrated in table 18. The cMM tumouroids exhibited the
characteristics of MM and expressed mesothelial cell markers153,

Table 18: Culture conditions used in specific_studies to generate canine _malignant mesothelioma

tumouroids
Study Significance of | Technique Growth medium Supplementation
(year) the study
Sato et al., | First cMM cells were | Advanced DMEM | ¢ Wnt
(2023) establishment of | obtained from pleural ¢ Noggin
cMM tumouroids | effusion samples. They e Rspol
and screening of | were washed three e Glutamax
different  anti- | times with PBS and « Primocin (100pg/ml)
cancer drugs plated into Matrigel® ¢ NAC (1ImM)

and seeded on 24-well
plates. They were
cultured at 37°C for 30
minutes. The culture
medium was changed
three times per week.

¢ Nicotinamide (10mM)

¢ A83-01 (500nM)

e EGF (50ng/ml)

e FGF-2 (5ng/ml)

e FGF-7 (5ng/ml)

¢ Insulin-like growth factor
(IGF) (100ng/ml)
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Discussion

Organoids are able to phenocopy the cellular composition, architecture, and functionality of
differentiated tissues in vivo3. This has resulted in several applications, including in the field of oncology
in the form of tumouroids®16. However, the resemblance of organoids to the original tissue only applies
to a certain extent?. Therefore, the main challenge will be to develop organoids that function as a real
substitute for native organs. Furthermore, the co-culturing of organoids with non-epithelial cells, such as
immune cells, also comes with its own limitations25758, In addition, the total lifespan of organoids is
limited, due to insufficient vascularization?7.11, At this point, the efficiency of generating tumouroids
varies between 30-90%, which could also be explained by the amount of tissue that is used and the
tumour type the tumouroid is derived from7154, Although this also has benefits as it reflects the inter-
patient variability, it results in greater sample sizes that are needed to create reliable tumouroids®.
Overall, organoids and tumouroids are more costly than 2D cell lines, because of the requirement for a
matrix, specific incubation conditions, and a culture medium with added supplements that needs to be
changed multiple times”:11. Therefore, organoids and tumouroids could be too expensive for most health
care systems to be used for personalized medicine®. A second thing to consider when using organoids
for therapeutic applications, is their prolonged growth rate compared to 2D cell lines’. Even so,
organoids have numerous benefits over 2D cell lines and by creating organoid and tumouroid biobanks,
information from tissues and tumours could be used more generally to make the technique more
accessible2530, Organoids offer a potential solution for ethical problems by contributing to the 3R-
concept, i.e. reducing the amount of required animal models!®. However, organoids do not incorporate
the full body of the patient they are derived from, which is why animal models will continue to be
necessary for preclinical trials?8.30.61.63.70.155 |n gddition, organoids also have ethical difficulties of their
own, especially with regard to human organoids®. When using human organoids, there are ethical
challenges around human tissue availability when considering the moral and legal status of organoids,
the lacking of adequate consent procedures for the use of PDOs, and the global distribution of organoid
biobanks9:20,

Dogs are useful animal models for human disease, due to their many similarities6. However, differences
can be observed between laboratory and companion dogs®¢57. Laboratory dogs are exposed to a
different environment, receive different nutrients, exhibit different behaviour patterns, have a shorter
lifespan, and their population consists of little genetic variation, because only a few breeds (e.g. Beagles)
are used for scientific purposes®:67, This is why companion dogs could be considered to be more reliable
and representative models. Nevertheless, ethical and financial challenges limit the use of living
companion dogs®®7°, Therefore, canine organoids could provide a more accessible translational
research tool.

Literature using the term ‘organoids’ dates back to 1946%. A literature search in PubMed on organoids
also shows a similar trend in the amount of published reports, with a spike in publications between 1965-
1985L. This spike could be explained by the rising interest in organ development and regeneration, as
the definition of an organoid at that time was reported as ‘being similar to an organ’s. Interestingly,
between 1985-2010, almost no publications can be found on organoids. Several explanations could
account for this reduction, such as the 3R-principle that arose in 1959, as well as economical events,
including the Fall of the Berlin Wall in 1989, which induced an increase in interest rates and less available
money for new scientific research strategies®“. It was only since 2010 that the popularity of organoids
started to really grow and it has been rising ever since. This increasing trend can also be linked back to
the first reports on canine organoids in 2009, and to the numerous benefits of organoids compared to
earlier strategies?>106.128

In this thesis, a thorough literature study was performed to list the currently available canine organoids
and tumouroids and to compare their different culture conditions. Performing a search in PubMed
publications on the term ‘canine organoids’ resulted in a total number of 216 publications. Yet, this
includes all the results starting from 1966 and, considering the first “real” canine organoids were
generated in 2009, the amount of publications could actually be reduced to only 70128, In the end, 41
publications were used to investigate the different organoids and tumouroids in canine veterinary

“ Retrievable at: https://www.cbs.nl/nl-nl/cijfers/detail/7336 SHFO# (last consulted on 17-5-2023).
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medicine, from which 33 are described in more detail. When comparing the different culture conditions
throughout the published studies, a few observations are noticeable. Firstly, Matrigel® is the most
common used ECM for canine organoids. However, the limitations of Matrigel® have been discussed
and it could limit their applications23841. Secondly, most of the reported canine organoid cultures use
DMEM, advanced DMEM or advanced DMEM/F12 as growth medium. Compared to Minimal Essential
Medium (MEM), DMEM contains four times the amino acid and vitamin concentration, which is why
DMEM is a “widely used basal medium for supporting the growth of many mammalian cells”>>6. DMEM
is used to culture adherent cells, which is the case for most of the reported organoids®>¢. Advanced
DMEM is “enriched with normal-serum constituents and therefore requires 50-90% less FBS
supplementation”, which reduces the variability of the cell culture and lowers the costs of the culture
medium®. Advanced DMEM/F12 also requires less FBS supplementation as it has added ingredients
that allow serum reduction’. There are also reports on other types of media, such as RPMI-1640 medium
that is used for lymphoma organoids and IMDM that is used for cardiac organoids®313°. RPMI-1640 is
used on suspension cultures for the culture of for example lymphoblasts, as is the case for canine
lymphoma organoids, and it contains “glutathione and high concentrations of vitamins, including vitamins
not found in MEM and DMEM&?°, IMDM is a modification of DMEM that can also be used for adherent
cell cultures, with added “selenium and additional amino acids, vitamins and inorganic salts”'%'1. These
extra nutrients are essential for the growth of specific cell types, that could grow less effectively in other
growth media, such as CDCs of cardiac organoids and myeloblasts®312, A last observation on the
comparison of the different culture media are the often similar supplementations that are used. However,
there are still some differences noticeable in the exact amount of supplementation and the use of tissue-
specific growth factors, for example HGF108-110, HGF is essential to liver development as it stimulates
“epithelial cell proliferation, motility, morphogenesis and angiogenesis” and “supplementation of HGF
produces therapeutic outcomes under pathological conditions”108-110.156 Therefore, the use of HGF can
be observed in all reported canine hepatic organoid cultures.

All these observations suggest that it might be possible to use almost the exact same culture conditions
for different types of organoids. Indeed, using similar culture conditions could improve the reproducibility
and thus the efficiency of generating canine organoids and their translational purposes. The study of
Zdyrski et al., (2022) is the first report on using similar culture conditions for different organoid types.
However, it should be mentioned that this study is a preprint that requires further peer review.
Considering the different canine tissues and tumours for translational purposes, not all of them are yet
available to generate organoids or tumouroids. There have been no reports on for example, melanoma,
squamous cell carcinoma, lung carcinoma and mast cell tumouroids, although living dogs are already
used as animal models for these types of cancers®2132, Nevertheless, some additional canine tumour
types have been investigated in the form of spheroids. Both spheroids and organoids are composed of
a 3D structure, but they are certainly no synonyms30. Spheroids are simpler than organoids, because
they are homogenous, have no matrix component, and they present themselves as free-floating
aggregates of cells, with a less representative architecture®0. When comparing the different canine
organoids for bladder cancer (BC), Abugomaa et al., (2020) also describes the establishment of so
called ‘2.5D organoids’, using strains from 3D organoids and specific culture media. Despite their name,
2.5D organoids are not consisting of a 2.5D structure, but they include the benefits of both 2D cell lines
and 3D organoids#3157, Indeed, 2.5D organoids show similar histopathological characteristics and
sensitivity to anti-cancer drugs as 3D organoids, which could make them a potential cheaper and less

5 Retrievable at: https://www.thermofisher.com/nl/en/home/life-science/cell-culture/mammalian-cell-culture/cell-culture-
media/dmem.html#:~:text=Dulbecco's%20Modified%20Eagle%20Medium%20(DMEM)%20is%20a%20widely%20used%20basal, 7%2C%20and%
20PC%2D12 (last consulted on 17-5-2023).

6 Retrievable at: https://www.thermofisher.com/nl/en/home/life-science/cell-culture/mammalian-cell-culture/cell-culture-media/mem.html  (last
consulted on 17-5-2023).

7 Retrlevable at: https://www.thermofisher.com/order/catalog/product/12634010 (last consulted on 17-5-2023).

Retrievable at: https://www.thermofisher.com/nl/en/home/life-science/cell-culture/mammalian-cell-culture/cell-culture-
medlaerml.htmI?ef id=821ead1076711d3314a9c974d43628f4:G:s&s_kwcid=AL!3652!10!76691109315655!76691086026799&cid=bid clb cce r
01 co_cp0000_pjt0000_ bid00000 Ose_bng_bt pur_con (last consulted on 17-5-2023).

9 Retrievable at:  https://www.thermofisher.com/nl/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/maintaining-cultured-
cells/recommended-media-types-for-common-cells.html (last consulted on 17-5-2023).

10 Retrievable at: https://www.labome.com/method/Cell-Culture-Media-A-
Review.html#:~:text=IMDM%20is%20a%20madification%200f,contains%20HEPE S%20and%20sodium%20pyruvate. (last consulted on 15-5-
2023).

1 Retrievable at: https://www.thermofisher.com/order/catalog/product/12440053 (last consulted on 17-5-2023).

2 Retrievable at:  https://www.thermofisher.com/nl/en/home/references/gibco-cell-culture-basics/cell-culture-protocols/maintaining-cultured-
cells/recommended-media-types-for-common-cells.html (last consulted on 17-5-2023).
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time consuming model system43157, However, 2.5D organoids have been very recently established and
they are not yet fully applicable. Indeed, to include all potential benefits of 2.5D organoids, they should
be generated directly from tissues. At this point, there has been only one study in 2022 that established
direct generation of 2.5D organoids using cancer tissues of companion animals*®’.

To conclude, canine organoids could be a great potential research tool for both veterinary and human
medicine, especially for cancer research. Many canine organoids and tumouroids have already been
established and there are similarities that can be observed between their culture conditions. However,
this literature study shows that the amount of reports is limited. Besides, there are still tissues and
tumours that have not yet been investigated. These results indicate that more research is required to
introduce new organoid types and to improve current organoids to establish more standardized culture
protocols.
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