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Scope of the thesis

SCOPE OF THE THESIS

The research presented in this thesis focusses on the development of new model systems
that allow deeper understanding of biology of diseases. Described model systems
make use of adult stem cells. Stem cells can, in general, be subdivided into embryonal
and adult stem cells. While embryonal stem cells are only present during development
and have the potential to make up many diverse organs, adult stem cells can only be
identified throughout the adult lifetime of the organism and are retained within the organ
of interest. These adult stem cells replace the tissues in which they reside by undergoing
cell division and subsequent differentiation into various other cell types. This replacement
is required when cells are lost due to damage or because of natural organ turnover. This
process is essential during development and growth but also to maintain homeostasis.
We can make use of this epithelial renewal capacity to establish model systems that
closely recapitulate the organ of origin. When this process leads to a three-dimensional
structure resembling the original tissue and it can be maintained over an extensive period
of time, we speak of organoids.

Organoids are three-dimensional in vitro culture systems derived from stem cells. In
this thesis, we discuss organoids generated from earlier described adult stem cells. These
adult stem cell-derived organoids are close representatives of the organ of interest due
to the capabilities of self-renewal and differentiation of the stem cell population present
in the culture. The culturing of adult stem cells was long believed to be impossible until
Sato and colleagues generated the first organoid systems of the mouse intestine. By
applying similar techniques, the arsenal was extended to a variety of mouse as well as
human organoid systems including airway, stomach and liver organoids. Due to their
representability to the in vivo situation, the organoids and their derivatives are useful
tools to study fundamental biology but also human disease. Both disease biology
as therapeutic interventions are characterised in a higher throughput setting when
compared to clinical trials or mouse studies. Since organoids can be generated from
limited patient material, a patient-specific biobank can be generated to cover all aspects
of the disease. Additionally, organoids have been shown to be genetically editable with
the use of CRISPR-Cas?. This allows for the modelling of genetic diseases by generating
known mutation leading to a disease phenotype in organoids as well as repairing patient
mutations in patient-derived organoids. Their expansion capacity as well as genomic
stability could eventually allow organoids as replacement for transplantations. Presented
adult stem cell-derived organoids, therefore, show great promise for the modelling of
disease as well as provide potential new therapeutic opportunities. The studies in this
thesis make use of the earlier developed intestinal or airway organoids as well as present
the development of a new organoid culture of the thyroid.

Many signals are required to sustain the above-mentioned adult stem cells in vivo
as well as in vitro. One of the most established pathway involved in adult stem cell

survival is the Wnt pathway. Surrounding cells secrete Wnt ligands, which specifically bind



receptors present on stem cells. When the right receptors are bound, essential processes
required for the maintenance of the stem cell population are upregulated. By tweaking
the levels of downstream Wnt signalling, the stem cell population can be expanded,
maintained or differentiated. Therefore, tight regulation of Wnt signalling is required to
maintain homeostasis. Wnt signalling is regulated by downregulation of Wnt receptors
on the cellular membrane to generate a stable level of receptors and thereby activation.
External regulators of this homeostatic condition, like the molecule R-spondin, can
potentiate Wnt signalling by decreasing Wnt receptor breakdown, stabilising the receptor
on the membrane and maintaining or even increasing stem cell numbers. The essence
of R-spondin is exemplified by the presence of the ligand in most to all adult stem cell-
derived organoid culture systems. In parallel, in vivo manipulation of the R-spondin-
Wnt axis could therefore allow for faster organ regeneration by potentiating stem cell
population expansion.

In Chapter 1, we discuss the current literature of airway organoid systems and how
they can be applied as models for disease. While the advances in airway organoids
have grown exponentially in the last decade, many gaps remain, which require further
development of new or more sophisticated (organoid) model systems. An example of
the development of an adjusted model system using organoids is described in Chapter 2.
We present a new differentiation protocol that allows extensive visualisation of ciliated
cells in airway organoids. This protocol is applied to organoids derived from patients
suffering from primary ciliary dyskinesia to study the biology of the disease. Additionally,
we show the value of the patient-derived organoid systems on top of the current
diagnostic procedures.

In Chapter 3, we discuss the use of organoids as tools for the research on COVID-19.
We describe the current and potential future model systems for SARS-CoV-2 infections
and potential future pandemics. Chapter 4 illustrates the advantages of using intestinal
organoids as well as airway organoid-derived cultures to study SARS-CoV-2 infection. We
show the capability of SARS-CoV-2 to infect proliferating enterocytes. Since COVID-19 is
classified with lung-related symptoms, we discuss the use of existing and newly developed
lung organoid systems to model COVID-19 in Chapter 5. An example of the rapid
extension of lung organoid-derived systems is shown in Chapter 6 by the development
of a SARS-CoV-2 permissive bronchioalveolar culture system. These cultures show
upregulation of interferon pathways after SARS-CoV-2 infection similar to those observed
in COVID-19 patients.

In Chapter 7, we describe the generation of a novel organoid system of thyroid
follicular cells. We used adult tissue of mouse and human thyroid glands to develop an
in vitro organoid system. The cells in the organoids express thyroid hormone machinery
genes and show active secretion of thyroid hormones after stimulation. Moreover, we
show the potential of using these organoids as models for Graves' disease. The results of

our study is the first to report an organoid-based model of a human autoimmune disease.



Scope of the thesis

Chapter 8 extends the knowledge of adult stem cells and the requirement of Wnt
signalling in organoid culture to in vivo. We optimised earlier developed R-spondin
production methods to allow systemic injection of the Wnt potentiator in mice. We show
increased proliferation in hepatocytes over seven days after injection. This proliferation is
not limited to Wnt-active zones in the liver.

Chapter 9 summarises and discusses the presented data. Additionally, | explore future
applications of the results presented in this thesis and potential future efforts for other

disease models.
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ABSTRACT

Studies developing and applying organoid technology have greatly increased in volume
and visibility over the past decade. Organoids are three-dimensional structures that are
established from pluripotent stem cells (PSCs) or adult tissue stem cells (ASCs). They
consist of organ-specific cell types that self-organise through cell-sorting and spatially
restricted lineage commitment to generate architectural and functional characteristics
of the tissue of interest. The field of respiratory development and disease has been
particularly productive in this regard. Starting from human cells (PSCs or ASCs), models
of the two segments of the lung, the airways and the alveoli, can be built. Such organoids
allow the study of development, physiology and disease and thus bridge the gap
between animal models and clinical studies. This review discusses current developments
in the pulmonary organoid field, highlighting the potential and limitations of
current models.



Airway Organoids as Models of Human Disease

INTRODUCTION

The primary role of the pulmonary system is the exchange of O, and CO,. The epithelium
of the lung derives from the endodermal foregut through progressive branching.
Anatomically, the airways can be divided into two main compartments: the airways and
the alveoli. The upper and lower airways conduct the airflow to the distal alveoli where
the vital process of gas exchange between outside air and the underlying vasculature
takes place. An essential function of the pulmonary tree is the clearance of dust particles
and microbes. To fulfil these processes, the upper airway epithelium consists of multiple
cell types: club-, goblet-, ciliated-, neuroendocrine- and basal cells (Figure 1). The alveoli
are comprised of two main subtypes of epithelial cells that serve independent functions.
Gas exchange is facilitated by alveolar epithelial cells type one (AEC1s) while alveolar
epithelial cells type two (AEC2s) are responsible for the secretion of surfactant that
reduces surface tension to allow alveolar expansion without collapse (Figure 1). Recent
studies have described new subclasses within individual cell types' and a new rare cell
type: the ionocyte?. Technologies such as single cell RNA sequencing might reveal further
complexity in the cellular composition of the airway®. It appears obvious that model
systems that capture this complexity facilitate better understanding of the respiratory

system and its cell types.
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Figure 1. Schematic representation of the different areas in the pulmonary system.
The upper panel shows the cell composition of the trachea and upper airways. The middle panel
is a schematic representation of the upper bronchioles. The lower shows the most distal area of
the lungs, the alveoli. PNEC = pulmonary neuroendocrine cell, AEC2 = alveolar epithelial cell type
2, AEC1 = alveolar epithelial cell type 1, ECM = extracellular matrix. Light grey depicts air flowing
through the pulmonary system and thereby apical side of the cells.
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Multiple groups have reported on the development of organoids that represent airway
and alveolar epithelium. In this review, we discuss these new tools and other recent

advances in developing models for human lung development, function and disease.

GENERAL BACKGROUND OF THE ORGANOID FIELD

In adult organs, functionality is dependent on synergistic interaction of the various cell
types that are structured in a three-dimensional (3D) architecture. This 3D structure is
essential for the function of the organ®. However, currently most in vitro approaches
make use of two-dimensional (2D) monolayers. It has been known since the early 1900s
that removing cells from their native environment and architecture into two-dimensional
cultures leads to loss of tissue-specific functioning of the cells. The work of Mina Bissell
and others has revealed the importance of architectural cues during development®
but also in tumorigenesis®’. Thus, mimicking the 3D architecture appears essential for
representative in vitro model systems’?.

During the past decade, the understanding of human stem cell biology has deepened
and the availability of tools for 3D cell culturing have increased. This has allowed
the establishment of stem cell-derived organoid cultures. While long-term 2D culturing
of primary human epidermal cells was already established in 1975 by Rheinwald and
Green’, 3D human stem cell-derived organoid technology as discussed in this review
has been developed over the past decade. In this review, the term organoid will refer
to a 3D structure grown from stem cells and consisting of organ-specific cell types that
self-organise through cell-sorting and spatially restricted lineage commitment'. These
organoids can be classified into two main types, depending on the stem cell used: 1)
Pluripotent stem cells (PSCs) that include both embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). These cells represent the earliest stages of embryonic
development. PSCs can in principle generate all cell types of the human body. 2) Organ-
specific adult stem cells (ASCs). These stem cells maintain tissues and organs throughout
life. Their activity is restricted to the production of cell types of the tissue in which

they reside.

EXPLOITING DEVELOPMENTAL PROCESSES TO CREATE
PSC-DERIVED ORGANOIDS

PSCs can be derived from cells of a human embryo (referred to as ESCs) and by
reprogramming human somatic cells (referred to as iPSCs)'. Both cell types have
the ability to differentiate into all cell types. Inspired by insights from embryonic
development, serial manipulation of combinations of signalling pathways can be used
to generate specific human organoid types. To date, multiple human organoid types,
including for the brain'?, kidney'3, intestine', liver', retina'® and stomach' have been
derived from PSCs. Examples of these PSC-derived organoids have been used for

disease modelling in the central nervous system 21821 liver’s, intestine'*??, kidney? and



Airway Organoids as Models of Human Disease

stomach'”?*. Exploitation of the signals that control pulmonary development has allowed
generation of PSC-derived airway organoids.

To generate functional airway organoids PSCs are differentiated via a stepwise
protocol (via definitive endoderm- and lung progenitor stages) into mature airway
epithelium? 2635362734 = Qver the past years, differentiation protocols have been
continuously improved, but most modifications have been minor. Activation of transforming
growth factor B (TGFB) signalling is essential for the initial differentiation of PSCs towards
definitive endoderm3. Some studies retain Wnt signalling activation as initially proposed
by D'Amour et al. by adding Wnt3a??3%3¢ or the Wnt agonist CHIR99021%2. Other protocols
supplement bone morphogenic protein (BMP) 4 to the medium®?#. After activating
TGFB signalling, the inhibition of the same pathway is essential for further differentiation
towards anterior foregut. Some studies complement the differentiation medium with
BMP426:3037 while other studies do the opposite: they inhibit BMP signalling by supplying
the BMP inhibitor Noggin®?3%. The final step of differentiation requires the addition of
fibroblast growth factors (FGFs). Differentiation is most efficiently achieved through
supplementation of FGF2, FGF7 and FGF10 and the addition of BMP42:27:29.30333437,
These protocols differentiate the PSCs towards mature airway epithelium. Initial attempts
did not fully recapitulate the multiple cell types present in the adult lung?*. Gotoh et
al. managed to obtain alveolar as well as bronchiolar epithelium by growing spheroids
in three-dimensional cultures. They first generated ventral anterior foregut endoderm
cells to subsequently create 3D airway structures from these. Markers of both AEC1s and
AEC2s were present in the epithelial structures®®. This differentiation was more efficient
than previously described differentiation in 2D cultures®?. A recent study reported
the appearance of a branching morphology and proximal-distal compartmentalisation. In
addition to the AEC cell types, upper airway goblet cells were observed®. After a culture
of more than 160 days, the organoids contained multiple branching points and were
macroscopically visible. These pulmonary epithelial organoids were, moreover, susceptible
to respiratory syncytial virus (RSV) infection®°. PSC-derived lung organoids have been
used in modelling fibrotic lung disease*', surfactant deficiencies*> and Hermansky-Pudlak
Syndrome Type 2%. PSC-derived organoids have also been implemented as models for

pneumonitis* and early manifestations of small cell lung cancer®.

USING TISSUE-RESIDENT STEM CELLS TO GENERATE
ORGANOIDS

To overcome the technical challenges of differentiating the PSCs, the field of lung disease
modelling has also tried to use fully committed adult cells to generate organoids. For
the development of these model systems, insights into the location and identity of a stem
cell pool would appear crucial. Tissue-resident adult stem cells (ASCs) can be identified
based on their potential for self-renewal and differentiation into multiple cell lineages.
Discovery of the stem cell pool in the small intestine and isolation of these tissue-resident
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stem cells has allowed the formation of 3D gut organoids. These organoids contain all
cell types present in the in vivo intestine. They can be maintained and expanded in vitro
in a 3D-matrix when supplemented with a cocktail of growth factors*. Increased efforts
using the same principles have allowed the generation of other adult stem cell-derived
organoids including stomach®8, liver*-3, pancreas®®®, colon®?, prostate®, fallopian
tube®!, endometrium®243, mammary gland®, salivary gland®>¢® and others.

Unlike the gut epithelium, the lung epithelium is only slowly self-renewing under non-
damage conditions. Upon injury, basal cells can recreate themselves as well as generate
all other cell types of the airway epithelium, identifying these as a lung-resident stem cell
pool¢’73. Basal cells rest directly on the basal lamina from where they give rise to the cells
needed for mucociliary clearance: secretory and multi-ciliated cells’®. Multiple studies have
demonstrated that club cells can similarly generate the other airway cell lineages upon
damage. Although the airway and alveolar epithelium are generally seen as separately
maintained compartments, club cells of the airways are reported to also give rise to
the AEC1s and AEC2s of the alveolar epithelium in vivo’7¢. The transdifferentiation of
club cells into basal cells is seen as evidence of plasticity. Additionally, it has been shown
that pulmonary neuroendocrine cells (PNECs) are able to self-renew and differentiate into
club and ciliated cells”. In the alveoli, AEC2s serve as a resident stem cell population.
Upon loss of alveolar cells, this cell population is able to self-renew and differentiate into
AEC1s’8. This transition is facilitated by a separate population of AEC2s that receives
niche signals such as Wnt’*%2. Thus, a picture has emerged that self-renewal and repair of
the pulmonary epithelium is driven by extensive plasticity, and not by a single hard-wired
and undifferentiated stem cell: while basal cells could be viewed as a classical stem cell,
the airway club cells or the fully differentiated AEC2 cells in alveoli definitely do not fit
that bill.

As mentioned, recreating the in vivo environment in vitro is a prerequisite for building
tissues in a dish. A favoured technique in the culturing of primary bronchiolar basal cells
has been air-liquid interphase (ALI) culturing. These ALl-cultures mimic the interaction of
the cells with the outside air at their apical side while being exposed to a nutrient- and
growth factor-rich medium on their basal side. These ALl-cultures allow cells to form 2D
monolayers, unlike the 3D structures that they form in vivo®. Initial attempts at growing
the cells in 3D used basal cells sorted for expression of Nerve Growth Factor Receptor
(NGFR) and Integrin Subunit Alpha 6 (ITGA6)®”. When seeded into ALl cultures, these
basal cells self-organise into 3D-structures termed bronchospheres. These spheres are
comprised of an outer layer of basal cells while the inner layer shows signs of mucociliary
differentiation®’. Bronchospheres can serve to identify essential signals for pulmonary ASC
(basal cell) proliferation and maintenance. Bronchosphere can also be used to study which
signals drive directional differentiation into any of the epithelial cell types. The latter
approach was exemplified by the discovery that NOTCH inhibition limits goblet cell
metaplasia in vitro. Multiple Notch-inhibitory compounds are available, promising a role
for NOTCH inhibition in the treatment of chronic obstructive pulmonary disease (COPD)®.
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The culturing of bronchospheres was further optimised to generate mature bronchospheres
in a high-throughput system by Hild and Jaffe®. This optimised protocol demonstrated
the potential of the system for large screens for respiratory disease therapeutics.

AEC2s show a comparable behaviour when cultured in 3D-ALI cultures. In combination
with lung stromal cells, AEC2s form alveolospheres and differentiate into 3D structures
that are comprised of both AEC2s and AEC1s’®. The ASC-derived alveolospheres
appear comparable to the PSC-derived organoids from Gotoh et al.*®. ASC-derived
alveolospheres have shown potential for disease modelling of lower airway deficiencies
such as idiopathic pulmonary fibrosis’®®. Kobayashi et al. used murine alveolospheres to
identify the mechanism of transition of AEC2s to AEC1s. Pre-alveolar type 1 transitional
cell state (PATS) cells were identified in alveolosphere organoid cultures. These cells
are marked by keratin19 (Krt19), claudin4 (Cldn4) and stratifin (Sfn). PATS cells arise
from AEC2s upon injury and allow differentiation into AEC1s. PATS-like cells were also
enriched in human fibrotic lungs®2. Understanding PATS-like cell biology may contribute
to our understanding of idiopathic pulmonary fibrosis.

Similar to AEC2s (and somewhat surprisingly), club cells can reportedly also give rise
to alveolospheres. When club cells are cultured in a 3-dimensional matrix, they yield both
AEC1s and AEC2s organised in a 3D architecture®.

While these 3D spheres show promise in generating human-relevant model systems
for disease, the organoids described above can only be maintained for a short time
period and can for instance not be subcloned. While long-term culturing of basal cells
was achieved in 2016 in the form of 2D monolayers®, the field was still in need of an ASC-
derived long-term model system that allows in vitro representation of all epithelial cell
types while also generating 3D-stuctures in a more natural configuration.

Emma Rawlins and co-workers were the first to generate a model system that allowed
long-term disease modelling in ASC-derived organoids. They used primary foetal lung
tip progenitors to generate 3D structures. These murine organoids can be maintained
long-term in expansion conditions but can also be differentiated into bronchiolar and
alveolar cell types®. Recently, we reported long-term culture conditions for adult human
lung tissue-derived airway organoids®’. Primary human lung tissue was digested and
seeded in a growth factor cocktail and 3D Matrigel. The cells self-organised into spheres
similar to the bronchospheres observed by Hogan and colleagues®’. The cocktail of
growth factors resembles that found in the final differentiation step of the PSCs (i.e. in
including FGF7 and FGF10). Organoids grown under this condition proliferate and can be
expanded for at least a year as 3D-structures (Figure 2A). The ASC-derived organoids also
require BMP- and TGFB-inhibition that allow the maintenance of the basal cell population
that is required for long-term culture. Similar to the bronchospheres, the outer layer of
the organoids is comprised of basal cells while most bronchiolar cell types can be found
on the luminal side of the organoid (Figure 2B).

It was shown that human lung cancers can be grown under the same culture conditions.

The tumour organoids displayed similar mRNA expression and histological profiles as
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Figure 2. Airway organoids derived from human adult tissue. (a) Brightfield images of 1.25x, 4x

and 10x magnification of airway organoids. Scale bar = 500 pm. (b) Confocal images taken from
whole mount stained airway organoids. Middle panel shows basal cell layer with KRT5- cells apical of
this cell layer. Lower panel shows multiciliated cells on the inner cell layer of the organoid. Scale bar
is 50 pm. All images are taken by JvdV.

the original tumours. Tumour organoids could be used for drug screening in vitro or upon
xenotransplantation®”. Of note, an earlier version of this approach (lacking extracellular
matrix and the complex growth factor cocktail had already been shown to allow
the outgrowth of ‘tumour spheroids’, that did however not maintain the full heterogeneity
of the tumour?. The airway organoids were shown to model a genetic disease (cystic
fibrosis)® and infectious diseases like RSV®’, enterovirus®, cryptosporidium? and influenza
virus infection”™. The diversity in cell types and the availability of these cell types over
long periods of culture promises that airway organoids can be applied for the modelling
of many additional diseases.

DISCUSSION AND FUTURE PERSPECTIVES

We have discussed the two main strategies for growing 3D lung organoids. These
strategies use different starting cells (PSCs versus ASCs) and different growth factor
protocols but share the same goal: to generate a model system that phenocopies key
structural and functional aspects of the in vivo pulmonary epithelium. Both PSC- as ASC-

derived organoids are beginning to contribute to answer a variety of basic and clinical
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Long-term
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Figure 3. Overview of available primary pulmonary cell culture systems. The characteristics
are indicated for the latest development of the system: Air-liquid interphase, alveolospheres,
bronchospheres, iPSC-derived lung organoids and ASC-derived lung organoid. PNEC = pulmonary
neuroendocrine cell, AEC2 = alveolar epithelial cell type 2, AEC1 = alveolar epithelial cell type 1.

questions. The two approaches are largely complementary. For example, PSC-derived
organoids can be generated from iPS cells that derive from patients with genetic diseases
in order to model the effects of the genetic defect on the various developmental stages of
the lung. PSC-derived organoids can thus be useful to simulate embryonic development
and aid research on diseases that have a developmental origin. Generally, iPS-derived
organoids do not yield the mature cell types seen in adult tissues and may therefore
not always closely resemble the adult manifestations of a disease®:3. This holds true
in particular for lung cancer, where the derivation of iPS cells from the tumor (rather than
directly deriving cancer organoids) would appear to be an unnecessary detour. ASC-
derived organoids reflect the more mature stages of the adult lung and can be directly
derived from bronchoalveolar lavage material from individual patient. One important
remark: no protocols have been published that support long-term expansion of alveolar
organoids established from adult human lung.

Organoid technology can be combined with recent advances in genome editing
based on CRISPR/Cas??%. Questions that recently could only be answered with genetic

mouse models can now be addressed using in vitro created human airway organoids.
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Apart from the genetic tools available for gene-specific research questions, PSC- as
well as ASC-derived organoids can make direct use of patient-derived cells. This allows
for personalised disease modelling, crucial for defining patient variation in therapeutic
response and disease progression. This personalised model approach has already shown
promise in predicting patient-specific drug response for gastrointestinal cancers?”?¢ and
cystic fibrosis?-101.

Having said all this, organoids remain highly reductionist versions of real tissues.
ASC-derived organoids are comprised of multiple lung epithelial cell types®*®, while
PSC-derived organoids even contain some mesenchymal cells*. Yet, key non-epithelial
components are absent from the current version of organoids. Functional interactions
between the epithelium and the surrounding mesenchyme are not modelled beyond
the presence of fixed concentrations of mesenchyme-derived signalling molecules and
extracellular matrix. Such interactions are essential in controlling developmental processes
and defining the characteristics of a respiratory disease'®. Incorporation of non-epithelial
cells such as endothelial, smooth muscle and immune cells will eventually yield more
faithful phenocopies of the real organ'®. Indeed, the introduction of mesenchymal cells in
the culture has already been shown to improve the culture of alveolospheres’®.

Finally, one long-term goal of the organoid technology may be in regenerative
medicine, e.g. to complement whole-organ transplantation. Cultured organoids may
serve as a sustainable source of functional cells. Several hurdles remain to accomplish this.
Safety of cultured stem cells will need to be assessed, as one may fear the development
of neoplasms from the cultured stem cells. Efficient approaches will have to be developed
to deliver the organoid cells to the lungs. To increase engraftment of lung epithelial
cells, Rosen et al. employed a strategy of ‘preconditioning’, routinely used for bone
marrow transplantation: After ablation of resident stem cells by sublethal irradiation,
engraftment of fetal lung epithelial cell preparations injected intravenously was increased
significantly’®. Similarly, de-epithelialisation by infusing a detergent in rat lungs allowed
engraftment of iPSC-derived human lung organoids. These organoids were implanted
through the airways, which minimises the possibility of ectopic engraftment compared
to intravenous injection. The grafts were present in the distal alveolar tips and showed
cells expressing apical markers specific to AEC1s and AEC2s'%. Better characterisation of
long-term engraftment and functionality is however still needed.

Altogether, organoids hold promise for basic research and clinical application

in pulmonology.
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ABSTRACT

Patient-derived human organoids can be used to model a variety of diseases. Recently, we
described conditions for long-term expansion of human airway organoids (AOs) directly
from healthy individuals and patients. Here, we first optimize differentiation of AOs
towards ciliated cells. After differentiation of the AOs towards ciliated cells, these can be
studied for weeks. When returned to expansion conditions, the organoids readily resume
their growth. We apply this condition to AOs established from nasal inferior turbinate
brush samples of patients suffering from primary ciliary dyskinesia (PCD), a pulmonary
disease caused by dysfunction of the motile cilia in the airways. Patient-specific differences
in ciliary beating are observed and are in agreement with the patients’ genetic mutations.
More detailed organoid ciliary phenotypes can thus be documented in addition to
the standard diagnostic procedure. Additionally, using genetic editing tools, we show that
a patient-specific mutation can be repaired. This study demonstrates the utility of organoid

technology for investigating hereditary airway diseases such as PCD.
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INTRODUCTION

The human airways are continuously exposed to pathogens and other foreign material.
Constitutive clearance is essential for maintaining the healthy state. To this end, a layer
of mucus produced by club- and goblet cells is transported towards the oral cavity by
ciliated cells. Particles trapped in the layer of secreted mucus are thus removed from
the body. Defects in this mucociliary clearance (MCC) mechanism lead to respiratory
distress due to impaired oxygen transport, but also to frequent and/or chronic infections’.

The important role of MCC is best demonstrated in primary ciliary dyskinesia (PCD),
a rare genetic disorder, which leads to lifelong recurrent respiratory tract infections. PCD
is a rare genetic disorder, which manifests itself in the dysfunction of the cilia, leading to
reduced MCC capacity of the airways. While the incidence of PCD is approximately one
in 15.000-30.000, this condition is likely underdiagnosed due to suboptimal diagnostic
parameters?. Symptoms usually begin early in life and include chronic nasal discharge and
wet cough, progressing in childhood to recurrent upper and lower airway infections and
eventual bronchiectasis. As cilia are also present at the embryonic node, defects in nodal
cilia may cause abnormalities of left-right laterality determination (situs abnormalities)
in addition to male infertility*>”’. In recent years, major advances have been made in
the diagnosis and understanding of PCD, and large-scale sequencing approaches have
led to the discovery of new causal genes. So far, mutations in over 40 PCD causing
genes have been identified. Ultrastructural ciliary defects are observed in only 70%
of the clinically confirmed cases®. There remains a group of patients that cannot be
diagnosed using standard methods.

Coordination of beating-direction and -frequency of cilia is essential for productive
MCC. Motile cilia are evolutionarily conserved. These cilia are complex organelles that
are carried by specialized cells of the respiratory tract, brain ventricles and reproductive
organs. Disorders of motile cilia are referred commonly as motile ciliopathies and PCD
is the most common one. Genes mutated in PCD encode ultrastructural components of
the cilia axoneme, or components of cytoplasmic complexes required for preassembly of
the structural elements. Contrary to what is traditionally thought, mutations causing PCD
do not necessarily affect the ultrastructural composition of the cilia axoneme and may
only have a (subtle) effect on ciliary movement. No single test can confirm a diagnosis
of motile ciliopathy, which is based on a combination of tests including nasal nitric oxide
measurement, transmission electron microscopy, immunofluorescence and genetic
testing?, and high-speed video microscopy to analyse ciliary beat frequency (CBF) and
ciliary motion pattern (CMP)*®. Lack of an adaptable, long-term in vitro model hampers
a more detailed study of ciliary dyskinesia in individual patients: patient-derived primary
airway cell cultures are usually only viable for a few weeks.

Other model systems which are currently used for modelling PCD are unicellular
organisms and vertebrate animal models including zebrafish and xenopus. While

these models allow for the modelling of some aspects of PCD, the models do not fully
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recapitulate human disease’. Similarly, genetic mouse models present with PCD-like
phenotypes when known PCD-causing mutations are introduced. However, due to
the extensive spectrum of PCD-causing mutations and the underlying patient-specific
genome, the variety of PCD phenotypes can not be modelled in mice'. This underlines
the need for a patient-specific model system to identify personalised disease phenotypes.
Currently, patient cells are cultured in air-liquid interface (ALI) cultures which requires
substantial numbers of cells. More importantly, ALl cultures can not be passaged over long
periods of time and thereby provide limited time-span for diagnostics and research''2.
The search for a patient-specific long-term model system therefore remains.

To date, therapeutic interventions can only alleviate PCD patients’ symptoms.
Most patients suffer from a lifelong chronic respiratory morbidity, with varying severity
of the symptoms. Yet, the disease progresses and ultimately may lead to respiratory
insufficiency and even the need for lung transplantation. The heterogeneous nature of
the disease, explained to some degree by the different ciliary genes involved, suggests
the need for personalised therapeutic approaches. The recent development of human
airway organoid (AO) culture has opened the possibility of studying airway diseases in
patient-specific primary material in models that can be manipulated and studied, while
remaining genetically and phenotypically stable over long periods of time. These AOs
can be generated from small biopsies and expanded over time while maintaining it's
potential to differentiate’'%. While 2D cultures can be generated from small biopsies,
the expansion of these basal cells is limited for a few passages'.

Furthermore, MCC and ciliary function are impaired in many chronic respiratory
conditions such as COPD, bronchiectasis and chronic smoking. While efforts in generating
AOs has resulted in limited ciliated cell numbers when spontaneous differentiation was
achieved', differentiation of ciliated cells in 3D model systems was achieved by using
undefined commercially available medium'. Using current knowledge of ciliated cell
differentiation could identify robust yet defined conditions that allows for ciliated cell
differentiation in AOs. A defined ciliary organoid model will allow to develop drugs
that may improve ciliary function, which are currently unavailable'. This study explores
patient-specific AO establishment from PCD patients and the characterization of their
ciliary defect, with the aim of establishing long-lived models of this disease.

MATERIALS AND METHODS

Patient samples

Nasal inferior turbinate brushes were obtained from the Hadassah Medical Centre,
Jerusalem. All patients were diagnosed with primary ciliary dyskinesia. The study was
approved by the ethical committee and was in accordance with the Declaration of
Helsinki and according to lIsraeli law under IRB approval number 075-16 HMO. This
study is compliant with all relevant ethical regulations regarding research involving
human participants.
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Organoid establishment

After NITB sample collection, sample was incubated in Advanced DMEM/F12 (Life
Technologies; 12634-034) supplemented with GlutaMax (Life Technologies; 12634-
034), HEPES (Life Technologies; 15630-056), penicillin (10,000 1U/mL) and streptomycin
(10,000 1U/mL) (Life Technologies; 15140-122) (AdDF+++) with 100pg/mL Primocin
(InvivoGen; ant-pm1) for transport. Samples were shipped at 4°C overnight to Utrecht,
The Netherlands. Human airway cells were isolated, processed and cultured as described
previously'. In short, cells were spun down and supernatant was removed. Cells clumps
were mechanically sheared using narrowed glass pipette to remove mucus. Cells were
resuspended in AdDF+++ supplemented with 100pg/mL Primocin, 1.25mM NAc (Sigma-
Aldrich; A9165), 0.15% Pronase E (Sigma-Aldrich; 7433-2) and 0.5mg/ml collagenase
(Sigma-Aldrich, C9407) and incubated for 20 min at 37°C. Samples were washed twice
with AdDF+++ with Primocin and spun down at 300xg for 5 min. The resulting pellet was
resuspended in ice-cold 70% 10 mg/mL cold Cultrex growth factor reduced BME type 2
(Trevigen; 3533-010-02) in airway organoid medium.

Organoid culture

Organoids were grown in airway organoid medium, previously described'®, which consists
of AdDF+++ supplemented with 1x B27 supplement (Life Technologies; 17504-044),
1,25 mM N-acetyl-I-cysteine (Sigma-Aldrich; A9165), 10 mM nicotinamide (Sigma-Aldrich;
N0636), 500 nM A83-01 (Tocris; 2939), 5uM Y-27632 (Abmole; Y-27632), 1uM SB202190
(Sigma-Aldrich; S7067), 100 ng/mL human FGF10 (PeproTech; 100-26), 25ng/mL FGF7
(Peprotech; 100-19), 1% (vol/vol) RSPO3, and Noggin (produced via the r-PEX protein
expression platform at U-Protein Express BV). This medium was termed airway medium
(AO). For passaging, organoids were collected, washed with DMEM (Life Technologies;
10566016) supplemented with penicillin (10,000 1U/mL) and streptomycin (10,000 U/
mL) (DMEM+P/S), and disrupted either by mechanical shearing or digestion with TrypLE
Express (Life Technologies; 12605-010). After passaging, organoid fragments were
replated in fresh BME. During expansion, medium was replaced twice a week.

Organoids were frozen for long-term storage using CellBanker | (11888; AMSBIO
Europe B.V.) following manufacturers protocol. In short, organoids were grown for 2-5
days after splitting. Organoids were removed from BME using DMEM+P/S and spun
down. Pellet was resuspended in CellBanker | and immediately transferred to -80°C. For

storage over 2 months, vials were moved to liquid nitrogen storage boxes.

Differentiation of airway organoids towards ciliated cell fate

Ciliated cell differentiated was initiated when organoids had visually formed a lumen
(1-3 weeks in AO medium). AO medium was replaced with cilia medium; AO medium
from which Noggin and A83-01 were removed and 10 uM DAPT (Sigma-Aldrich; D5942)
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and 10ng/mL human BMP4 (Peprotech; 120-05) was supplemented. Organoids were
differentiated for 10-21 days by replacing medium 2 times a week.

Growth of organoids quantification

After dissociation of AOs to single cells using TrypLE Express (Life Technologies; 12605-
010), 20,000 cells were plated in 20 pl droplets of BME and cultured with AO medium
for 14 days before starting differentiation. On day O, 3, 7, 10, 14 and 21 after start of
differentiation cells were collected and counted using cell counter grids (KOVA; 87144E).
Average cell number of 3 wells per day was calculated. Results were repeated in three
different experiments and quantifications were performed in a blinded manner.

Air-liquid interface cultures

Air-liquid interface cultures were established from healthy and patient-derived airway
organoid cultures. AOs were dissociated into single cells using trypsin~-EDTA (0.25%;
Gibco-25200).

250,000 cells were seeded on semi-permeable transwell membranes (Corning-3378)
coated with bovine collagen type | (30 ug ml=1; Purecol; Advanced BioMatrix-#5005).
Single cells were seeded in AO growth medium supplemented with 25 ng/mL
recombinant human epidermal growth factor (Peprotech; AF-100-15) and cultured in
submerged conditions. After 4 days, confluent monolayers were cultured in air-exposed
conditions using differentiation medium adapted from Neuberger et al (2011) *°. Medium

was changed every 4 days.

RNA Isolation, cDNA Synthesis, and gPCR.

Organoids were collected from tissue culture plates and washed twice in 10 mL of
DMEM+P/S. RNA was extracted using The Qiagen RNeasy Mini Kit according to
protocol. For cDNA synthesis, GoScript Reverse Transcriptase (Promega; A5003) was used
according to protocol. gPCR reactions were performed in 384-well format using 1Q SYBR
Green (Bio-Rad; 1708880). Gene expression was quantified using the AACt method and
normalized by B-ACTIN using primers listed in table 1.

RNA isolation and RNA sequencing

Total RNA was isolated from organoids that were cultured in AO medium or cilia
medium for 21 days after initial growth period in AO medium using the Qiagen RNeasy
Mini Kit. The quality and quantity of isolated RNA were checked and measured using
the Bioanalyzer 2100 RNA Nano 6000 Kit (Agilent; 5067-1511). Library preparation was
performed with 500 ng of total input RNA using the Truseq Stranded Total RNA Kit with
Ribo-Zero Human/Mouse/Rat Sets A and B (lllumina; RS-122-2201 and RS-122-2202).
Library quality was checked using the Agilent High-Sensitivity DNA Kit (5067-4626) and
the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific; Q32854). Libraries were pooled
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Table 1. Primers used for RT-qPCR analysis

Target Forward Reverse Used before in

DNAHS5 AGAGGCCATTCGCAAACGTA CCCGGAAAATGGGCAAACTG -
DNAH7 ACTTGCAGAATCGCATCCCA CTCCTCTCCGCTCACTTGTC 27

DNAI1 AACGACGGCTGTCCCTAAAG AGCCTACAAAACGCTCCCTC 27
SNTN GCTGCAAACCCAATTTAGGA TGCTCATCAAGTTCAGAAAGGA 54
B-ACTIN CATTCCAAATATGAGATGCGTTGT TGTGGACTTGGGAGAGGACT -
FOXJ1 CCTGTCGGCCATCTACAAGT AGACAGGTTGTGGCGGATT -
SCGB1A1T ACATGAGGGAGGCAGGGGCTC ACTCAAAGCATGGCAGCGGCA -
MUCS5B GGGCTTTGACAAGAGAGT AGGATGGTCGTGTTGATGCG -

to a final concentration of 2 nM. Library pools (1.0 to 1.4 pM) were loaded and sequenced
on an lllumina NextSeq system with 2 x 75-bp high output. After quality control, mapping
and counting analyses were performed using our in-house RNA analysis pipeline v2.1.0
(https://github.com/UMCUGenetics/RNASeq), based on best practices guidelines
(https://software.broadinstitute.org/gatk/documentation/article.php?id=3891).

Differential gene expression analysis was performed using the DESeq2 package®.
Batch-variation correction was applied using batch effect correction of the limma package
in DESeq2.

Data is deposited at GEO under GSE158775. Significantly upregulated genes were
subjected to functional enrichment analysis for a biological process using the Enrichment
analysis tool of Geneontology (http://geneontology.org/). In short, genes names were
copied into the analysis tool from the PANTHER Classification System. The 10 biological
processes with highest enrichment (after FDR correction and a pvalue cut-off of 0.05) for

differentiation are displayed with the corresponding GO term and corrected FDR p-value.

IHC, fixed whole-mount IF and live staining.

Organoids were collected from tissue culture plates and washed twice in 10 mL of Cell
recovery solution (Corning; 734-0107). Organoids were fixed in 4% paraformaldehyde.
For immunohistochemistry this was followed by dehydration, paraffin- embedding,
sectioning, and standard H&E staining. For whole-mount immunofluorescence staining
the organoids were permeabilized for 20 min in 0.5% Triton X-100 (Sigma), and blocked
for 45 min in 1% BSA or 2% normal donkey serum. Organoids were incubated with primary
antibodies overnight at RT, washed three times with PBS, incubated with secondary
antibodies (Invitrogen) and indicated additional stains (DAPI; Life Technologies; D1306
and Phalloidin-Alexa488; Life Technologies; A12379) 2h at RT, washed two times with PBS,
and mounted in VECTASHIELD non-hard-set antifade mounting medium (Vectorlabs). For
microtubule live stain, organoids were transferred to glass-bottom plates and incubated
with medium containing 100nM SiR-tubulin dye (Spirochrome). 12-24 hours later

the organoids were imaged.
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Samples were imaged on SP8 confocal microscope using LAS X software (all Leica)
and processed using ImageJ. Staining was performed on acetylated-a-tubulin (Santa
Cruz; sc-23950), actin (Sigma-Aldrich; A5228), SCGB1A1 (Santa Cruz; sc-9773) keratin 5
(Covance; PRB 160P-100).

Quantification of apical surface coverage

IHC images of acetylated-a-tubulin-stained AOs were loaded into Fiji image software.
Using tracing tool, the surface area was calculated. Secondly the area stained positive
was measured. Percentages per organoid were calculated. For PCD AOs differentiation
efficiency, each separate experiment shows counts of 10 organoids and quantifications

were performed in a blinded manner.

Flow cytometry

AOs were differentiated using described protocols. On the day of the analysis, organoids
were harvested and washed in 10 mL DMEM+P/S. Organoids were dissociated into single
cells using TrypLE (Gibco) supplemented with Y-27632 at 37°C for 30 minutes. During
the single-cell dissociation, the organoid suspension was vigorously pipetted every 5
minutes to keep the solution homogenous. Cells were fixed in 4% paraformaldehyde for
2h at RT. The organoids were permeabilized for 30 min in 0.5% Triton X-100 (Sigma),
and blocked for 30 min in 2% normal goat serum in PBS. Organoids were incubated with
primary antibody (mouse-anti-acetylated-a-tubulin; Santa Cruz; sc-23950) for 1h at RT,
washed three times with PBS, incubated with secondary antibodies (goat-anti-mouse IgG-
Alexad88; Invitrogen) for 1h at RT, washed two times with PBS. Cells were strained over
35pum mesh into Falcon® 5 mL Round Bottom Polystyrene Test Tube (Corning; 352235).
FACS analysis was performed within 30 min on BD LSR Fortessa X20 4 laser FACS

machine. Data analysis was performed using FlowJo (v10.7.2).

Scanning EM
Organoids were removed from BME, washed with excess AdDF+++, fixed for 15 min with
1% (v/v) glutaraldehyde (Sigma) in phosphate-buffered saline (PBS) at room temperature,
and transferred onto 12-mm poly-L-lysine coated coverslips (Corning).

Samples were subsequently serially dehydrated by consecutive 10-min incubations in
2 ml of 10% (v/v), 25% (v/v) and 50% (v/v) ethanol-PBS, 75% (v/v) and 90% (v/v) ethanol-
H20, and 100% ethanol (2x), followed by 50% (v/v) ethanol-hexamethyldisilazane (HMDS)
and 100% HMDS (Sigma).

Coverslips were removed from the 100% HMDS and air-dried overnight at
room temperature.

Organoids were manipulated with 0.5-mm tungsten needles using an Olympus SZX9

light microscope and mounted onto 12-mm specimen stubs (Agar Scientific).
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Following gold-coating to 1 nm using a Q150R sputter coater (Quorum Technologies)
at 20 mA, samples were examined with a Phenom PRO tabletop scanning electron

microscope (Phenom-World).

Transmission EM

Organoids were removed from BME, washed with excess AADF+++ + 5% FBS. Organoids
were fixed with 1.5% glutaraldehyde in 0.1M cacodylate buffer. They were kept in
the fixative for 24 h at 4°C. Then, they were washed with 0.1M cacodylate buffer and
postfixed with 1% osmium tetroxide in the same buffer containing 1.5% potassium
ferricyanide for 1 h (dark) at 4°C. Then the samples were dehydrated in ethanol, infiltrated
with Epon resin for 2 days, embedded in the same resin and polymerized at 60°C for 48 h.
Ultrathin sections of 50 nm were obtained using a Leica Ultracut UCT ultramicrotome
(Leica Microsystems, Vienna) and mounted on Formvar-coated copper grids. They were
stained with 2% uranyl acetate in water and lead citrate. Then, sections were observed in
a Tecnai T12 electron microscope equipped with an Eagle 4kx4k CCD camera (Thermo
Fisher Scientific, the Netherlands).

Electron tomography

Epon sections were cut with a thickness of 200 nm and 10 nm BSA-gold fiducial were
placed on top to facilitate tomogram alignment. Dual axis tomograms were recorded
inside a FEI T12 electron microscope running at 120 kV using the FElI automated
tomography acquisition software and using 1 ° tilt increments and a pixel size of 0.94
nm. Tomogram reconstruction was performed with the IMOD software. Projection images
of the cilia were extracted using the ChimeraX and 3D volume renders were made

with Amira.

Time-lapse and high-speed microscopy

Bright-field AO time-lapse videos were recorded at 37°C and 5% CO2 on an AF7000
microscope equipped with a DFC420C camera using LAS AF software (all Leica). Bright-
field cilia movement in organoids and air-liquid-interface cultures was recorded using
the same setup equipped with a Hamamatsu C9300-221 high-speed CCD camera
(Hamamatsu Photonics) at 150 frames per second using Hokawo 2.1 imaging software

(Hamamatsu Photonics).

Plasmid construction for prime editing

Human codon optimized prime editing constructs were a kind gift from David Liu;
PCMV_PE2 (Addgene plasmid #132775), pU6-pegRNA-GG-acceptor (Addgene plasmid
#132777). The empty sgRNA plasmid backbone was a kind gift from Keith Joung
(BPK1520, Addgene plasmid #65777). pegRNA were created as previously described 3.
In brief, the pU6-pegRNA-GG-acceptor plasmid was digested overnight using Bsal-HFv2
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(NEB), loaded on a gel and the 2.2kb band was extracted using the QlAquick Gel
extraction kit. Oligonucleotide duplexes for the spacer, scaffold and 3'-extension with
their appropriate overhangs were annealed and cloned into the digested pUF-pegRNA-
GG-acceptor by golden gate assembly according to the previously described protocol®.
PE3-guides were cloned using inverse PCR together using BPK1520 as template and Q5
High fidelity polymerase. Upon PCR clean-up (Qiaquick PCR purification kit), amplicons
were ligated using T4 ligase and Dpn1 (both NEB) to get rid of template DNA. PEgRNA
and PE3-guide combinations were designed using the online web-tool pegFinder (https://
www.nature.com/articles/s41551-020-00622-8). All transformations in this study were
performed using OneShot Mach1t1 (ThermoFisher scientific) cells and plasmid identity
was checked by Sanger sequencing (Macrogen). Spacer and 3’ extensions for PEgRNA
and PE3-Guide can be found in Table 2. Primers for plasmid construction can be found
in Table 3.

Organoid electroporation

Organoid electroporation was performed with slight modifications to this previously
described protocol**3. Wild type airway organoids derived from PCD patient 3 (PCD3_
DNAH11) were maintained in their respective expansion medium up until 24h before
electroporation. 24h in advance, the expansion medium was switched to electroporation
medium which adds rho-kinase inhibitor Y-27632 (abmole bioscience) to inhibit anoikis
and 1.25%(v/v) DMSO. On the day of electroporation the organoids were dissociated

Table 2. Spacer and 3’ extensions for PEGRNA and PE3-Guide used for Prime editing in AOs

Plasmid name Spacer sequence 3'- extension

DNAH11-PEgRNA GCTTGATAATCAGAAATCaA TTGTTCTCCTTtGATTTCTGATTATCAAGC
DNAH11-PE3-guide GATGGGTATATGGCAATTTT -

Table 3. Primers used for Prime editing in AOs

5’ a 3’ sequence Primer name
CACCGCTTGATAATCAGAAATCaAGTTTT DNAH11 peg_spacer_F_2
CTCTAAAACTTGATTTCTGATTATCAAGC DNAH11 peg_spacer_R_2
GTGCTTGTTCTCCTTAGATTTCTGATTATCAAGC DNAH11 peg_EXTF _2
AAAAGCTTGATAATCAGAAATCTAAGGAGAACAA DNAH11 peg_EXTR_2
AAAATTGCCATATACCCATCCGGTGTTTCGTCCTTTCCACAAG DNAH11 pe3_2
/5phos/AGAGCTAGAAATAGCAAGTTAAAATAAGGCT gRNA_scaffold Top
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG
/5phos/GCACCGACTCGGTGCCACTTTTTCAAGTTGAT gRNA scaffold bottom

AACGGACTAGCCTTATTTTAACTTGCTATTTCTAG




Modelling of Primary Ciliary Dyskinesia using Patient-derived Airway Organoids

into single cells using TrypLE (Gibco) supplemented with Y-27632 at 37°C for 30 minutes.
During the single-cell dissociation, the organoid suspension was vigorously pipetted
every 5 minutes to keep the solution homogenous. Cells were resuspended in 100ul of
Opti-MEM™ (Gibco; 11058021) and combined with 10pl plasmid solution containing 7.5
pg pCMV_PE2_P2A_GFP depending on gene editing strategy and 2.5 pg per guide-RNA
plasmid. Electroporation was performed using NEPA21 with settings described before 3.
After electroporation the cells were resuspended in 600ul BME and plated out in 20 pl
droplet/well of a pre-warmed 48-wells tissue culture plate (Greiner). After polymerization,
the droplets were immersed in 250 pL of expansion medium and the organoids were
maintained at 37°C and 5% CO2.

Genotyping of mutations in PCD AOs

PCD3_DNAH11 AOs were grown in expansion condition. DNA was extracted from AOs
using Quick-DNA™ MicroPrep (Zymo research; D3021). PCR on £500bp genomic context
was performed using standard Q5® Hot Start High-Fidelity DNA Polymerase protocol
(New England Biolabs; M0493). PCR products were purified using NucleoSpin Gel and
PCR Clean-up kit (Bioke; 740609) and Sanger sequenced by Macrogen Europe.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 8 software.

RESULTS

To establish patient-specific PCD organoids, we obtained airway organoid (AO) cultures
from nasal inferior turbinate brush (NITB) samples collected from healthy and affected
individuals with known mutations in PCD related genes. Several studies have shown
the use of nasal epithelium as model for airway diseases like PCD'"'7-2%. The non-invasively
received NITB samples were obtained from 4 patients and 2 healthy controls. NITB-
derived AOs have shown effectiveness as airway epithelium model?-2%. Patients were
diagnosed with PCD and their genomes sequenced. Clinical data from two of the patients
was published previously??#. The patients carried mutations in Dynein Axonemal
Intermediate Chain 2 (DNAI2), Leucine Rich Repeat Containing 6 (LRRCé), Dynein
Axonemal Heavy Chain 11 (DNAH11) and Coiled-Coil Domain Containing 65 (CCDC65)
respectively (Figure 1A). DNAI2 mutations are predicted to lead to dysfunctional outer
dynein arms in PCD1_DNAI2. Homozygous amino acid alteration D146H in LRRCé causes
aberrations in both outer as inner dynein arms in PCD2_LRRCé. Deletions in CCDC65 lead
to loss of microtubule-coupling nexin links in PCD4_CCDC65 (Figure 1B). NITB samples
of both nostrils were placed in tubes containing transport medium and transported
on ice from Jerusalem to Utrecht. Within 24 hours after collection, the samples were

received and processed by mechanical and enzymatic digestion. Only limited numbers
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Figure 1. Generation of human airway organoids from primary cilia dyskinesia patients. A)
Summary/overview of the airway organoid lines used in this study. Details regarding the mutational
status, affected protein, dbSNP number, cilia structural component predicted to be affected and ciliary
motility are included. Genetic mutations of generated AOs were confirmed by Sanger sequencing
(Supplementary figure S1). B) Schematic figure highlighting the cilia inner structure (axoneme).
The cross-section of the axoneme shows the genes affected in generated AOs and their predicted
effect on the different structural components of the axoneme. C) Representative brightfield images
of PCD (PCD1_DNAI2 and PCD4_CCDC65) and healthy control AOs (Normal2_WT) displaying their
morphological similarity. Scale bar = 500pm. D) Representative montage of SiR-Tubulin live imaging
(Video EV1) showing the difference in cilia motility between healthy and PCD AOs. Healthy AOs
(Normal2_WT) (upper panel) display normal cilia motility whereas cilia in PCD AOs (PCD3_DNAH11)
are immotile (lower panel). All organoids were cultured in AO medium. Time is indicated in seconds.
Scale bar = 25 pm.
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of cells were plated yet AOs formed which could be expanded exponentially, frozen
down and thawed repeatedly. The majority of the established organoids were cystic
and showed a comparable phenotype to the previously published AOs (Figure 1C)%.
Percentage of cystic organoids varied between donors and passages within a single line;
only cystic organoids contained visible ciliary cells. AOs could be maintained for >35
passages (>1 year). Patient mutations were verified in the established organoid lines
(Supplementary figure STA-E). While limited numbers of cells with beating cilia were
observed in healthy AOs (Figure 1D, upper panel and Video EV1a), immotile cilia were
observed in 3 out of 4 patient-derived AOs (Figure 1D, lower panel and Video EV1b).
This observation was confirmed using the standard method of mucociliary differentiation
using ALl cultures™ (Video EV2). Using high speed imaging techniques, cultures of healthy
AOs showed regular CBF of cilia (Video EV2a,b), while cultures of PCD1_DNAI2 displayed
no visible beating in ALl cultures (Video EV2c,d). Taken together, NITB-derived AOs
from known PCD patients appeared to maintain disease phenotype in culture but limited
numbers of ciliated cells in expansion conditions hampered robust PCD modelling.

To optimise the application of primary AOs in modelling PCD, we aimed to establish
a protocol to enhance differentiation towards a ciliated cell fate. Bone morphogenic
protein (BMP) and Notch signalling have previously been implied in driving this process?.
We inhibited Notch signalling by adding the gamma-secretase inhibitor DAPT, removing
the BMP signalling inhibitor Noggin, and replacing it with recombinant BMP4 in
the standard AO culture medium. This media, which we termed ‘cilia medium’ (CilM),
induced a strong increase in ciliated cell numbers in the established AOs (Fig. 2). The rate
of differentiation appeared somewhat variable; full differentiation required 14 to 21 days.
After 21 days in CilM, the apical surface area of AOs that stained for the cilium-marker
acetylated-a-tubulin was increased from £1% to £35% of total surface area (Figure 2A,B).
Incubation in CilM arrested the expansion of organoids (Figure 2C). To obtain significant
numbers of differentiated cells, we applied the following strategy: First, organoids were
allowed to grow into large cysts in AO medium for 1-3 weeks. Next, CilM was added to
the cultures for at least two weeks. Increasing levels of ciliated cell marker genes were
observed over a 16-day period (Figure EV1A). The cilia could be visualised by live staining
of SiR-tubulin (Video EV3) and, in fixed organoids, by immunofluorescent staining for
acetylated-a-tubulin (Figure 2D). SiR-tubulin-positive and acetylated-a-tubulin positive
cilia were identified on the luminal side of cystic organoids (Figure 2D) while dense
organoids showed little to no cilia. This underlines the importance of cystic organoids in
culture. Similar differentiation potential was observed in patient-derived AOs although
some donor-donor variation was observed. While PCD2_LRRCé AOs showed increased
apical presence of acetylated-a-tubulin, the percentage was lower than observed in other
PCD AOs (Figure 2E). Similarly, this difference in number of ciliated cells was observed
using flow cytometry (Figure EV2A). Yet, increased ciliated cell numbers in all PCD AOs
was observed after 14 days of CilM compared to AO medium (Figure EV2B-I). Limited

numbers are due to the build-up of the organoids in which only the most apical layer
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Figure 2. Cilia medium (CilM) promotes differentiation of ciliated cells in human airway
organoids. A) Representative immunohistochemistry images of healthy human AOs (Normal1_WT)
stained for acetylated-a-tubulin. An increased number of ciliated cells were observed in organoids
cultured in CilM (21 days) compared to AO medium. Scale bar = 200pm. B) Quantification of
acetylated-a-tubulin® circumference as a measure of ciliated cell numbers, shows an increase upon
culturing healthy AOs in CilM (21 days) compared to AO. Each dot represents an analysed organoid.
*kxk = P< 0.0001 using Student t-test. Bars = mean = SD. N=10. C) Quantification of cell numbers
following culturing of organoids in CilM (red) or AO (blue) medium. Upon differentiation in CilM,
organoids do no longer expand and stabilise in cell number while organoids in AO medium keep
expanding seen by an increase in cell number. Organoids were first cultured in AO media for 14 days
and were then either continued to be cultured in AO or subjected to CilM. The number of cells were
quantified at each indicated timepoint following the first 14 days in AO media. Two donors were
tested in triplicate. *** = P< 0.001 and **** = P< 0.0001 using student t-test. N=3. Error bars = SD.
D) Representative image of healthy AOs (Normal1_WT) in CilM (21 days) stained for cilia (acetylated-
a-tubulin (Ac-a-tub)), cellular membrane (Actin) and nucleus (DAPI). Scale bar = 100pm. Ciliated
cells occur throughout the organoid as acetylated-a-tubulin (Ac-a-tub)* cells. E) Quantification of
acetylated-a-tubulin® circumference as a measure of ciliated cell numbers, shows an increase upon
culturing PCD AOs in CilM (21 days) compared to AO. Each dot represents ten analysed organoids
in a single differentiation experiment. Colour of the dot indicates donor line. **** = P< 0.0001 using »
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} student t-test. N = 12. Bars = mean * SD. F) Representative IF image of PCD AOs (PCD3_DNAH11)
in CilM (14 days) stained for cilia (acetylated-a-tubulin (Ac-a-tub)), cellular membrane (Phalloidin) and
nucleus (DAPI). Scale bar = 100pm. Ciliated cells can be observed following culture of the organoids
in CilM but not in AO medium. Images are similar to Figure EV3.

of cells within the organoids can form cilia. Only cells which possess cilia were counted
using flow cytometry while cells in lower cell layers could show ciliated cell characteristics
except for cilia formation due to the limited space for cilia build-up.

Moreover, presence of acetylated-a-tubulin positive cells with visible cilia were observed
in all donors using immunofluorescence (Figure 2F and Figure EV3). Coordinated beating
of the cilia was visualized using the live stain mentioned above (Video EV3). Taken together,
healthy and patient-derived AOs grown in CilM presented increased ciliated cell numbers
while healthy AOs also displayed regular CBF.

To better characterize the processes of differentiation towards ciliary fate, bulk mRNA
sequencing was performed on three donors (Normal2_WT, PCD1_DNAI2 and PCD4_
CCDC65) in CilM and AO medium. Large differences in gene expression were observed in
organoids grown in CilM compared to control organoids grown in AO medium (Figure 3A,
Supplementary figure S2 and Table EV1-2). 193 genes were found differentially expressed
(130 upregulated and 63 downregulated) (adjusted p-value <0.01 and abs(log2fold) > 1.5)
(Table EV3). Satisfyingly, genes significantly upregulated in CilM organoids were
characterised as being involved in ‘cilium movement’ by GO-term analysis and as well
as in the GO terms ‘ciliated cell functioning including axoneme assembly’ and ‘cilium
assembly’ (Figure 3b), as well as ‘component of the cilium and axoneme’ (Figure 3C).
We then specifically assessed expression levels of a self-assembled list of genes
that have been described to be involved in cilium structure or intra-cilium transport
(Table EV4)®. A general increase in the expression of cilia-related genes was observed in
CilM grown organoids from all donors (Figure 3D). Of note, similar to the immunostainings,
some donor-donor variation was observed (Supplementary figure S2 and Figure
EV4A). PCD4_CCDC65 showed higher levels of ciliated cell marker genes in the generic
AO medium compared to the other donors, while these levels still increased in CilM.
The data was therefore normalised using batch-to-batch variation correction. In general,
highly similar transcriptomic changes can be observed when AOs are differentiated in
CilM, independent of the AO’s origin (Figure 4A,B and Supplementary figure S2 and
Figure EV4A). These findings were verified using RT-gPCR in Normall_WT AOs
(Figure EV1A) and in all four PCD AOs (Figure EV1B) showing the increase of cilia-
related genes DNAHS5, DNAH7, SNTN, DNAIT and FOXJ1. Besides inducing ciliated cell
differentiation, CilM lowered expression levels of typical secretory cell markers: SCGB1A1
(Club cells) and MUC5B, MUC5AC and TFF3 (Goblet cells) (Figure 4A and C). Similar
downregulation of secretory cell markers SCGB1A1 and MUC5B was observed in the four
PCD AO lines after 14 days of differentiation in CilM compared to AO medium (Figure EV1B).
Using immunofluorescence, secretory cells could be identified in AO medium cultures
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Figure EV1. Healthy and PCD AOs in CilM upregulate cilia-related genes. A) Cilia-related genes
DNAH5 and DNAI2 increase over time in AO medium but more strikingly in CilM. Cilia-related genes
DNAH7 and SNTN do not increase over time in AO medium while increasing in CilM. Error bars =
stdev. ** = P< 0.01, **** = P< 0.0001 using two-way ANOVA. N=3. B) Cilia-related gene DNAH5,
DNAH7, SNTN and FOXJ1 expression is increased after 14 days in CilM compared to the same
donor line in AO medium. The increase shows donor-donor variation. Similarly, the expression of
secretory cell markers MUC5B and SCGB1AT is downregulated in CilM compared to AO medium
after 14 days. Error bars = stdev. N=3.

(Figure 4E and Figure EV5D). These secretory cells were lost in CilM AOs (Figure 4E). We
also noted a general increase of expression of basal cell marker genes (TP63 and KRT5)
(Figure 4A and D). No clear differences in KRT5* basal cell number or localisation was
identified between organoids grown in AO medium or in CilM (Figure 4F). Cell type
markers for pulmonary neuroendocrine cells, tuft cells and ionocytes were generally low
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Figure EV2. Ciliated cell numbers increase in all PCD AOs with varying efficiency after
differentiation in CilM. A) Representative FACS plots show that single acetylated-a-tubulinhish
cells were identified among the population in AOs in CilM and AO medium. B-E) The histograms
show differentiation efficiency based on intensity of acetylated-a-tubulin expression of the four PCD
AO lines. Increased counts of GFP"" cells could be identified in the single cell population in AOs
differentiated for 14 days in CilM compared to AOs cultured in AO medium. Bar indicates gating
strategy for quantification. F-I) Bar plots depiciting percentages of acetylated-a-tubulins" cells in
AOs differentiated in CilM for 14 days or cultured for 14 days in AO medium. Increased percentages
of ciliated cells can be observed in all donor lines with varying fold changes.

or undetectable and did not appear to change (Figure EV4B-D). Taken together, CilM
induces differentiation of AO cells towards a ciliated cell fate at the cost of secretory
cell differentiation.

The presence of ciliated cells in CilM was confirmed for all four PCD AOs using live
fluorescent imaging and transmission and scanning electron microscopy (Figure 5). After
21 days in CilM, PCD AOs showed varying, yet abundant levels of ciliated cells in all cystic
organoids. The ciliated cells were mostly located on the luminal side of the organoids
while some more dense AOs showed an inverse polarity with cilia on the outside of
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Figure 3. Upregulation of cilia-related genes in human airway organoids after 21 days in CilM.
A) Heatmaps depicting significantly differentially expressed genes of healthy (Normal2_WT) and
PCD (PCD1_DNAI2 and PCD4_CCDC65) organoids after 21 days in CilM compared to AO medium.
Both healthy and PCD organoids showed an upregulation of ciliated genes such as RFX2, DNAI1
and CCDC3 and a down regulation of marker genes related to secretory cells. pvalue <0.05 and
abs(Log2Fold change) >1.5. Colored bar represents row z-scores of donor effect corrected normalised
counts. CilM AOs (yellow) cluster apart from AO medium AOs (green) in unsupervised hierarchical
clustering. B) GO term enrichment analysis for biological processes of the significantly up-regulated
genes in CilM compared to AO medium. The top 10 genes are all related to the function of ciliated
cells/ cilia function. C) GO term enrichment analysis for cellular component of the significantly up-
regulated genes in CilM compared to AO medium. The top 10 genes are all related to the function
of ciliated cells/ cilia function. D) Heatmaps depicting cilia-related genes in healthy (Normal2_WT)
and PCD (PCD1_DNAI2 and PCD4_CCDCé5) organoids after 21 days in CilM compared to AO
medium. Both healthy and PCD organoids showed an upregulation of most ciliated genes. Colored
bar represents row z-scores of donor effect corrected normalised counts. CilM AOs (yellow) cluster
apart from AO medium AOs (green) in unsupervised hierarchical clustering.
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Figure EV3. Varying numbers of cilia are visible on the apical surface of PCD AOs. An increased
number of cilia (acetylated-a-tubulin® (acet-a-tub)) is observed in patient-derived PCD AOs after
differentiation for 14 days in CilM (right panels) compared to AO Medium (left panels) in all donor
lines. Representative images show varying numbers of cilia between donors in both AO medium and
CilM. Scale bar = 100pm. Images of PCD3_DNAH11 are similar to Figure 2F.

the organoid (Figure 5A). Ciliary immobility was observed in all cystic AOs of PCD1_
DNAI2, PCD2_LRRCé6 and PCD3_DNAH11 (Video EV4). Luminal coverage of cilia was
confirmed using scanning electron microscopy in patient derived AOs (Figure 5B).
Transmission electron microscopy identifies patches of ciliated cells in PCD3_DNAH11
and PCD2_LRRCé organoids differentiated in CilM (Figure EV5A-C). Similar to earlier
quantification, PCD2_LRRCé showed much less cilia when compared to PCD3_DNAH11.
Contrarily, rare AOs were identified with patches of cells with secretory vesicles in AO
medium PCD2_LRRC6é but never in organoids grown in CilM (Figure EV7D). Closer
inspection of the cilia in organoids grown in CilM revealed ultrastructural abnormalities
in both PCD3_DNAH11 as in PCD2_LRRC6, as described previously?’. PCD3_DNAH11
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Figure EV4. Contribution of PNEC, ionocyte and tuft cells does not change in CilM. A) Heatmaps
depicting expression of known cell markers for pulmonary cell types in Normal2_WT, PCD1_DNAI2
and PCD4_CCDCé5 cultured in CilM and AO medium. Row color on the left indicates cell type.
PNEC = pulmonary neuroendocrine cell. Colored bar represents Z-score of log2 transformed values
of bulk mRNA sequencing data. B) No significant differences in normalised counts of ionocyte marker
FOXI1 in Normal2_WT, PCD1_DNAI2 and PCD4_CCDC65 cultured AO or in CilM was observed as
indicated in this dotplot graph. Colors of dots indicate the individual organoid line. Boxplot shows
median, two hinges (25" and 75" percentile) and two whiskers (largest and smallest value no further
than 1.5x inter-quartile range). C) No significant differences in normalised counts of pulmonary
neuroendocrine cell marker NGF in Normal2_WT, PCD1_DNAI2 and PCD4_CCDC65 cultured
AO medium or in CilM was observed as indicated in this dotplot graph. Colors of dots indicate
the individual organoid line. Boxplot shows median, two hinges (25" and 75" percentile) and two
whiskers (largest and smallest value no further than 1.5x inter-quartile range). D) A slight increase
normalised counts of tuft cell marker POU2F3 in Normal2_WT, PCD1_DNAI2 and PCD4_CCDCé65
cultured in CilM was observed compared to AO medium. Colors of dots indicate the individual
organoid line. Boxplot shows median, two hinges (25" and 75% percentile) and two whiskers (largest
and smallest value no further than 1.5x inter-quartile range).

showed presence of outer dynein arms but misalignment of the inner arm in the cilia
analysed (Figure 5C-E). This contrasted with the outer arm-location of DNAH11 protein.
Ciliary ultrastructures of the PCD3_DNAH11 patient were indicated as normal during
diagnostics. This might indicate the need of additional material in the form of AOs to aid
diagnostics. PCD2_LRRC6 missed both inner and outer dynein arms (Figure 5F-H).

Given that for some patients, diagnostic parameters like ciliary ultrastructures remain
inconclusive for a definitive PCD diagnosis (Table EV5) and the abundance of ciliated cells
in CilM, we then studied cilia-function in the PCD patient-derived AOs. These observations

were compared to available diagnostic data of the same patients. All patients had low nasal
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Figure 4. Cellular compositional changes in AOs upon culturing in CilM by bulk mRNA
sequencing. A) Heatmaps depicting the expression of well-established marker genes for the different
pulmonary cell types in normal (Normal2_WT) and PCD (PCD1_DNAI2 and PCD4_CCDC65)
organoids, cultured for 21 days in CilM compared to 21 days in AO medium. Colored bar represents
row z-scores of donor-corrected normalised counts. B-D) Dotplot graph depicting the normalised
counts of ciliated cell marker FOXJ1 (B), club cell marker SCGB1A1 (C) and basal cell marker TP63
(D) in Normal2_WT, PCD1_DNAI2 and PCD4_CCDC65 cultured for 21 days in CilM or AO medium.
Colors of dots indicate the individual organoid line. Boxplot shows median, two hinges (25" and 75%
percentile) and two whiskers (largest and smallest value no further than 1.5x inter-quartile range). E)
Representative immunofluorescence images of PCD AOs (PCD2_LRRCé) in CilM (14 days) stained
for cilia (acetylated-a-tubulin (Ac-a-tub)), secretory cells (SCGB1A1), cellular membrane (Phalloidin)
and nucleus (DAPI). Secretory cells can be identified in AOs cultured for 21 days in AO medium as
SCGB1A1* cells but not in AOs cultured in CilM for 21 days. In contrast, cilia (acetylated-a-tubulin
(Ace-a-tub)*) can only be identified in AOs cultured in CilM. Representative image. Scale bar =
50pm. F) Representative image of PCD AOs (PCD3_DNAH11) in CilM (14 days) stained for basal
cells (keratin 5 (KRT5)), cellular membrane (Phalloidin) and nucleus (DAPI). No significant difference
in the number of basal cells can be observed between organoids cultured inAO medium or CilM (14

days). Scale bar = 50pm.
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Figure 5. PCD AOs differentiated towards ciliated cells allow live and nanoscopic analysis. A)
Representative immunofluorescence images of patient-derived PCD AOs stained with a SiR-tubulin
live stain. Differentiation in CilM results in an increase in the number of ciliated cells. Scale bar =
50pm. B) Scanning electron microscopy images of PCD organoids. Luminal cilia occur in patient-
derived AOs that differentiated in CilM for 21 days. Zoom ins shows cilia. Scale bar = 5um. C-H)
Electron tomography showing the mutant cilia phenotypes from PDC3_DNAH11 (C-E) and PCD2_
LRRCé (F-H) patient-derived organoids. Dual-axis tilt series were acquired of which the 0°-tilt are
represented after erasing the fiducial gold-beads in IMOD (C, F). After the 3D reconstruction, cilia
phenotypes were easily recognized by volume visualization in ChimeraX (D, G). PCD2_LRRC6 AOs
showed dynein arm disorders (H), although cilia of PCD3_DNAH11 still had clearly recognizable
outer and inner dynein arms (E; arrowheads). Scale bars represent 250nm.
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Figure EV5. Transmission electron microscopy reveals patches of ciliated cells.A) Ciliated cells
were identified facing the lumen of PCD2_LRRCé AOs in CilM. Scale bar = 5um. B-C) Ciliated cells
were more frequently identified in PCD3_DNAH11 AOs in CilM. Scale bar = S5pm (B) and 1pm (C). D)
Rare AOs with secretory cells were identified in PCD2_LRRC6 AOs in AO medium. Scale bar = 5um.

nitric oxide (NNO) production (12-59 ppb, while the threshold for diagnosis is <200ppb).
Apart from nNO levels, each patient lacked important additional diagnostic values. Patient
1 (PCD1_DNAI2) and 4 (PCD4_CCDC65) did not present with otitis media while patient 3
(PCD3_DNAH11) had no signs of bronchiectasis (Table EV5). To include a new diagnostic
measure, patient-specific functional phenotypes were studied in organoids in CilM by
4 hour-video recording. While healthy AOs showed directional mucosal spin over this
period due to their coordinated ciliary beating, AOs with mutations in the outer dynein
arm (PCD1_DNAI2 and PCD3_DNAH11) displayed no ciliary beating, resulting in absent
mucosal spin. Surprisingly, both patients presented with inconclusive and normal electron
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micrograph respectively which could have led to misdiagnosing the patient. Contrarily,
PCD3_DNAH11 AOs showed some structural abnormalities in organoid-derived TEM
images which confirmed diagnosis of PCD (Figure 5C-E). Ciliary beating was observed
in AOs of PCD4_CCDC65, but mucosal spin remained absent (Video EV5). The patient
presented during diagnosis with a normal electron micrograph. Slow-motion imaging of
the ciliary beat of PCD4_CCDC65 revealed uncoordinated and stiff beating characterised
by loss of the arching of the cilium (Video EV$6). This aberrant cilium movement explained
the absence of directional mucosal spin in long-term imaging. Satisfyingly, a PCD
phenotype could be identified for all three patients that presented with an inconclusive or
a normal electron micrograph. Most importantly, in comparison to ALl cultures, AOs can
be expanded over extensive period of time. AO cultures therefore can provide additional
and potentially crucial information to the standard PCD diagnosis which involves ALl and
electron micrographs and provide additional material for later studies.

To summarise the potential of AOs as diagnostic measures, PCD1_DNAI2, PCD2_
LRRC6 and PCD3_DNAH11 showed immotile cilia in the live imaging of AOs while
PCD4_CCDC65 showed hyperkinetic and/or stiff ciliary movement. Both in PCD2_LRRC6
as PCD3_DNAH11 AOs ultrastructural abnormalities were observed which was missed in
PCD3_DNAH11 during diagnostics. In all four patients no mucosal swirl was observed.
Together with nNO levels, these parameters were able to identify PCD patient samples
apart from healthy (Table EV5). Additional patient-derived lines will be needed to further
strengthen this claim.

Apart from increased diagnostic opportunities, organoids allow for genetic
manipulation. Repair of the mutated gene and the future perspective of potential
autologous transplantation of the organoids could be regarded as definitive treatment
of PCD patients. Therefore, we applied prime editing in PCD AOs®*-32. PCD3_DNAH11
AOs were transfected with plasmids coding a modified Cas9 with nickase activity
and reverse translation of a provided wild-type DNA template (Figure 6A). To repair
the mutation in DNAH11 in PCD3_DNAH11 organoids were made into single cells,
incubated with the above mentioned DNA and electroporated using earlier described
method®. Outgrowth of clones after recovery and culturing was minimal potentially
due to suboptimal conditions. Small AOs that stopped proliferating after several days
but survived hygromycin selection, of which resistance was introduced in the same
electroporation using the piggyBac system, were genotyped to identify efficiency of
the genetic editing. We could identify both homozygous and heterozygous repair of
the mutated allele (Figure 6B). 62,5% of the organoids showed homozygous repair, 25% of
the organoids showed heterozygous repair and 12,5% of the AOs picked were resistant to
selection but showed no repair (Figure 6C). Unfortunately, none of the repaired organoid
lines could be expanded long-term, something we have observed consistently when
AO manipulation involves transfection and a sub-cloning step. Although optimalisation
on generating stable lines is needed, the AOs allow for genetic editing to repair PCD-

causing mutations.
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Figure 6. Repair of DNAH11 mutation in PCD3_DNAH11 using prime editing. A) Schematic
drawing of the prime editing complex including sequences used for prime editing (PE3)-guide,
reverse transcriptase (RT)-template, primer binding site (PBS) and spacer. RT-template indicates
the base exchange of T>A to repair ¢.7472-2A>T in DNAH11. B) Sanger sequencing traces from
isolated single organoid clones aligned to the reference sequence of DNAH11 (hg19). PCD3_
DNAH11 organoids were electroporated with the primer editor. Clones from PCD3_DNAH11 wild
type (green), heterozygous (blue) and mutated (red) were identified. C) Bar plot of quantification
of the efficiency of repair with prime editing in picked clones of PCD3_DNAH11. Unrepaired (red),
homozygous repaired (green) and heterozygous repaired (blue) sequences could be identified.

DISCUSSION

Here, we describe a long-term disease modelling strategy using AOs derived from NITB
samples. Combined treatment with a Notch inhibitor and a BMP activator (CilM) improves
differentiation towards ciliated cells when compared to our original AO protocol®. CilM
thereby facilitates easy visualisation of ciliated cell-related biology and disease. Induction of

ciliated cells coincides with inhibition of secretory differentiation. This bifurcation is known
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to be controlled by Notch signalling, a phenomenon exploited in our strategy**. Of note, it
is somewhat surprising that Notch inhibition of the intestinal epithelium (both in vivo and in
organoids) results in the opposite effect: a dramatic increase in secretory lineage cells®-%.
The differentiated AO lines retain their multipotency as evidenced upon re-transfer
to the original AO medium. One advantage of this model system over conventional
diagnostic cultures is the possibility for long-term culture and thereby for more extensive
modelling, e.g. by using CRISPR/Cas? tools*. Currently, AOs show restricted growth after
stress by electroporation, lentiviral transduction or subcloning. Expanding these organoids
using current conditions do not allow sustained growth. Of note, unmanipulated airway
organoids can be expanded >1-2 years' and are thus comparable to classical cell lines,
while primary cells can only be cultured for weeks, without significant expansion of
the input cells.

Research questions that can be answered by this differentiation protocol specifically
address ciliated cell function. The AO cultures, however, remain multipotent as evidenced
upon re-transfer to the original AO medium. One advantage of this model system over
conventional diagnostic cultures is the possibility for long-term culture and thereby for
more extensive modelling, e.g. by using CRISPR/Cas9 tools*. Increased outgrowth
potential is however required to generate stable organoid lines. Currently, AOs show
limited growth after stress, like electroporation or lentiviral transduction, and of stop in
growth is observed after several days. Expanding these organoids using conventional
expansion conditions do not allow sustained growth. The organoids can be expanded >1
year in expansion conditions' and are thus comparable to classical cell lines, while primary
cells can only be cultured for weeks, without significant expansion of the input cells.

We present an example of ciliated cell disease modelling by using patient-derived AOs
from four PCD patients. Our approach requires a very small amount of donor material as
compared to current diagnostic practice and allows for standardised tests for a range of
PCD phenotypes. Moreover, we show that the AO cultures can identify ciliary movement
defects in cases where electron microscopical analysis would not reveal any ultrastructural
ciliary changes. The AO approach can therefore be seen as an additional and potentially
definitive diagnostic assay of PCD patients.

To date, treatment options for PCD and other disorders involving motile cilia remain
limited. Patient-derived organoids have proven to predict individual patient responses in
cancer*®*, as well as in cystic fibrosis'®4445. Treatments for cystic fibrosis can however not
be directly translated to PCD*8. PCD-derived ciliated organoids could be used to identify
or develop drugs that target the ciliary defect directly and may facilitate development of
gene therapy approaches. Indeed, AOs derived from cystic fibrosis patients have been
corrected by CRISPR approaches®. While transplantation of human stem cell-derived
organoids is not yet feasible, the potential of gene-correcting PCD patient-derived AOs
followed by autologous transplantation may become a reality. Taken together, PCD AO
models may become instrumental to obtain cell-biological, diagnostic and therapeutic

insights into primary ciliary dyskinesia and other ciliated cell-related diseases.
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Supplementary figure S1. Mutations in various genes identified in PCD AOs. Sanger sequencing
traces of PCD AOs reveals mutations in patient-derived organoids in DNAI2 (A-B), LRRCé (C),
DNAH11 (D) or CCDC65 (E). Normal1_WT sequences show wild-type alleles in all genes indicated.
Black bar indicated area of mutation in PCD AO line.
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Supplementary figure S2. Differentially expressed genes show donor-donor variation in
expression levels but show similar trends in all donors in CilM compared to AO medium.
Heatmaps depicting expression of significantly differentially expressed genes in PCD1_DNAI2,
PCD4_CCDC65 and Normal2_WT differentiated in CilM for 14 days compared to AOs grown in AO
medium. Highlighted genes are known marker genes secretory cells (SCGB3A1, SCGB1A1 and LY2),
known downstream targets of BMP (SMAD7) or Notch (HES4) signalling, known marker genes of basal
cells (KRT5) or involved in ciliary build-up. A general trend in expression levels can be observed but
also donor-donor variations are visible after hierarchical clustering. PCD4_CCDC65 samples cluster
separately independent of their culture method. Green bars indicate AO medium AOs. Yellow bars
indicate CilM AOs. Coloured bar represents Z-score of normalised counts without donor-corrected
normalisation of bulk mRNA sequencing data.
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ABSTRACT

Many pathogenic viruses that affect man display species-specificity, limiting the use of
animal models. Studying viral biology and identifying potential treatments therefore
benefits from the development of in vitro cell systems that closely mimic human
physiology. In the current COVID-19 pandemic, rapid scientific insights are of the utmost
importance to limit the public health and societal impact. Organoids are emerging as
versatile tools to progress the understanding of SARS-CoV-2 biology and to aid the quest

for novel treatments.
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MAIN TEXT

The global outbreak of the novel coronavirus SARS-CoV-2 strains healthcare systems
around the world and has already caused over a million deaths. COVID-19 is the third
appearance of a lethal coronavirus, after the emergence of Severe Acute Respiratory
syndrome coronavirus (SARS-CoV) in 2002 and Middle East respiratory syndrome virus
(MERS-CoV) in 2012. It appears likely that more viral pandemics will follow. To develop
effective treatment for current and future infectious diseases, it is key to establish in vitro
models that closely resemble the physiology of the viral host and that are likely to allow
-and model- infection by any type of virus. Much of the insight on coronavirus biology
has been gathered using ‘classical’ 2D cell lines such as the Vero Eé cell line, derived
from the kidney of the African green monkey'. These cell lines are often easily infectable
by viruses and -if so- can be used to propagate the virus for downstream experiments.
However, cell lines are typically malignantly transformed and consist of a homogeneous
population of poorly differentiated cells, which hampers culturing of picky’ viruses. As
a case in point, Norovirus has remained unculturable on such cell lines as it requires
a differentiated intestinal cell type as its target*®. Also, the biology of infection and
specific pathological effects seen in a patient’s tissue may not be reproduced on these
transformed cell lines. As an example, the pathogenic effects of Zika-virus on the fetal
human brain can not be modeled using cell lines*>. Moreover, treatment efficacy may
not be directly extrapolated to the clinic, as illustrated by the recent controversy around
the use of the anti-malaria drug hydroxychloroquine. This drug was quickly adapted
world-wide as a promising treatment against SARS-CoV-2 as it was shown effective in
Vero cellsé. However, besides countless side effects, hydroxychloroquine has now been
proven to be ineffective in humans’. In the search for the most optimal in vitro model,

organoids are now emerging.

BASICS OF ORGANOID TECHNOLOGY: THE ADULT
AND IPSC FLAVOURS

Organoids are three-dimensional (3D) structures grown from stem cells and consist of organ-
specific cell types that self-organize through cell sorting and spatially restricted lineage
commitment®?. They can be established from either induced pluripotent stem cells (iPSCs)
or multipotent adult tissue stem cells (ASCs). Under optimal culture conditions, stem cell
differentiation generates a complete arsenal of cell types as present in the tissue of interest.
Organoid models are genetically stable and can be expanded over long periods of time.
Organoid derivation from iPSCs or ASCs differs greatly. iPSC derived organoids are formed
by first creating a 3D aggregate of iPSCs, a so called embryoid body, after which organ
and cell type specialization is initiated by closely mimicking the developmental signals. This
process can take multiple weeks, a time during which gastrulation and organogenesis are
mimicked in a dish. Apart from the epithelial cell types produced, suboptimal specification

of iPSCs can also lead to the production of non-epithelial lineages such as fibroblasts and
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muscle. Contrary, ASC-derived organoids are established by directly isolating specified
ASCs from the tissue of interest and can be propagated over extended periods of time
under tissue-specific growth factor conditions'™. ASC-derived organoids are now readily
established from most murine and human epithelial tissues''. Tissue specific cell types can
subsequently be enriched by modulating individual signaling pathways, such as Notch
or BMP '2The ability to generate a variety of human tissues in the form of organoids has
become important in the study of COVID-19 when it was realized that it is a systemic

disease much more than just a respiratory infection.

ORGANOIDS GO VIRAL TO STUDY INFECTION
DISEASES

The vast majority of viruses, including all respiratory- and enteroviruses, enter the human
body through infection of epithelial cells. Multiple studies have used ASC-derived
organoids from the intestinal lining, oral mucosa or airway as infection models for their
respective viruses. Human oral mucosal organoids recapitulate the stratified architecture
of the oral mucosa and have been shown to be receptive to infection by herpes simplex
virus (HSV1) and human papilloma virus (HPV)'. Human intestinal organoids have become
the first in vitro model system to study viral entry and replication of noroviruses®'. Norovirus
infectivity and replication efficiency differs greatly between individuals. Intestinal organoids
from individuals indeed recapitulated the diverging norovirus replication efficiency in vitro'.
The pulmonary organoid epithelium is susceptible to a wide range of viruses. Sachs et al
used the 3D structure of organoids to identify increased cellular motility after infection
with respiratory syncytial virus (RSV)'®. This phenomenon was identified in vivo but could
not be recapitulated and studied in traditional 2D cell lines or primary cells in air-liquid
interface (ALI) cultures. Subsequent analysis of this increased cellular motility showed
that overexpression of the RSV non-structural protein NS2 lead to increased motility and
fusion with uninfected organoids. This study thereby suggested an unappreciated role of
cellular motility for viral propagation in the airway epithelium?. Airway organoids have also
emerged as tools for influenza viruses that display species-restricted tropism. Zhou et al
showed that human airway organoids are readily infected with human infectious influenza
virus H7N9 while avian H7N2 showed significantly lower replication levels'”. H1N1 caused
a pandemic in 2009. H1N1 isolated from humans readily replicated in airway organoids
while the same serotype virus isolated from swine showed much lower replication rates.
Organoids could thus be used to study potential zoonotic events'. During the 2015
Zika virus epidemic, cerebral organoids derived from iPSCs were used to gain evidence
that this virus selectively replicates in dividing neural progenitors®®. This work provided
the explanation why the fetal human brain was severely affected, while the virus was less
destructive to the postnatal brain.

Many human viruses originate from animals and have undergone small adaptations

before transitioning to man. For example, multiple bat species are notorious carriers of
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zoonotic viruses that occasionally jump to humans, including the filoviruses Marburg
and Ebola, and coronaviruses. ASC-derived intestinal organoids have been derived from
non-human species including bat and feline. This has allowed the propagation of strains of
coronaviruses directly from bats'®?. These efforts highlight how organoids can be exploited
to study (species-specific) viruses that have not yet jumped to humans. The ASC-derived
organoid system is also translatable to non-mammalian species, such as reptilians, and
could thus facilitate research into viruses affecting other parts of the animal kingdom?. In
some areas this may be urgent: Python nidoviruses for example have become the primary
cause of fatalities among pythons in captivity?'. Moreover, organoids could also minimize
the impact of studying multiple of the affected and endangered animals, such as pangolins

and civets.

FIGHTING THE SARS-COV-2 PANDEMIC WITH
ORGANOIDS

SARS-CoV-2 first emerged in December 2019 in the city of Wuhan in China and has led
to more than 1 million to date (WHO website). Like SARS, this new family member of
the coronaviridae is mainly known for causing symptoms in the airways. Therefore, the virus
has been studied using airway-derived culturing platforms: upper airway organoid-derived
ALl cultures, as well as distal airway ASC organoids (Figure 1) 222, ALl cultures of adult upper
airway-derived organoids were efficiently infected by addition of the virus to the apical
side. SARS-CoV-2 infection was observed in ciliated cells which further supported the claim
that these cells represent the primary target of the virus. While these ALl cultures could be
accessed from the apical side, the distal lung organoids by Salahudeen et al needed to be
“flipped” to generate an apical-out morphology before they could be infected by SARS-
CoV-2. Within these cultures, contrary to previous studies, SARS-CoV-2 infected only goblet
cells but not ciliated cells®. The development of a feeder-free culture system for alveolar-
like cells allowed the generation of an alveolar model for SARS-CoV-2 replication?. Apart
from the dominating respiratory symptoms, gastrointestinal symptoms have been identified
in a subset of patients?*. To potentially elucidate another mode of transmission, human small
intestinal organoids were infected by SARS-CoV-2 in three simultaneous studies. While one
study used 2D monolayers generated from organoids to access the apical side, the two
others made use of the 3D architecture and inoculated the organoids in suspension, after
their mechanical disruption. All three studies concluded that enterocytes of the intestinal
lining were successfully infected by SARS-CoV-2172225_ These studies imply that the intestine
is a potential site of SARS-CoV-2 replication, explaining gastrointestinal symptoms observed
in patients. Due to the cellular complexity of these small intestinal organoids, insights in host
tropism could be readily identified. Bulk mRNA sequencing of infected organoids uncover
the response of the epithelium over time, with multiple cytokines and interferon-stimulated
genes displaying different kinetics??. Furthermore, multiple iPSC-derived organoids have

been employed to showcase SARS-CoV-2 replication and study its associated pathologies
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Figure 1. Confocal Image of a SARS-CoV-2 Infected Small Intestinal Organoid The organoid was
stained for virus (anti-dsRNA, green), actin (phalloidin, red), and nuclei (DAPI, blue). Scale bar,
20 pm.

in tissues where ASC organoids are less developed. Ramani et al. showed that SARS-CoV-
2 enters iPSC-derived cerebral organoids within 2 days, although no replication could be
observed in neurons. Extensive cell death was seen in neurons, associated with altered
distribution of the structural protein Tau?. Monteil et al used vascular and kidney organoids
derived from iPSCs and found these cells to facilitate SARS-CoV2 replication. They used
these cultures to verify human recombinant soluble ACE2 as inhibitor of infection of SARS-
CoV-2?7. Together, the repertoire of ASC and iPSC derived organoids provides a valuable
platform to study tissue specific dynamics upon SARS-CoV-2 infection in relevant and

physiologic models.

THE CRISPR SEARCH FOR HOST FACTORS OF SARS-
COV-2 ENTRY

Much has been elucidated about the way SARS-CoV-2 infects host cells using
converging efforts ranging from in vitro cell culture systems to crystallography. Currently
it is thought that, as the virus gets in the proximity of the cell, the protease TMPRSS2
cleaves the spike protein of SARS-CoV-2 upon which the virus enters the cells in an
ACE2 dependent manner®. However, besides these two proteins many other host
factors, such as TMPRSS4, DPP4, and ANPEP (the latter two are well-known from other

coronaviruses) have been implicated to play a role in the infection process. Therefore,
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to date the exact cell entry pathway of SARS-CoV-2 remains a crucial field of research?.
One way of deciphering this conundrum could be by performing loss of function screens.
A loss of function screen is efficiently performed by generating knock-out cell-lines
with the use of CRISPR/Cas?. Upon target recognition with use of a short guide-RNA,
the endonuclease Cas9 creates a double stranded break that results in error-prone DNA
repair that often results in indel formation, frameshift and loss of function of the protein of
interest®®. CRISPR was effectively utilized in organoids by Zang and colleagues to create
population-wide knockouts of TMPRSS2 and TMPRSS4 in duodenum enteroids using
a lentiviral based system. Abrogation of TMPRSS4 led to a 4-fold reduction of SARS-
CoV-2 replication whereas TMPRSS2 knockout did not result in a significant reduction®.
CRISPR-loss of function screens can furthermore be performed in a genome-wide manner
to identify unknown host-factors in an unbiased manner. By cloning a library of guide-
RNAs in a lentiviral vector, a cell library containing individual knock-outs of all genes in
the genome can be created. Genome wide CRISPR screens have become an emerging
technique for identifying genes involved in a plethora of pathways and have recently
been adopted in organoids. Two recent studies have utilized this method in both Vero
cells and hepatoma cells and identified host factors ACE2, the protease Cathepsin L and
TMEM106B to play a crucial role in viral infection®32. Another study utilized genome
wide CRISPR screens to elucidate the cytotoxicity pathways of remdesivir, a drug that
is now commonly administered to SARS-CoV-2 patients®®. These insights gathered from
classical cell lines, await confirmation in more physiologically relevant systems such as
organoids. Recently, two independent studies described the first genome wide CRISPR
screens in organoids, paving the way towards genome-wide CRISPR screens in organoids
to elucidate SARS-CoV-2 biology3+3>.

TESTING AND DISCOVERING COVID-19 THERAPEUTICS
ON ORGANOID PLATFORMS: CURRENT POSSIBILITIES
AND THE ROAD AHEAD

Organoids are an emerging tool for predicting drug efficacy and drug discovery that are
amenable to high-throughput drug screens. Tumor-derived organoids can for example
predict the success of therapeutic regimes in corresponding cancer patients®. Similarly,
intestinal organoids from patients suffering from the genetic disease Cystic Fibrosis can
be employed to select effective drugs®. Organoids are proving their value in testing
the efficacy of antiviral treatments. Intestinal organoids infected with noroviruses were
exposed to different blocking antibodies to identify those that slow viral spreading?.
Cerebral organoids have similarly provided a platform to identify new drugs capable
of mitigating Zika virus-induced cell death in neural progenitors*®. In the past months,
multiple studies have applied organoids to predict clinical success of SARS-CoV-2
treatments. Upon viral infection, cells may upregulate many different interferon-stimulated

genes (ISGs) as defence mechanisms. One of these ISGs, cholesterol 25-hydroxylase,
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was identified upon SARS-CoV-2 infection in organoids and COVID-19 patients and is
known to be effective in combating spreading of multiple other viruses. This enzyme
produces 25-hydroxycholesterol from cholesterol. Treatment of lung organoids with
25-hydroxycholesterol greatly diminished SARS-CoV-2 replication, potentially through
alternating the composition of cellular membranes and preventing fusion of the viral
envelope with cells®. A mouse adapted strain of SARS-CoV-2, known as MASCpé, is
effectively inhibited by the cholesterol derivative, in line with the organoid experiments®.
25-hydroxycholesterol does not have known toxicities at these concentrations and thus
appears a therapeutic candidate for COVID-19. Other studies subjected iPSC-derived
intestinal organoids and adult human bronchial organoids to multiple drugs currently
tested in clinical settings, including the adenosine analogue remdesivir, the histamine-2-
blocker famotidine and the TMPRSS2 inhibitor Camostat374°,

The above studies did exploit a priori knowledge on coronavirus biology or tested well-
known viral inhibitors. Drug discovery efforts would greatly benefit from unbiased drug
screens to enhance the likelihood of discovering new drugs. Most drug screens currently
performed on organoids are based on morphology, fluorescent readouts or ATP-based
assays that measure cellular viability. However, coronaviruses do not necessarily induce
apoptosis of epithelial cells and thus may require alternative measures of drug efficacy.
A specific additional challenge for high-throughput drug screens using pathogenic viruses
such as SARS-CoV-2 include the required biosafety level, that could complicate the use
of robotics. A recent study employed pseudoviruses (lowering handling risk) containing
SARS-CoV-2 spike protein to perform a drug screen in iPSC-derived lung organoids in
a 384-well format. An integrated luciferase reporter was used as a measure of viral entry
and replication*’. This work revealed multiple FDA-approved drugs, including the Bcr-abl
tyrosine kinase inhibitor Imatinib and the immunosuppressant mycophenolic acid to
be effective in lowering viral replication. A separate study using human iPSC-derived
colorectal organoids utilized a similar set-up and tested more than 1.000 drugs*. Many
of these hits overlapped with those in lung, indicating effective viral blockade in different
epithelial tissues.

These studies provide the first examples of how organoids can aid the quest for novel
COVID-19 therapies by allowing medium-throughput drug screening in a physiologically
relevant system. Nonetheless, these pioneering efforts in organoids do all depend
on pseudoviruses that at best mimic aspects of viral entry but less of downstream
responses. High-throughput screens using wild-type strains require effective monitoring
of viral spreading, which has to await the development of genetically engineered
viruses harboring reporter genes. Alternatively, the epithelial cells could be genetically
engineered to report the expression of viral response genes, such as ISGs. Such
organoids could be effective, generic tools to study viral entry and responses of any
(future) pandemic virus that are amenable to high-throughput readouts. Not only would
such fluorescent reporters allow efficient measurement of viral spreading, they would

also discriminate infected from non-infected cells. The latter could be used for in-depth
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characterization of epithelial responses to the virus. We have recently shown that
large biobanks of intestinal organoids can rapidly be genetically engineered to harbor
fluorescent reporters of different genes*®. COVID-19 drug testing in organoids could also
focus on modulating the expression or activity of host products important for the viral
replication cycle. Multiple proteins are indispensable for viral replication, including ACE2
and TMPRSS2. Serine protease inhibitors targeting Tmprss2 have been developed but
display many off-target effects that could hamper clinical success. The fact that organoids
closely resemble their corresponding native tissue makes these attractive models in an
attempt to modulate the expression of key host genes. Again, fluorescent reporters could

be utilized as a measure of protein abundance or localization.

FUTURE PERSPECTIVES FOR ORGANOID PLATFORMS
IN VIROLOGY

Organoids are proving useful in unraveling SARS-CoV-2 biology, including its cellular
tropism. In contrast to many cell lines, human organoids can readily be infected with
SARS-CoV-2 without inducing artificial expression of key host factors, such as ACE2.
To increase the faithful representation of epithelial tissues, virally-infected organoids
could be co-cultured with other cell types. ASC-derived organoids exclusively consist
of epithelial cells, while iPSC-based systems can include mesenchymal lineages such as
fibroblasts or muscle. Most importantly however, both systems lack immune cells such as
B- and T-cells, innate lymphoid cells and macrophages that normally reside in mucosal
tissues. All of these lineages play important executive roles in fighting viral infections,
including SARS-CoV-2, as reviewed in Vabret et al*. Organoids from colorectal and non-
small-lung cancer biopsies have previously been co-cultured with circulating T-cells from
corresponding patients.

This study revealed successful antigen presentation of tumor organoid cells to T-cells,
which subsequently become activated®. Similar co-cultures could be applied to virus-
infected organoids. We predict that further development and maturation of the organoid
viral toolbox, including complex co-cultures and genetically engineered organoids, enable
larger drug screens using wildtype viral strains. These efforts would increase the odds for
deriving clinically successful COVID-19 therapeutics. Finally, organoids can be used to
compare viral responses between individuals. In this review, we have discussed the current
and future potential of organoids in virology research (Figure 2). Broad application of
this culturing technique could contribute significantly toward eradicating COVID-19 and
future viral pandemics.
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ABSTRACT

The virus SARS-CoV-2 can cause COVID-19, an influenza-like disease that is primarily
thought to infect the lungs with transmission via the respiratory route. However, clinical
evidence suggests that the intestine may present another viral target organ. Indeed,
the SARS-CoV-2 receptor angiotensin converting enzyme 2 (ACE2) is highly expressed
on differentiated enterocytes. In human small intestinal organoids (hSIOs), enterocytes
were readily infected by SARS-CoV and SARS-CoV-2 as demonstrated by confocal- and
electron-microscopy. Consequently, significant titers of infectious viral particles were
detected. mMRNA expression analysis revealed strong induction of a generic viral response
program. Hence, intestinal epithelium supports SARS-CoV-2 replication, and hSIOs serve

as an experimental model for coronavirus infection and biology



SARS-CoV-2 productively Infects Human Gut Enterocytes

INTRODUCTION

Severe Acute Respiratory Syndrome (SARS), caused by coronavirus SARS-CoV, emerged
in 2003". In late 2019, a novel transmissible coronavirus (SARS-CoV-2) was noted to cause
an influenza-like disease ranging from mild respiratory symptoms to severe lung injury,
multi-organ failure, and death?*. SARS-CoV and SARS-CoV-2 belong to the Sarbecovirus
subgenus (genus Betacoronavirus, family Coronaviridae)®”. The SARS-CoV receptor is
the angiotensin-converting enzyme 2 (ACE2)%7. The spike proteins of both viruses bind to
ACE2, whereas soluble ACE2 blocks infection by SARS-CoV as well as by SARS-CoV-21-13,
Transmission of SARS-CoV-2 is thought to occur through respiratory droplets and fomites.
The virus can be detected in upper respiratory tract samples, implicating the nasopharynx
as site of replication. In human lung, ACE2 is expressed mainly in alveolar epithelial type
Il cells and ciliated cells''¢. However, highest expression of ACE2 in the human body
occurs in the brush border of intestinal enterocytes' . Even though respiratory symptoms
dominate the clinical presentation of COVID-19, gastrointestinal symptoms are observed
in a subset of patients''. Moreover, viral RNA can be found in rectal swabs, even after
nasopharyngeal testing has turned negative, implying gastro-intestinal infection and

a fecal-oral transmission route?°-22,

SARS-COV-2 INFECTS AIRWAY AND GUT ORGANOIDS.

Organoids are 3D structures, that can be grown from adult stem cells (ASCs) and
recapitulate key aspects of the organ from which the ASCs derive. Since SARS-CoV
and SARS-CoV-2 target the lung, we added virus to organoid-derived human airway
epithelium cultured in 2D and observed that SARS-CoV and SARS-CoV2 readily infected
differentiated airway cultures. (Figure 1A). Immunostaining reveal that the viruses
targeted ciliated cells, but not goblet cells (Figure 1B-C).

Human small intestinal organoids (hSIOs) are established from primary gut epithelial
stem cells, can be expanded indefinitely in 3D culture and contain all proliferative and
differentiated cell types of the in vivo epithelium?. Of note, hSIOs have allowed the first
in vitro culturing of Norovirus?*. We exposed ileal hSIOs grown under four different culture
conditions ('EXP’, ‘DIF’, 'DIF-BMP" and "EEC’) to SARS-CoV and SARS-CoV-2 at a multiplicity
of infection (MOI) of 1. hSIOs grown in Wnt-high expansion medium (EXP) overwhelmingly
consist of stem cells and enterocyte progenitors. Organoids grown in differentiation
medium (DIF) contain enterocytes, goblet cells, and low numbers of enteroendocrine cells
(EECs). Addition of BMP2/4 to DIF (DIF-BMP) leads to further maturation?®. In the final
condition, we induced expression of NeuroG3 from a stably transfected vector with
doxycycline to raise EECs numbers (Supplementary figure S3D). Samples were harvested
at multiple timepoints post infection and processed for the analyses given in Figures 2-5.
Both SARS-CoV and SARS-CoV-2 productively infected hSIOs as assessed by gqRT-PCR for
viral sequences and by live virus titrations on VeroEé cells (Figure 2 for lysed organoids;
Supplementary figure S1 for organoid supernatant). Infectious virus particles and

77



78

a Differentiated human airway b r—’m C

TCID50/ml

MUCS5AC AcTUB NP

[ MUC5AC AcTUB NP

-~ SARS-CoV
- SARS-CoV-2
1 | 1) L) L)
0 24 48 72 96 # L
hpi. SARS-CoV-2 SARS-CoV

Figure 1. SARS-CoV and SARS-CoV-2 infect 2D human airway cultures. a) Live virus titers can be
observed by virus titrations on VeroE6 cells of apical washes at 2, 24, 48, 72 and 96h after infection
with SARS-CoV (blue) and SARS-CoV-2 (red). The dotted line indicates the lower limit of detection.
Error bars represent SEM. N=4. *P<0.05, **P<0.01, ***P<0.001. b and c) Immunofluorescent staining
of SARS-CoV-2 (b) and SARS-CoV (c) infected differentiated airway cultures. Nucleoprotein (NP)
stains viral nucleocapsid (red), which colocalized with the ciliated cell marker AcTUB (green). Goblet
cells are identified by MUC5AC (blue). Nuclei are stained with TO-PRO3 (white). Scale bars indicate
20uM. Top panels are side-view while bottom panels are top-view.

viral RNA increased to significant titers for both viruses in all conditions. Since EXP
medium supported virus replication (Figure 2A, E), enterocyte progenitors appeared
to be a primary viral target. Differentiated organoids (DIF; DIF-BMP) produced slightly
(non-statistically significant) lower levels of infectious virus (Figure 2; Supplementary
figure S1). In organoids induced to generate EECs, virus yields were similar to those in
EXP medium (Figure 2D, H). In differentiated hSIOs, SARS-CoV-2 titers remained stable
at 60 hours post infection, whereas SARS-CoV titers dropped 1-2 log (Figure 2B, C, F, G).
The latter decline was not observed in infected hSIOs grown in EXP. Culture supernatants
across culture conditions contained lower levels of infectious virus compared to lysed
hSIOs, implying that virus was primarily secreted apically (Supplementary figure S1A-D).
Despite this, viral RNA was detected readily in culture supernatants correlating with
the infectious virus levels within hSIOs (Figure 2E-H; Supplementary figure S1 E-H).
ACE2 mRNA expression differed greatly between the four conditions. EXP-hSIOs
express 300-fold less ACE2 mRNA compared to DIF-hSIOs, when analyzed in bulk
(Supplementary figure S2). BMP treatment induced 6.5-fold upregulation of ACE2 mRNA
compared to DIF treatment alone. Since this did not yield infection rate differences,

the DIF-BMP condition was not analyzed further.

SARS-COV-2 INFECTS ENTEROCYTE LINEAGE CELLS

To determine the target cell type, we then performed confocal analysis on hSIOs cultured
in EXP, DIF, or EEC conditions. We stained for viral dsRNA, viral nucleocapsid protein,
KI67 to visualize proliferative cells, actin (using phalloidin) to visualize enterocyte brush
borders, DNA (DAPI) and cleaved caspase 3 to visualize apoptotic cells. Generally,

comparable rates of viral infections were observed in the organoids growing in all
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Figure 2. SARS-CoV and SARS-CoV-2 replicate in hSIOs. a-d) Live virus titers can be observed by
virus titrations on VeroEé cells of lysed organoids at 2, 24, 48 and 60h after infection with SARS-CoV
(blue) and SARS-CoV-2 (red). Different medium compositions show similar results. e-h) gPCR analysis
targeting the E gene of similar timepoints and medium compositions as a-d. The dotted line indicates
the lower limit of detection. Error bars represent SEM. N=3. *P<0.05, **P<0.01, ***P<0.001.

three conditions. We typically noted staining for viral components (white) in rare, single
cells at 24 hours. At 60 hours, the number of infected cells had dramatically increased
(Figure 3A). Infected cells invariably displayed proliferative enterocyte progenitor-
phenotypes (EXP, Figure 3B, top) or ApoAl+ enterocyte-phenotypes (DIF, Figure 3B,
bottom). Of note, SARS-CoV
(Supplementary figure S3A-B) as shown previously?*?.

also readily infected enterocyte lineage cells
Some infected enterocyte
progenitors were in mitosis (Supplementary figure S3C). Whereas EEC-organoids
produced appreciable titers, we never observed infection of Chromogranin-A* EECs
(Supplementary figure S3D-E). We also did not notice infection of Goblet cells across
culture conditions. At 60 hours, apoptosis became prominent in both SARS-CoV and
SARS-CoV-2 infected enterocytes (Supplementary figure S5). ACE2 protein was readily
revealed as a bright and ubiquitous brush border marker in hSIOs in DIF medium
(Figure 3C). In hSIOs in EXP medium, ACE2 staining was much lower -yet still apical-
in occasional cells in a subset of organoids that displayed a more mature morphology
(Figure 3C). In immature (cystic) organoids within the same cultures, the ACE2 signal was
below the detection threshold. The percentage of infected organoids under EXP and
DIF conditions are given in Supplementary figure S4. Supplementary figure S5 shows

images and quantification of apoptotic cells upon infection.

ULTRASTRUCTURAL ANALYSIS OF THE VIRAL LIFE
CYCLE IN ENTEROCYTES

Unsupervised transmission electron microscopy (TEM)?® was performed on selected highly
infected samples. Figure 4 shows two hSIOs, selected from 42 imaged hSIOs at 60 h
post SARS-CoV-2 infection. These differ in the state of infection: whereas the cellular
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Figure 3. SARS-CoV-2 infects proliferating cells and enterocytes. a) Immunofluorescent staining
of SARS-CoV-2-infected intestinal organoids. Nucleoprotein (NP) stains viral capsid. After 24 hours,
single virus-infected cells are generally observed in organoids. These small infection clusters spread
through the whole organoid after 60 hours. b) SARS-CoV-2 infects both post-mitotic enterocytes
identified by Apolipoprotein A1 (APOA1) and dividing cells that are KI67-positive. Infected cells are
visualized by dsRNA staining. Enterocytes are shown in differentiated organoids, and proliferating
cells in expanding organoids. Arrows point to APOA1-positive cells. ¢) Immunofluorescent staining
of ACE2 in intestinal organoids in expansion and differentiation condition. All scale bars are 50 pm.

organization within organoid 1 was still intact (Figure 4A entire organoid; intermediate
magnification B-D; high magnification E-K), many disintegrated cells can be seen in
organoid 2 (Figure 4 Bottom (Figure 4L entire organoid; intermediate magnification
4M-O; high magnification 4P-R)). Viral particles of 80-120 nm occurred in the lumen
of the organoid (Figure 4l), at the basolateral (Figure 4J) and apical side (Figure 4K)
of enterocytes. The double-membrane vesicles which are the subcellular site of viral
replication? are visualized in Figure 4E and 4P. The nuclei in both organoids differed from
nuclei in mock-infected organoids by a slightly rounder shape. The nuclear contour index®
was 4.0+/-0.5 vs 4.3+/-0.5 for control set. There was more heterochromatin (Figure 4N),

and one or two dense nucleoli in the center (Figure 40).
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Figure 4. Transmission electron microscopy analysis of SARS-CoV-2 infected intestinal organoids.
a) Overview of an intact organoid (a) showing the onset of virus infection (b-d) at different stages of
the viral lifecycle, i.e. early double membrane vesicles (DMVs) (e; asterisk), initial viral production
in the Golgi apparatus (f-g) and complete occupation of virus particles inside the endomembrane
system (h). Extracellular viruses are observed in the lumen of the organoid (i), and are found at
the basal (j) and apical side (k) alongside the microvilli (arrows). Scale bars represent 10 um (a), 2.5
pm (b-d), 250 nm (e, f, h-k) & 100 nm (g). b) Overview of an organoid (l) showing severely infected
cells (m,0), disintegrated cells (o) and stressed cells as evident from the atypical nucleoli (p). Intact
cells reveal DMV areas of viral replication (p; asterisks) and infected Golgi apparatus (q). Extracellular
clusters of viruses are shown in (r). Scale bars represent 10 pm (l), 2.5 ym (m-p) & 250 nm (p-r).
Data was deposited to the Image Data Resource (https://idr.openmicroscopy.org) under accession
number idr0083.

RNA EXPRESSION CHANGES IN INFECTED ENTEROCYTES
We then performed mRNA sequence analysis to determine gene expression changes
induced by SARS-CoV and SARS-CoV-2-infection of hSIOs cultured continuously in EXP
medium and hSIOs cultured in DIF medium. Infection with SARS-CoV-2 elicited a broad
signature of cytokines and interferon stimulated genes (ISGs) attributed to type | and

0o ~o oo -
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[l interferon responses (Figure 5A, Supplementary table 1-2), as confirmed by Gene
Ontology analysis (Figure 5B). An overlapping list of genes appeared in SARS-CoV-2-
infected DIF organoids (Supplementary figure S6, Supplementary table 3). RNA
sequencing analysis confirmed differentiation of DIF organoids into multiple intestinal
lineages, including ACE2 upregulation (Supplementary figure S7). SARS-CoV also
induced ISGs, yet to a much lower level (Supplementary table 4). Figure 5C visualizes
the regulation of SARS-CoV-2-induced genes in SARS-CoV infected organoids. This
induction was similar to infections with other viruses like norovirus®', rotavirus® and
enteroviruses®34. A recent study®® describes an antiviral signature induced in human
cell lines after SARS-CoV-2 infection. Whereas the ISG response is broader in intestinal
organoids, the induced gene sets are in close agreement between the two datasets
(Supplementary figure $8). One striking similarity was the low expression of Type | and Il
interferons: we only noticed a small induction of the Type Il interferon IFNL1 in SARS-CoV-
2 infected organoids. In SARS-CoV-infected organoids, we did not observe any type | or
type Ill interferon induction. We confirmed these findings by ELISA on culture supernatant
and gRT-PCR, which in addition to IFNL1 picked up low levels of type | interferon IFNB1
in SARS-CoV-2 but not in SARS-CoV infected organoids (Supplementary figure S9).
The specific induction of IP-10/CXCL10 and ISG15 by SARS-CoV-2 was also confirmed by
ELISA and gRT-PCR, respectively (Supplementary figure $10). As in Blanco-Melo et al.®,
a short list of cytokine genes was induced by both viruses albeit it to modest levels. For
a comparison with®®, see Supplementary figure S11. Altogether these data indicate that
SARS-CoV-2 induces a stronger interferon response than SARS-CoV in HIOs.

Finally, the infection was repeated in a second experiment in the same ileal HIO line
and analyzed after 72 hours. Analysis involved viral titration (Supplementary figure S12),
confocal imaging (Supplementary figure S13), and RNA sequencing (Supplementary
figure S14). This experiment essentially confirmed the observations presented above.
A limited, qualitative experiment applying confocal analysis demonstrated infectability
of two other lines available in the lab (one ileal, one duodenal) from independent donors
(Supplementary figure S13). This study shows that SARS-CoV and SARS-CoV-2 infect
enterocyte lineage cells in a human intestinal organoid model. We observed similar
infection rates of enterocyte-precursors and enterocytes whereas ACE2 expression
increases ~1000-fold upon differentiation at the mRNA level (Supplementary figure S2).
This suggests that low levels of ACE2 may be sufficient for viral entry.

SARS-CoV-2 is the third highly pathogenic coronavirus (after SARS-CoV and
MERS-CoV) to jump to humans within less than 20 years suggesting that novel zoonotic
coronavirus spillovers are likely to occur in the future. Despite this, limited information
is available on coronavirus pathogenesis and transmission. This is in part due to the lack
of in vitro cell models that accurately model host tissues. Very recently, it was shown that
human iPS cells differentiated towards a kidney fate support replication of SARS-CoV-2'3.
Our data imply that human organoids represent faithful experimental models to study

the biology of coronaviruses.



SARS-CoV-2 productively Infects Human Gut Enterocytes
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Figure 5. Transcriptomic analysis of SARS-CoV-2 infected intestinal organoids. a) Heatmaps
depicting the 25 most significantly enriched genes upon SARS-CoV-2 infection in expanding intestinal
organoids. Colored bar represents Z-score of log2 transformed values. b) GO term enrichment
analysis for biological processes of the 50 most significantly upregulated genes upon SARS-CoV-2
infected in intestinal organoids. c) Heatmaps depicting the genes from (a) in SARS-CoV infected
expanding organoids. Colored bar represents Z-score of log2 transformed values.
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MATERIALS AND METHODS

Viruses and cell lines

Vero E6 cells were maintained in Dulbecco’s modified Eagle's medium (DMEM, Gibco)
supplemented with 10% fetal calf serum (FCS), HEPES, sodium bicabonate, penicillin
(10,000 1U/mL) and streptomycin (10,000 1U/mL) at 37°C in a humidified CO2 incubator.
SARS-CoV (isolate HKU 39849, accession no. AY278491) and SARS-CoV-2 (isolate
BetaCoV/Munich/BavPat1/2020; European Virus Archive Global #026V-03883; kindly
provided by Dr. C. Drosten) were propagated on Vero E6 (ATCC® CRL 1586™) cells
in Opti- MEM | (1X) + GlutaMAX (Gibco), supplemented with penicillin (10,000 1U/mL)
and streptomycin (10,000 IU/mL) at 37°C in a humidified CO2 incubator. The SARS-CoV-
2 isolate was obtained from a clinical case in Germany, diagnosed after returning from
China. Stocks were produced by infecting Vero Eé cells at a multiplicity of infection (MOI)
of 0.01 and incubating the cells for 72 hours. The culture supernatant was cleared by
centrifugation and stored in aliquots at —80°C. Stock titers were determined by preparing
10-fold serial dilutions in Opti-MEM | (1X) + GlutaMAX. Aliquots of each dilution were
added to monolayes of 2 x 104 Vero E6 cells in the same medium in a 96-well plate.
Twenty-four replicates were performed per virus stock. Plates were incubated at 37°C for

5 days and then examined for cytopathic effect. The TCID50 was calculated according
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to the method of Spearman & Karber. All work with infectious SARS-CoV and SARS-
CoV-2 was performed in a Class Il Biosafety Cabinet under BSL-3 conditions at Erasmus
Medical Center.

Cell culture of human intestinal organoids

Tissues from the duodenum and ileum was obtained from the UMC Utrecht with informed
consent of the patient. All patients were males that were operated for resection of an
intestinal tumor. A sample from non-transformed, normal mucosa was taken for this
study. The study was approved by the UMC Utrecht (Utrecht, The Netherlands) ethical
committee and was in accordance with the Declaration of Helsinki and according to
Dutch law. This study is compliant with all relevant ethical regulations regarding research
involving human participants.

Human small intestinal cells were isolated, processed and cultured as described
previously (23, 25). Instead of Wnt conditioned media, the medium was supplemented
with Wnt surrogate (0,15nM, U-Protein Express). This was termed expansion (EXP)
medium. To generate human EECs in organoids, NEUROG3-P2A sequence was cloned
into a previously published pLX-NS2 vector (36). Resulting constructs were transduced
into small clumps of cells (2-10 cells). EEC differentiation was induced by treating with
1 pg/ml doxycycline (Sigma) in ‘ENR’ medium (23) for 48 hours, followed by 3 days of
incubation in ENR without doxycycline. General differentiation (termed DIF) was achieved
in ‘ENR’. BMP activation was achieved by withdrawing Noggin from ‘ENR’ and addition of
BMP-2 (Peprotech, 50 ng/ml) and BMP-4 (Peprotech, 50 ng/ml) (termed DIF+BMP).

Human airway organoid culture and differentiation

Adult human lung stem cells were derived from non-tumour lung tissue obtained from
patients undergoing lung resection. Lung tissue was obtained from residual, tumor-
free, material obtained at lung resection surgery for lung cancer. The Medical Ethical
Committee of the Erasmus MC Rotterdam granted permission for this study (METC 2012-
512). Isolation of human bronchial airway stem cells was performed using a protocol
adapted from Sachs and colleagues (2019). Bronchial tissues of adult lungs were cut
into ~4mm sections, washed in Advanced DMEM supplemented with GlutaMax (Thermo
Fisher), HEPES, penicillin (10,000 IU/mL) and streptomycin (10,000 IU/mL) (AdDF+++), and
incubated with dispase (Corning) mixed with airway organoid (AO) medium (36) at a 1:1
ratio for 1 hour at 37°C. The digested tissue suspension was sequentially sheared using
10- and 5-ml plastic and flamed glass Pasteur pipettes. After shearing and filtering, lung
cell pellets were then resuspended in 200 pL of growth factor reduced Matrigel (Corning)
and plated in ~30 pL droplets in a 48 well tissue culture plate. Plates were placed at 37
degrees Celsius with 5% CO2 for 20 min to solidify the Matrigel droplets upon which
250uL of media was added to each well. Plates were incubated under standard tissue

culture conditions.

85



86

To obtain differentiated organoid-derived cultures, organoids were dissociated into
single cells using TrypLE express. Cells were seeded on Transwell membranes (Corning)
coated with rat tail collagen type | (Fisher Scientific). Single cells were seeded in AO
growth medium: complete base medium (CBM; Stemcell Pneumacult-ALl) at a 1:1 ratio.
After 2-4 days, confluent monolayers were cultured at air-liquid interphase in CBM.
Medium was changed every 5 days. After 4 weeks of differentiation, cultures were used

for infection experiments.

SARS-CoV and SARS-CoV-2 Infection

Organoids were harvested in cold AdDF+++, washed once to remove BME, and sheared
using a flamed Pasteur pipette in AdDF+++ or TrypLE express, for undifferentiated
and differentiated organoids, respectively. After shearing, organoids were washed
once in AdDF+++ before infection at a multiplicity of infection (MOI) of 1 in expansion
or differentiation medium. After 2 hours of virus adsorption at 37°C 5% CO2, cultures
were washed twice with excess AADF+++ to remove unbound virus. Organoids were re-
embedded into 30 uL BME in 24-well tissue culture plates and cultured in 500 uL expansion
or differentiation medium at 37°C with 5% CO2. Each well contained ~100,000 cells per
well. Samples were taken at indicated timepoints by harvesting the medium in the well
(supernantant) and the cells by resuspending the BME droplet containing organoids into
500 pL AdDF+++. Samples were stored at -80°C, a process which lysed the organoids,
releasing their contents into the medium. 2D differentiated airway cultures were washed
twice with 200 ul AdDF+++ before inoculation from the apical side at a MOI of 0.1 in 200
pL AdDF+++ per well. Next, cultures were incubated at 37°C 5% CO2 for 2 hours before
washing 3 times in 200 uL AdDF+++. At the indicated timepoints, virus was collected
from the cells by adding 200 uL AdDF+++ apically, incubating 10 min at 37°C 5% CO2,
and storing the supernatant at -80°C. Prior to determining the viral titer, all samples were
centrifuged at 2,000 g for 5 min. Live virus titers were determined using the Spearman
& Kérber TCID50 method on VeroEé cells. All work was performed in a Class Il Biosafety

Cabinet under BSL-3 conditions at Erasmus Medical Center.

Determination of virus titers using qRT-PCR

Supernatant and organoid samples were thawed and centrifuged at 2,000 g for 5 min.
Sixty pL supernatant was lysed in 90 yL MagnaPure LC Lysis buffer (Roche) at RT for 10
min. RNA was extracted by incubating samples with 50 pL Agencourt AMPure XP beads
(Beckman Coulter) for 15 min at RT, washing beads twice with 70% ethanol on a DynaMag-
96 magnet (Invitrogen) and eluting in 30 pL MagnaPure LC elution buffer (Roche). Viral
titers (TCID50 equivalants per mL) were determined by gqRT-PCR using primers targeting
the E gene (37) and comparing the Ct values to a standard curve derived from a virus

stock titrated on VeroEé cells.
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Fixed immunofluorescence microscopy on differentiated human airway

Transwell inserts were fixed in 4% paraformaldehyde for 20 min, permeabilized in 70%
ethanol, and blocked for 60 min in 10% normal goat serum in PBS (blocking buffer).
Cells were incubated with primary antibodies overnight at 4°C in blocking buffer, washed
twice with PBS, incubated with corresponding secondary antibodies Alexa350-, 488- and
594-conjugated anti-rabbit and anti-mouse (1:400; Invitrogen) in blocking buffer for 2 h
at room temperature, washed two times with PBS, incubated with indicated additional
stains (TO-PRO3), washed twice with PBS, and mounted in Prolong Antifade (Invitrogen)
mounting medium. Viral nucleocapsid was stained with anti-NP (1:200; Sino biological),
ciliated cells were stained with anti-AcTUB (1:100; Santa Cruz, 6-11B-1) and goblet
cells with anti-MUCS5AC (1:100; Invitrogen, 45M1). Samples were imaged on a LSM700

confocal microscope using ZEN software (Zeiss).

Immunostaining of hSIOs

Organoids were stained as described before (25). Primary antibodies used were
goat antichromogranin A (1:500; Santa Cruz), mouse anti-nucleoprotein (1:200; Sino
Biological), mouse anti-dsRNA (1:200;Scicons), mouse anti-APOA1 (1:100; Thermofisher,
PA5-88109), rabbit anti-cleaved caspase 3 (1:200; Cell Signaling Technology, 9661), goat
anti-ACE2 (1:100; R&D Systems, AF933) and rabbit anti-KI67 (1:200; Abcam, ab16667).
Organoids were incubated with the corresponding secondary antibodies Alexa488,
568- and 647-conjugated anti-rabbit and anti-mouse (1:1,000; Molecular Probes) in
blocking buffer containing 4',6-diamidino-2-phenylindole (DAPI; 1;1,000, Invitrogen) and
Phalloidin-Alexa488 (Thermofisher). Sections were embedded in Vectashield (Vector Labs)
and imaged using a Sp8 confocal microscope (Leica). Image analysis was performed using

ImageJ software.

Quantitative PCR

Quantitative PCR (qPCR) analysis was performed using biological and technical duplicates
as described before (38). Primers were designed using the NCBI primer design tool,
tested using a standard curve, and include:

ACE2_fw CGAAGCCGAAGACCTGTTCTA

ACE2_rev GGGCAAGTGTGGACTGTTCC

GAPDH_fw GGAGCGAGATCCCTCCAAAAT

GAPDH_rev GGCTGTTGTCATACTTCTCATGG

For gPCR analysis of IFNB1, IFNL1 and ISG15 we used RNA extracted from lysed
organoids as described above. We used the following ThermoFisher TagMan primer-
probe mixes:

IFNB1: Hs00277188-s1

IFNL1: Hs00601677-g1
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ISG15: Hs01921425-s1

Beta actin was amplified using the following primer set:

Bact_fw GGCATCCACGAAACTACCTT,

Bact_rev AGCACTGTGTTGGCGTACAG

Bact_probe FAM-ATCATGAAGTGTGACGTGGACATCCG-BHQ1.
Bulk RNA sequencing

Library preparation was performed at Single Cell Discoveries (Utrecht,
The Netherlands), using an adapted version of the CEL-seq protocol. In brief: Total
RNA was extracted using the standard TRIzol (Invitrogen) protocol and used for library
preparation and sequencing. mRNA was processed as described previously, following
an adapted version of the single-cell mMRNA seq protocol of CEL-Seq (39, 40). In brief,
samples were barcoded with CEL-seq primers during a reverse transcription and pooled
after second strand synthesis. The resulting cDNA was amplified with an overnight In
vitro transcription reaction. From this amplified RNA, sequencing libraries were prepared
with lllumina Truseq small RNA primers. Paired-end sequencing was performed on
the lllumina Nextseq500 platform using barcoded 1 x 75 nt read setup. Read 1 was used
to identify the Illumina library index and CELSeq sample barcode. Read 2 was aligned to
the CRCh38 human RefSeq transcriptome, with the addition of SARS-CoV1 (HKU-39849)
and SARS-CoV-2 (Ref-SKU: 026V-03883) genomes, using BWA using standard settings
(41). Reads that mapped equally well to multiple locations were discarded. Mapping
and generation of count tables was done using the MapAndGo script. Samples were
normalized using RPM normalization. Differential gene expression analysis was performed
using the DESeq2 package (42). SARSmapping reads were removed before analyzing
the different datasets. After filtering for an adjusted p-value < 0.05, the row z-score for
the 25 genes with the highest upregulation after 60 hours of exposure to SARS-CoV-2
was calculated. Data will be deposited in GEO. The 50 genes which were most strongly
induced in response to SARS-CoV-2 (padj < 0.05, ranked by fold change) were subjected
to functional enrichment analysis for a biological process using ToppFun on the ToppGene
Suite (https://toppgene.cchmc.org/enrichment.jsp) as described before (43). The 5
biological processes with highest enrichment (after FDR correction and a pvalue cutoff of

0.05) for each virus are displayed with the corresponding GO term and corrected p value.

Transmission electron microscopy

Organoids were chemically fixed for 3 hours at room temperature with 1.5% glutaraldehyde
in 0.067 M cacodylate buffered to pH 7.4 and 1 % sucrose. Samples were washed once
with 0.1 M cacodylate (pH 7.4), 1 % sucrose and 3x with 0.1 M cacodylate (pH 7.4),
followed by incubation in 1% osmium tetroxide and 1.5% K4Fe(CN)6 in 0.1 M sodium
cacodylate (pH 7.4) for 1 hour at 4 °C. After rinsing with MQ, organoids were dehydrated
at RT in a graded ethanol series (70, 90, up to 100%) and embedded in epon. Epon was
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polymerized for 48h at 60 °C. 60nm Ultrathin sections were cut using a diamond knife
(Diatome) on a Leica UC7 ultramicrotome, and transferred onto 50 Mesh copper grids
covered with a formvar and carbon film. Sections were post-stained with uranyl acetate
and lead citrate.

All TEM data were collected autonomously as virtual nanoscopy slides (28) on FEI
Tecnai T12 microscopes at 120kV using an Eagle camera. Data were stitched, uploaded,
shared and annotated using Omero (44) and PathViewer. Data was deposited to the Image

Data Resource (https://idr.openmicroscopy.org) under accession number idr0083.

Multiplex cytokine ELISA

Organoid supernatant samples, stored at -80 °C, were thawed and centrifuged at 2,000
g for 5 min. The Anti-virus response panel multiplex ELISA kit (BioLegend) was used to
determine cytokine concentrations in the samples using a FACSLyric (BD biosciences) flow
cytometer. The procedure was performed according to the manufacturer’s instructions
with the addition that capture beads were inactivated in 4% paraformaldehyde for 15 min
at room temperature and washed once in wash buffer after completion of the staining
protocol in a Class Il Biosafety Cabinet under BSL-3 conditions.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 8 software. We compared
differences in cytokine levels and log10 transformed viral titers by a two-way ANOVA
followed by a Sidak multiple-comparison test.
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Supplementary figure S1. Limited secretion of SARS-CoV and SARS-CoV-2 into organoid
supernatant. a-d) Live virus titers can be observed by virus titrations on VeroEé cells of organoid
supernatant at 2, 24, 48 and 60h after infection with SARS-CoV (blue) and SARS-CoV-2 (red). Different
medium compositions show similar results. e-h) qPCR analysis targeting the E gene of similar
timepoints and medium compositions as a-d. The dotted line indicates the lower limit of detection.
Error bars represent SEM. N=3. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure S2. ACE2 expression is absent in proliferating organoids and increases
upon BMP stimulation. gqPCR analysis of ACE2 on proliferating (EXP), differentiated (DIF) without
and with BMP (DIF+BMP). Expressions levels are normalized to GADPH and relative to DIF organoids.
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Supplementary figure S3. SARS-CoV infects proliferating cells but not secretory endocrine cells.
a) Immunofluorescent staining of SARS-CoV-infected intestinal organoids in expansion conditions.
Nucleoprotein (NP) stains viral capsid. Infected organoids contain large clusters of virus-containing
cells at 60 hours after infection. b) SARS-CoV infects dividing cells that are KI67-positive. c) Example
of a mitotic infected cell (arrow). d) Enteroendocrine cell (EEC) differentiated organoids do not
facilitate viral infection. EECs are marked by Chromogranin A (CHGA). An average of 7 = 5,2 CHGA+
EECs were observed per organoid section (n= 9 sections). e) Example of an EEC-differentiated
organoid with a virus infected cell. All scale bars are 50 pm.
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Supplementary figure S4. Quantification of SARS-CoV-2 infection spreading in organoids. a)
Percentage of organoids harboring at least 1 SARS-CoV2 infected cell are depicted in the different
culture conditions and at different timepoints. At least 50 different organoids were counted per
condition. 60 hours infection in EXP medium was performed in n=2 independent experiments
(see Figure S13), the other conditions as single experiment. b) The total number of infected cells
per organoid (from a) were counted. 60 hours infection in EXP medium was performed in n=2
independent experiments (see Figure $13). *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure S5. Increased apoptosis in organoids infected with SARS-CoV and SARS-
CoV-2. a) SARS-CoV and -2-infected organoids show hallmarks of cell death, including detachment
from the epithelial layer and cleaved-caspase 3 positivity. All scale bars are 50 pm. b) Number of
cleaved-caspase 3 positive cells in control and SARS-CoV2 infected organoids were counted. n= 5
organoids per condition. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure S6. Transcriptomic analysis of SARS-CoV-2 infected differentiated
organoids. Heatmaps depicting the 25 most significantly enriched genes upon SARS-CoV-2 infection
in differentiated intestinal organoids (left). Right heatmap shows the top 25 signature genes from
SARS-CoV2 infected EXP organoids (Figure 2a) upon SARS-CoV2 infection in differentiated intestinal
organoids. Colored bar represents Z-score of log2 transformed values.
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Supplementary figure S8. Interferon stimulated genes after SARS-CoV2 infection in intestinal
organoids. Heatmaps depicting ISGs reported in (33) upon SARS-CoV2 infection in intestinal
organoids. Colored bar represents Z-score of log2 transformed values.
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Supplementary figure S9 SARS-CoV-2 elicits cytokine responses in intestinal organoids. IFNB1
(a), IFNL1 (b), IP-10 (c) and IL-8 (d) levels in organoid culture supernatants were determined using
Legendplex multiplex ELISA. Values were normalized to the 2h timepoint post infection. The dotted
line indicates a fold change of 1. Error bars indicate SEM. N=3. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure S10. SARS-CoV-2 elicits cytokine responses in intestinal organoids as
determined by qRT-PCR. IFNB1 (a), IFNL1 (b) and ISG15 (c) mRNA expression in organoids was

determined by gRT-PCR. Values were normalized to B-actin expression. Error bars indicate SEM.
N=3. *P<0.05, **P<0.01, ***P<0.001.
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Supplementary figure S11. Cytokines after SARS-CoV2 infection in intestinal organoids.
Heatmaps depicting virally regulated cytokines reported in (33) upon SARS-CoV2 infection in
intestinal organoids. Colored bar represents Z-score of log2 transformed values.
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Supplementary figure S12. SARS-CoV and SARS-CoV-2 replicate in hSIOs in expansion medium.
(a) Live virus and viral RNA (b) titers can be observed by virus titrations on VeroEé cells of lysed
organoids at 2, 24, 48 and 72h after infection with SARS-CoV (blue) and SARSCoV- 2 (red). The dotted
line indicates the lower limit of detection. Error bars represent SEM. N=3.
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Supplementary figure S13. Human intestinal organoids from multiple donors are infected by
SARS-CoV2. Immunofluorescent staining of SARS-CoV2-infected intestinal organoids in expansion
conditions 72 hours after infection. Nucleoprotein (NP) stains viral capsid. The left panel is the same
human small intestinal organoid (HSIO) line as used throughout the study, the middle panel a second
line from a human ileum, and the right panel a line from a human duodenum. All scale bars are 50 um.
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Supplementary figure S14. Transcriptomic analysis of a replicate SARS-CoV-2 infection in
intestinal organoids. a) Heatmaps depicting the 25 most significantly enriched genes upon
the replicate SARS-CoV-2 infection in expanding intestinal organoids. Colored bar represents
Z - Score of log2 transformed values. b) Heatmaps depicting the 25 genes from Figure 2a in
the replicate SARS-CoV-2 infected expanding organoids. Colored bar represents Z-score of log2
transformed values. c¢) Heatmaps depicting the 25 genes from Figure 2a in the replicate SARS-CoV
infected expanding organoids. Colored bar represents Z-score of log2 transformed values. d) GO
term enrichment analysis for biological processes of the 50 most significantly upregulated genes
upon SARS-CoV-2 infected in intestinal organoids.
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ABSTRACT

The COVID-19 pandemic has emphasized the need to develop effective treatments
to combat emerging viruses. Model systems that poorly represent a virus' cellular
environment, however, may impede research and waste resources. Collaborations
between cell biologists and virologists have led to the rapid development of representative
organoid model systems to study SARS-CoV-2. We believe that lung organoids, in
particular, have advanced our understanding of SARS-CoV-2 pathogenesis and have laid

a foundation to study future pandemic viruses and develop effective treatments.
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INTRODUCTION

First emerged at the end of 2019, SARS-CoV-2 has caused a pandemic of unprecedented
scale and societal impact. The resulting disease, COVID-19, is characterised by pulmonary
symptoms ranging from mild upper airway disease to life-threatening acute respiratory
distress syndrome (ARDS). With over three and a half million deaths attributable to
COVID-19 at the time of publication, this pandemic has underlined the importance
of studying zoonotic viruses, preferably before they emerge as human pathogens. An
important requirement to better understand the pathogenesis of infectious diseases is
the establishment of representative model systems. Since many of the viruses considered
pandemic threats cause pulmonary disease, experimental platforms to study pulmonary
infections are crucial. Historically, most in vitro coronavirus studies have been performed
on 2D cell lines like VeroE6, Caco-2 and Calu-3 cells'. While these cell lines are often
highly susceptible to these viruses, they may fail to model key aspects of the viral life
cycle and antiviral compounds that work in vitro may fail in patients?®. Cell lines are
known for intrinsic abnormalities which might influence the viral replication cycle. For
example, in VeroEé cells SARS-CoV-2 enters through the endosomal route after cleavage
by cathepsins, whereas in primary airway cells SARS-CoV-2 enters the cell at the plasma
membrane after serine protease mediated cleavage®. As a consequence, propagation
of SARS-CoV-2 leads to the introduction of cell culture adaptive mutations in the spike
protein multibasic cleavage site>?. These adapted viruses do not behave like authentic
SARS-CoV-2, as they are less pathogenic®'® and they do not transmit''. Apart from cell
lines, multiple animal models have been used to study COVID-19. While mice are not
susceptible to wild type SARS-CoV-2 infection', animals that overexpress the human
variant of angiotensin converting enzyme 2 (ACE2) show high viral loads not only in
the lungs but also in the brain'. In golden Syrian hamster SARS-CoV-2 can use hamster
ACE2 for entry, although the animals do not develop severe lung disease upon viral
infection as seen in hospitalized COVID-19 patients'. Similarly, in ferrets the disease is
relatively mild and virus replication is mainly observed in the upper respiratory tract'.
In addition, SARS-CoV-2 rapidly acquires spike protein mutations in ferrets as a result of
critical species specific differences in ACE2 receptor interactions’ showing the complexity
of the response to viral infection in different animal hosts'”'®. In addition, all these models
are costly and require specialised animal BSL-3 facilities. Over the past year, human stem
cell-derived organoids have emerged as powerful tools for COVID-19 research bridging

the gap between cell lines and in vivo animal models.

RECAP OF CURRENT AIRWAY ORGANOID
TECHNOLOGIES

Organoids are three-dimensional (3D) in vitro structures grown from stem cells which
consist of organ-specific cell types that self-organise through cell sorting and spatially

restricted lineage commitment’”?. Organoids can be established from two distinct stem
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cell populations: adult stem cells (ASCs) derived from adult or foetal tissue, or pluripotent
stem cells (induced PSCs (iPSCs) and embryonic stem cells (ESCs)). Under optimal
conditions, a comprehensive set of cell types from the tissue of interest is generated.
Both stem cell types have been employed to generate lung organoids. Yet, the derivation
of airway organoids and their subsequent characteristics differ greatly between the two
stem cell types. iPSC-derived organoids are formed by generating 3D aggregates from
the pertinent iPSCs. The subsequent lung fate specification is accomplished by culturing
the aggregates in a series of growth factor-enriched media designed to mimic the journey
of an embryonic stem cell on its way to build lung tissues in a developing embryo. In
contrast, ASC-derived organoids are generated by isolation of resident stem cells from
the airways by providing a 3D matrix as well as a single growth factor cocktail?'.
Differentiation of iPSCs to airway epithelium generates structures that comprise of

2229 35 well as alveolar

multiple airway cell types including basal, club and ciliated cells
cell types: alveolar type | and Il (ATl and ATII) cells®®. These iPSC models may also contain
non-epithelial/non-endodermal elements including mesenchyme and endothelium. While
iPSC-derived lung progenitors can be induced to form 3D alveolar structures with ATI
and ATIl cells¥!, the combination of airway and alveoli has yet to be achieved. Similar
challenges existed for ASC-derived human lung organoids with initial cultures containing
the major airway cell types, while alveolar cells were absent®?. Against this backdrop, we
highlight that the COVID-19 pandemic has fuelled the development of multiple novel,

long-term lung culture systems.

AIRWAY ORGANOIDS AS TOOLS FOR STUDYING
COVID-19

Organoids have been used as models of a multitude of pathologies, including infectious
diseases'”®. Human intestinal organoids from ASCs were the first to allow successful
in vitro propagation of human noroviruses®-*. During the Zika virus outbreak, iPSC-
derived cerebral organoids allowed fast discovery of viral replication in dividing neural
progenitors and the subsequent demise of the latter, explaining how foetal, but not adult,
brains could be affected by the virus®=¢. Furthermore, ASC-derived human oral mucosal
organoids were infectible by herpes simplex virus and human papilloma virus®.

Importantly, airway organoids have been used to study a broad range of viruses,
including respiratory syncytial virus and influenza virus®24.

When SARS-CoV-2 emerged in December 2019 in Wuhan, China, respiratory models
were rapidly employed to study the infection of this newly identified coronavirus. ASC-
derived airway organoids were infected as air-liquid interface (ALl) cultures®*' and as
3D structures*?. Lamers and colleagues showed essential viral life cycle stages which
include intracellular double vesicle membranes. Studies on 2D ALl cultures identified
ciliated cells as a primary target of SARS-CoV-2 but also noted occasional infection of

club cells*'44. 3D cultures, however, showed primary infection in club cells*? or basal
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cells®, indicating that growth conditions, differentiation status, or perhaps differences
between donors affect viral tropism. Infection of 2D ALl airway organoids with SARS-
CoV-2 elicited a broad signature of interferon-stimulated genes (ISGs) attributed to
type I/lll interferon responses*'. The potential of using ASC-derived airway cultures for
virus propagation of SARS-CoV-2 was shown by Lamers et al.”. Most importantly, cell
culture-adaptive mutations in the multibasic cleavage site of the spike protein of SARS-
CoV-2, which mediates viral entry into the host cell, typically seen upon propagation
of the virus in cell lines, did not occur in viruses propagated on these ALl cultures of
airway organoids. This indicated that this culture system accurately models viral target
cells in vivo’. Moreover, fundamental virology studies can be aided by the use of this
representative model system. This is evidenced by the discovery that SARS-CoV-2 enters
human airway cells via serine protease-mediated entry and not via endocytosis/cathepsin-
mediated entry, as is the case in Vero cells and other cell lines commonly used in virology
labs*%. The latter observation explains why the endocytosis pathway inhibitor (hydroxy-)
chloroquine emerged from cell line screens, yet was ineffective in the clinic2. A limitation
however remains that these ALl cultures do not allow modelling of the immune system
as the basal side of the cells is attached to plastic and therefore inaccessible to immune
cells. 3D models that can be exposed to direct cell-cell interaction at their basal side,
might overcome this limitation. These future models will be valuable in studying immune
responses towards virally infected cells and could potentially be used to find new immune

modulators that limit disease severity in patients.

ALVEOLAR ORGANOID SYSTEMS AS POTENTIAL
MODELS FOR ARDS

While these airway models recapitulate some findings in COVID-19 patients, the search
for genuine alveolar model systems remained. Studying alveolar response to SARS-
CoV-2 infection is critical as most COVID-19 patients are hospitalized due to ARDS,
but freshly isolated primary alveolar cultures from healthy individuals were found only
minimally susceptible to SARS-CoV-2%. In addition, human ATIl cells rapidly differentiate
to ATl-like cells in 2D cell culture, limiting the possibilities to study ATIl biology®.
Several studies used existing iPSC-derived cells, first described in 20174, to generate
alveolar epithelium®. This differentiation was extended to specific ATIl cells by Abo and
colleagues. These authors induced iPSCs to differentiate towards ATIIl (iATIl) cells which
led to the comparable expression of the main SARS-CoV-2 viral entry factors ACE2 and
transmembrane serine protease 2 (TMPRSS2) compared to freshly isolated ATII cells®™,
which were thereafter permissive to SARS-CoV-2 infection in ALl cultures. The expression
of these vital viral entry factors was in line with the expression in vivo in ATIl and ciliated
cells in the lung®™-%3. The infection could be blocked by antiviral drug remdesivir and by
TMPRRS2 inhibition while a cathepsin B/L inhibitor, that showed effect in VeroE6 cells,
did not block virus replication in iATIl cells*. iPSC-derived alveolar model systems also
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revealed other FDA-approved drugs to have potential in inhibiting SARS-CoV-2 infection,
including the tyrosine kinase inhibitor imatinib, the immunosuppressant mycophenolic
acid and the antimalarial agent quinacrine dihydrochloride®. Although the effect of these
drugs remain to be investigated in patients, these studies show the potential of iPSC-
derived alveolar model systems as pre-clinical models over standardised immortalised
cell lines.

Lamers and colleagues (2021a) used a different approach using human foetal lung
epithelial stem cells to achieve alveolar differentiation by Lamers and colleagues*
using lung bud tip organoids described earlier®. These foetal lung bud tip organoids
displayed alveolar differentiation potential in 3D and were used to establish ALI
cultures in combination with foetal fibroblasts to differentiate into bronchioalveolar-
like cultures. These cultures were comprised of both alveolar-like and bronchiolar-like
areas*. This mix of cell types allows studying interactions between multiple areas in
the airways, thereby providing a more complete view compared to studying a single
area. A similar combinatorial culture system was recently established by using iPSCs®%8.
The susceptibility of these optimized foetal or iPSC-derived ALI cultures to SARS-CoV-2
infection appears to be higher than that of the ASC 3D systems, which could be related
to the facile access of the virus to the apical side of the cells or their differentiation status.

COVID-19 also motivated the development of several alveolar model systems
derived from ASCs. These studies used primary ATII cells as starting material to generate
3D spheres that were comprised of ATIl cells only, while maintaining the potential to
differentiate to ATI cells. Growth conditions and susceptibility to SARS-CoV-2 infection
varied between studies*?%7¢°. The system of Youk and colleagues appears to be most
permissive to SARS-CoV-2 infection, achieving infectious virus titers up to 10* infectious
units per ml (10° fold change compared with input). Very similar AT2 culture conditions
were recently used by Lamers et al®’, resulting in similar infectious virus titers (using 3D and
2D ATII cultures). Katsura, Youk and Lamers et al all report the induction of ISG reponses,
attributed to type | and Ill IFNs, and a decrease in the expression of surfactant proteins
(e.g. SFTPB, SFTPC and SFTPD). Other AT2 markers did not decrease in expression
upon SARS-CoV-2 infection®-¢'". Lower levels of surfactant proteins are detrimental for
oxygen exchange, as these proteins are crucial to preventing alveolar collapse. They are
also involved in innate and adaptive immune responses®?¢®. In addition, Katsura reports
the prominant expression of chemokines (CXCL10, CXCL11, and CXCL17) and cell death-
related genes (TNFSF10, CASP1, CASP4, CASP5, and CASP7)%. Overall, it seems that
alveolar infection is characterized by type I/lll IFN responses, proinflammatory responses
(e.g. chemokines), apoptosis, and low surfactant production. These responses are induced
solely by epithelial cells and future studies may investigate the influence of other lung cell
types on these responses.

Together, the toolbox of pulmonary organoid model systems has increased rapidly over
the past year. In our opinion, it now provides a more physiological experimental setting to

study SARS-CoV-2 and other pathogens that target the lungs, be it airways or alveoli.
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FUTURE PERSPECTIVES

As discussed above, the emergence of COVID-19 has boosted the establishment of many
new lung organoid models, as well as reviving older approaches. The extensive variation
in protocols indicates that there may exist multiple ways to achieve our common goal
and further improvements to the current technologies are to be expected. Combining
cell biology and virology expertise has already led to the development of applicable,
representative and easily infectable model systems. Knowledge of stem cell biology
combined with that of pulmonary development thus allows the generation of multiple
organoid-based respiratory cell cultures of airways and alveoli (Figure 1).

Organoid cultures originating from different parts of the respiratory tract could allow
further insight into virus tropism, not only of SARS-CoV-2 but also other respiratory
viruses. Cells of the upper airway could be used to study virus shedding or the role of
host factors in the context of virus transmission, but might be less relevant when studying
severe COVID-19, where infection of alveolar cells or inflammation in the distal lung
can lead to potentially fatal ARDS®*¢. Alveolar models can be used to study the latter
complication, either alone or in combination with other cell types such as endothelial,
stromal or immune cells (Figure 1). Airway cells of the bronchus and bronchiole could be
used to study local host responses and dissemination to the alveolus. It is vitally important
to understand regional differences by using multiple model systems, which will further
pinpoint the direct causes of disease severity and potentially elucidate effective therapies

to alleviate this.
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Figure 1. Overview of the potential of region-restricted lung organoids in virology.
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SARS-CoV-2, like many other human viruses, originates from animals and has
presumably undergone adaptations when infecting humans. Organoids derived from
reservoir animals could be used to culture and study viruses that have not yet been shown
to infect humans but may do so in the future. The potential of these organoids has already
been shown using bat- and feline-derived intestinal organoids to study coronaviruses®:¢8.
Expanding these studies may reveal the adaptations required when viruses adapt to other
species (Figure 1).

Several reports have shown the relationship between host genetic variants and
susceptibility for SARS-CoV-2 and disease severity®”. The underlying biology can be
studied in relevant organoid models derived from individuals with representative
genetic backgrounds. The use of sophisticated genetic editing tools can also increase
understanding of SARS-CoV-2 biology (Figure 1). Genome-wide CRISPR-Cas9 screens
have already identified a number of host factors like ACE2 that play a crucial role in
SARS-CoV-2 infection’’". These studies were performed on classical cell lines (and have
revealed a role for endocytosis in VeroEé cells; see above) but we emphasize that these
finding should be confirmed in more physiologically relevant models.

Contrarily, variants of SARS-CoV-2 that may transmit better or escape from immunity
are increasingly identified’2. Organoids can potentially be used to identify the differences
between these strains of SARS-CoV-2. Infection of the British variant in airway, alveolar and
intestinal organoids produced higher levels of viral particles late in infection compared
to the ancestral strain®', identifying extended shedding as an in vitro correlate of viral
fitness. The British variant also outcompeted the ancestor in airway organoids when both
viruses were added to the same culture. The rapid comparison of SARS-CoV-2 variants in
organoid systems may ultimately inform public health decision making.

Organoids have also emerged as a promising tool for predicting drug efficacy through
high-throughput screens (Figure 1). Norovirus infection in intestinal organoids could be
blocked by a variety of antibodies’”®. Moreover, iPSC-derived cerebral organoids have
provided a platform for identifying treatments that limit neural progenitor cell death
after Zika-virus infection®”%. In the past year, intestinal and airway organoid models
have been implicated in predicting SARS-CoV-2 treatment discovery. Application of
25-hydroxycholesterol, remdesivir, interferon-A or camostat decrease SARS-CoV-2
spread in the organoids*#3#47475 While these studies used known antiviral drugs or drugs
based on known SARS-CoV-2 biology, a recent study employed iPSC-derived airway
organoids in a 384-well format to uncover FDA-approved drugs that effectively lower viral
replication’®. A separate study used human iPSC-derived colorectal infected with SARS-
CoV-2 organoids in a similar set-up and tested more than 1,000 drugs’”’. Many of these
hits overlapped with those in lung organoids, indicating effective viral blockade in at least
two epithelial tissues.

It is evident that advancing the development of pulmonary organoid culture models
has contributed to understanding pathogenesis and advancing drug development for

SARS-CoV-2. Continuing this progress will be essential to prepare for future pandemics.



Advancing Lung Organoids for COVID-19 Research

REFERENCES

1.

Takayama, K. In Vitro and Animal Models
for  SARS-CoV-2 research. Trends in
Pharmacological Sciences 41, 513-517 (2020).

Hernandez, A. V., Roman, Y. M,
Pasupuleti, V., Barboza, J. J. & White, C.
M. Hydroxychloroquine or Chloroquine
for Treatment or Prophylaxis of COVID-19:
A Living Systematic Review. Ann. Intern.
Med. 173, 287-296 (2020).

Wang, M. et al and
chloroquine effectively inhibit the recently

Remdesivir

emerged novel coronavirus (2019-nCoV) in
vitro. Cell Res. 30, 269-271 (2020).

Mykytyn, A. Z. et al. Sars-cov-2 entry into
human airway organoids is serine protease-
mediated and facilitated by the multibasic
cleavage site. Elife 10, 1-23 (2021).

Klimstra, W. B. et al. SARS-CoV-2 growth,

furin-cleavage-site adaptation and
neutralization using serum from acutely
infected hospitalized COVID-19 patients.

J. Gen. Virol. 101, 1156-1169 (2020).

Lau, S. VY. et al. Attenuated SARS-CoV-
2 variants with deletions at the S1/52
junction. Emerg. Microbes Infect. 9,

837-842 (2020).

Liu, Z. et al. |dentification of Common
Deletions in the Spike Protein of Severe
Acute Respiratory Syndrome Coronavirus
2. J. Virol. 94, (2020).

Ogando, N. S. et al. SARS-coronavirus-2
replication in Vero Eé cells: Replication

kinetics, rapid adaptation and cytopathology.
J. Gen. Virol. 101, 925-940 (2020).

Lamers, M. M. et al. Human airway
cells prevent SARS-CoV-2 multibasic
cleavage site cell culture adaptation.

Elife 10, 2021.01.22.427802 (2021).

Johnson, B. A. et al. Loss of furin cleavage
site attenuates SARS-CoV-2 pathogenesis.
Nature 591, 293-299 (2021).

Peacock, T. P. et al. The furin cleavage site
in the SARS-CoV-2 spike protein is required
for transmission in ferrets. Nat. Microbiol.
(2021). doi:10.1038/s41564-021-00908-w

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zhou, P. et al. A pneumonia outbreak
associated with a new coronavirus of probable
bat origin. Nature 579, 270-273 (2020).

Sun, S. H. et al. A Mouse Model of SARS-
CoV-2 Infection and Pathogenesis. Cell
Host Microbe 28, 124-133.e4 (2020).

Chan, J. F W. et al. Simulation
of the and  Pathological
Manifestations of Coronavirus
2019 (COVID-19) in a Golden Syrian
Hamster Model: Implications for Disease
Pathogenesis and Transmissibility. Clin.
Infect. Dis. 71, 2428-2446 (2020).

Clinical
Disease

Shi, J. et al. Susceptibility of ferrets,
cats, dogs, and other domesticated
animals to SARS-coronavirus 2.

Science (80-. ). 368, 1016-1020 (2020).

Richard, M. et al. SARS-CoV-2 is transmitted
via contact and via the air between ferrets.
Nat. Commun. 11, 1-6 (2020).

Rosa, R. B. et al. In Vitro and In Vivo Models
for Studying SARS-CoV-2, the Etiological
Agent  Responsible  for  COVID-19
Pandemic. Viruses 13, 379 (2021).

Leist, S. R., Schafer, A. & Martinez, D. R.
Cell and animal models of SARS-CoV-2
pathogenesis and immunity. DMM Dis.
Model. Mech. 13, (2020).

Clevers, H. Modeling
and Disease with
Cell 165, 1586-1597 (2016).

Lancaster, M. A. & Knoblich, J. A.
Organogenesisin  a  dish:  Modeling
development and disease using organoid
technologies. Science (80-. ). 345, (2014).

van der Vaart, J. & Clevers, H. Airway
organoids as models of human disease.
Medicine (2020).

Development
Organoids.

Journal of Internal
doi:10.1111/joim.13075

Wilkinson, D. C. et al. Development of
a  Three-Dimensional  Bioengineering
Technology to Generate Lung Tissue for
Personalized Disease Modeling.

Cells Transl. Med. 6, 622-633 (2017).

Huang, S. X. L. et al. Efficient generation
of lung and airway epithelial cells from

Stem

111



112

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

human pluripotent stem cells. Nat.

Biotechnol. 32, 84-91 (2014).

Mou, H. et al. Generation of Multipotent
Lung and Airway Progenitors from Mouse
ESCs and Patient-Specific Cystic Fibrosis
iPSCs. Cell Stem Cell 10, 385-397 (2012).

Firth, A. L. et al
multiciliated

Generation of

cells in functional airway
epithelia from human induced pluripotent
stem cells. Proc. Natl. Acad. Sci.

U.S. A 111, E1723-30 (2014).

B. A S
Generation of Functional Airway Epithelium

Mclintyre, et al. Expansive

From Human Embryonic Stem Cells. Stem
Cells Transl. Med. 3, 7-17 (2014).

Konishi, S.
of Functional

et al. Directed Induction
Multi-ciliated Cells in
Proximal Airway Epithelial Spheroids from
Human Pluripotent Stem Cells. Stem cell
reports 6, 18-25 (2016).

Dye, B. R. et al. In vitro generation of
human pluripotent stem cell derived lung
organoids. Elife 4, (2015).

McCauley, K. B. et al. Efficient Derivation
of Functional Human Airway Epithelium
from Pluripotent Stem Cells via Temporal
Regulation of Wnt Signaling. Cell Stem
Cell 20, 844-857.e6 (2017).

van Riet, S. et al. In vitro modelling of
alveolar repair at the air-liquid interface
using alveolar epithelial cells derived from
human induced pluripotent stem cells. Sci.
Rep. 10, (2020).

de Carvalho, A. L. R. T. et al. Glycogen
synthase kinase 3 induces multilineage
maturation of human pluripotent stem
cell-derived lung progenitors in 3D culture.
Dev. 146, (2019).

Sachs, N.
human airway organoids for disease
modeling. EMBO J. 38, 100300 (2019).

M. A. & Huch, M. Disease

modelling in human organoids. DMM Dis.
Model. Mech. 12, (2019).

et al. Long-term expanding

Lancaster,

Ettayebi, K. et al. Replication
of human noroviruses in stem
cell-derived human enteroids.

Science (80-. ). 353, 1387-1394 (2016).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Haga, K. et al. Genetic manipulation
of human intestinal enteroids
demonstrates the necessity of a functional
fucosyltransferase 2 gene for secretor-

dependent human norovirus infection.
MBio 11, 1-10 (2020).

Estes, M. K. et al. Human Norovirus
Cultivation in  Nontransformed Stem
Cell-Derived Human Intestinal Enteroid
Cultures:  Success and  Challenges.

Viruses 11, 9-11 (2019).

Qian, X., Nguyen, H. N., Jacob, F.,, Song,
H. & Ming, G. L. Using brain organoids
to understand Zika virus-induced
microcephaly. Dev. 144, 952-957 (2017).

Watanabe, M. et al. Self-Organized Cerebral
Organoids with Human-Specific Features
Predict Effective Drugs to Combat Zika Virus
Infection. Cell Rep. 21, 517-532 (2017).

Driehuis, E. et al. Oral Mucosal Organoids as
a Potential Platform for Personalized Cancer
Therapy. Cancer Discov. 9, 852-871 (2019).

Zhou, J. et al. Differentiated human
airway organoids to assess infectivity of
emerging influenza virus. Proc. Natl. Acad.
Sci. 115, 6822-6827 (2018).

Lamers, M. M. et al. SARS-CoV-2
productively infects human gut enterocytes.
Science (80-. ). 369, 50-54 (2020).

Salahudeen, A. A. et al. Progenitor
identification and SARS-CoV-2 infection
in  human distal lung organoids.

Nature 588, 670-675 (2020).

Suzuki, T. et al. Generation of human
bronchial organoids for SARS-CoV-2 research.
bioRxiv 4, 2020.05.25.115600 (2020).

Lamers, M. M. et al. An organoid-
derived  bronchioalveolar model for
SARS-CoV-2 infection of human alveolar
type ll-like cells. EMBO J. (2021).

doi:10.15252/embj.2020105912
Hoffmann, M. et al. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is

Blocked by a Clinically Proven Protease
Inhibitor. Cell 181, 271-280.e8 (2020).

Hou, Y. J. et al. SARS-CoV-2 Reverse
Genetics Reveals a Variable Infection
Gradient in the Respiratory Tract.

Cell 182, 429-446.e14 (2020).



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Advancing Lung Organoids for COVID-19 Research

Bove, P. F. et al. Breaking the in vitro
alveolar type Il cell proliferation barrier while
retaining ion transport properties. Am. J.
Respir. Cell Mol. Biol. 50, 767-776 (2014).

Jacob, A. et al. Differentiation of Human
Pluripotent Stem Cells into Functional
Lung Alveolar Epithelial Cells. Cell Stem
Cell 21, 472-488.e10 (2017).

Jacob, A. et al. Derivation of self-renewing
type |l

from human pluripotent stem cells. Nat.
Protoc. 14, 3303-3332 (2019).

Abo, K. M. et al. Human iPSC-derived
alveolar and airway epithelial cells can be
cultured at air-liquid interface and express
SARS-CoV-2 host factors. bioRxiv (2020).
doi:10.1101/2020.06.03.132639

lung alveolar epithelial cells

Jia, H. P. et al. ACE2 receptor expression
and severe acute respiratory syndrome
depend  on
differentiation of human airway epithelia.
J. Virol. 79, 14614-21 (2005).

Qi, F, Qian, S., Zhang, S. & Zhang,
Z. Single cell RNA sequencing of 13

coronavirus infection

human tissues identify cell types and
receptors of human coronaviruses. (2020).
doi:10.1016/j.bbrc.2020.03.044

Hikmet, F. et al. The protein expression
profile of ACE2 in human tissues. Mol.
Syst. Biol. 16, €9610 (2020).

Huang, J. et al. SARS-CoV-2 Infection of
Pluripotent Stem Cell-Derived Human
Lung Alveolar Type 2 Cells Elicits a Rapid
Epithelial-Intrinsic Inflammatory Response.

Cell Stem Cell 27, 962-973.e7 (2020).

Han, Y. et al. Identification of SARS-
CoV-2 inhibitors using lung and colonic
organoids. Nature 589, 270-275 (2021).

Nikoli¢, M. Z. et al. Human embryonic lung
epithelial tips are multipotent progenitors
that can be expanded in vitro as long-term
self-renewing organoids. Elife 6, (2017).

Tiwari, S. K., Wang, S., Smith, D., Carlin,
A. & Rana, T. M. Revealing tissue-specific
SARS-CoV-2 infection and host responses
using human stem cell derived lung and
cerebral organoids. Stem Cell Reports
(2021). doi:10.1016/j.stemcr.2021.02.005

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Rodrigues Toste de Carvalho, A. L. et al.
The in vitro multilineage differentiation
and maturation of lung and airway cells
from human pluripotent stem cell-derived
lung progenitors in 3D. Nat. Protoc. 1-28
(2021). doi:10.1038/s41596-020-0047 6-z

Katsura, H. et al. Human Lung Stem Cell-
Based Alveolospheres Provide Insights
SARS-CoV-2-Mediated
Responses and Pneumocyte Dysfunction.

Cell Stem Cell 27, 890-904.e8 (2020).

Youk, J. et al. Three-Dimensional Human

into Interferon

Alveolar Stem Cell Culture Models Reveal
Infection Response to SARS-CoV-2. Cell
Stem Cell 27, 905-919.e10 (2020).

Lamers, M. M. et al. Human organoid

systems reveal in vitro correlates
of fitness for SARS-CoV-2 B.1.1.7.
bioRxiv 2021.05.03.441080 (2021).

doi:10.1101/2021.05.03.441080

Crouch, E. & Wright, J. R. Surfactant
proteins A and D
host defense.  Annual Review of
Physiology 63, 521-554 (2001).

McCormack, F. X. & Whitsett, J. A.
The pulmonary collectins, SP-A and SP-D,

and pulmonary

orchestrate innate immunity in the lung. J.
Clin. Invest. 109, 707-712 (2002).

Ackermann, M. et al. Pulmonary Vascular
Endothelialitis, and
Angiogenesis in Covid-19. N. Engl. J.
Med. 383, 120-128 (2020).

McGonagle, D., Bridgewood, C., Ramanan,
A. V., Meaney, J. £ M. & Watad, A.
COVID-19 vasculitis and novel
mimics. The Lancet Rheumatology 3, (2021).

Thrombosis,

vasculitis

Menter, T. et al. Postmortem examination of
COVID-19 patients reveals diffuse alveolar
damage with severe capillary congestion
and variegated findings in lungs and other
organs suggesting vascular dysfunction.
Histopathology 77, 198-209 (2020).

Zhou, J. et al. Infection of bat and human
intestinal organoids by SARS-CoV-2. Nat.
Med. 26, 1077-1083 (2020).

Tekes, G., S. &
Stanifer, M. L. Development of Feline

Ehmann, R., Boulant,

lleum- and Colon-Derived Organoids

113



114

69.

70.

71.

72.

and Their Potential Use to Support Feline
Coronavirus Infection. Cells 9, (2020).

Mohammadpour, S., Torshizi Esfahani,
A., Halaji, M., Lak, M. & Ranjbar, R. An
updated review of the association of host
genetic factors with susceptibility and
resistance to COVID-19. Journal of Cellular
Physiology 236, 49-54 (2021).

Wei, J. et al. Genome-wide CRISPR
Screens Reveal Host Factors
Critical for  SARS-CoV-2 Infection.

Cell 184, 76-91.e13 (2021).

Wang, R. et al. Genetic Screens Identify Host
Factors for SARS-CoV-2 and Common Cold
Coronaviruses. Cell 184, 106-119.e14 (2021).

Plante, J. A. et al. The variant gambit:
COVID-19's next move. (2021).
doi:10.1016/j.chom.2021.02.020

73.

74.

75.

76.

77.

Alvarado, G. et al. Human Monoclonal
Antibodies That Neutralize
Pandemic Gll.4 Noroviruses.
Gastroenterology 155, 1898-1907 (2018).

Kriger, J. et al. Drug Inhibition of SARS-
CoV-2 Replication in Human Pluripotent
Stem Cell-Derived Intestinal Organoids.
CMGH 11, 935-948 (2021).

Zu, S. et al. 25-Hydroxycholesterol is
a potent SARS-CoV-2 inhibitor. Cell Res. 1-3
(2020). doi:10.1038/s41422-020-00398-1

Han, Y. et al. ldentification of Candidate
COVID-19  Therapeutics using hPSC-
derived Lung Organoids. 16-19 (2020).

Duan, X. et al. Identification of Drugs
Blocking SARS-CoV-2 Infection
using Human Pluripotent Stem Cell-
derived  Colonic  Organoids.  (2020).
doi:10.1101/2020.05.02.073320









CHAPTER

AN ORGANOID-DERIVED
BRONCHIOALVEOLAR MODEL FOR
SARS-COV-2 INFECTION OF HUMAN
ALVEOLAR-TYPE II-LIKE CELLS

Mart M. Lamers*!, Jelte van der Vaart*?, Kevin Knoops?,

Samra Riesebosch’, Tim |. Breugem', Anna Z. Mykytyn',

Joep Beumer?, Debby Schipper', Karel Bezstarosti,

Charlotte D. Koopman?®, Nathalie Groen®, Raimond B.G. Ravelli®,
Hans Q. Duimel?, Jeroen A.A. Demmers*, Georges M.G.M. Verjans',
Marion P.G. Koopmans', Mauro J. Muraro®, Peter J. Peters?,
Hans Clevers?, Bart L. Haagmans'

'Viroscience Department, Erasmus University Medical Center,
Rotterdam, the Netherlands.

20Oncode Institute, Hubrecht Institute, Royal Netherlands Academy of
Arts and Sciences and University Medical Center, Uppsalalaan 8, Utrecht,
3584 CT, Netherlands.

3The Maastricht Multimodal Molecular Imaging Institute, Maastricht
University, 6229 ER Maastricht, the Netherlands.

4Proteomics Center, Erasmus University Medical Center,

Rotterdam, the Netherlands.

5Single Cell Discoveries, Utrecht, the Netherlands.

*These authors contributed equally to this work.

Published in The EMBO Journal (2021);
doi: 10.15252/embj.2020105912




118

ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus
disease 2019 (COVID-19), may result in acute respiratory distress syndrome (ARDS),
multi-organ failure and death. The alveolar epithelium is a major target of the virus, but
representative models to study virus host interactions in more detail are currently lacking.
Here, we describe a human 2D air-liquid interface culture system which was characterized
by confocal-, electron-microscopy and single cell mMRNA expression analysis. In this
model, alveolar cells, but also basal cells and rare neuroendocrine cells, are grown from
3D self-renewing fetal lung bud tip organoids. These cultures were readily infected by
SARS-CoV-2 with mainly surfactant protein C-positive alveolar type ll-like cells being
targeted. Consequently, significant viral titers were detected and mRNA expression
analysis revealed induction of type I/lll interferon response program. Treatment of these
cultures with a low dose of interferon lambda 1 reduced viral replication. Hence, these
cultures represent an experimental model for SARS-CoV-2 infection and can be applied

for drug screens.



An Organoid-derived Bronchioalveolar Model for SARS-CoV-2 Infection

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread globally
within several months after an initial outbreak in Wuhan, China, in December 2019'.
The World Health Organization (WHO) declared SARS-CoV-2 a pandemic on March 11,
2020. As of November 1, 2020, >46,000,000 patients were confirmed including >1,200,000
deaths?. SARS-CoV-2 belongs to the Sarbecovirus subgenus (genus Betacoronavirus,
family Coronaviridae), together with SARS-CoV3®. SARS-CoV-2 causes coronavirus disease
2019 (COVID-19), an influenza-like illness associated with a broad spectrum of clinical
respiratory syndromes, ranging from mild upper airway symptoms to a life-threatening
viral pneumonia®?. This pneumonia fulfils the radiographic and histological criteria for
acute respiratory distress syndrome (ARDS). Classically, ARDS is caused by damage to
the alveoli, more specifically to the alveolar type | cells that are critical in the oxygen
transport from the alveoli to the blood, triggered through an inflammatory response to
pathogens or toxins'®".

The early events that lead to respiratory failure as a result of coronavirus infection
are initiated following virus replication'. After virus entry, which is determined by
receptor availability, viral replication generates pathogen-associated molecular patterns,
specifically RNA structures, that can be detected by pattern recognition receptors (PRRs).
PRR signalling subsequently leads to the transcription of antiviral genes; the response
triggered varies between pulmonary cell types'. Therefore, disease outcome can be
greatly influenced by the viral target cell, which is determined largely by the presence of
CoV entry receptor. In the lungs, angiotensin-converting enzyme 2 (ACE2), the SARS-CoV-

2 receptor'®?!

, is expressed mainly in ciliated cells and alveolar type Il cells?*?. Ciliated
cells, alveolar type Il cells, but also alveolar type | cells, have been identified as SARS-
CoV-2 target cells in animal models and in COVID-19 patients®*2¢. In previous work,
we confirmed ciliated cells as a viral target cell using organoid-derived bronchial airway
cultures?. In contrast to ciliated cells, alveolar cells are notoriously difficult to culture, thus
limiting our understanding of COVID-19, but also of other respiratory virus infections.
Currently, standardized methods use immortal cell lines or primary alveolar cells to
study disease®®. Immortal cell lines, however, do not fully recapitulate the complexity of
the alveolar space and epithelium. Primary alveolar cells partially capture this complexity
but remain incapable of undergoing passaging and quickly lose their in vivo phenotype
which restricts the model by the availability of donor material?**. Importantly, primary
adult alveolar cultures were recently shown to be poorly permissive to SARS-CoV-2
infection, emphasizing the urgent need to develop a susceptible SARS-CoV-2 alveolar
infection model?*?'. Some induced pluripotent stem cell-derived models have been
able to show alveolar differentiation®*¥, yet differentiation from primary lung cells has
remained challenging.

Here, we describe a bronchioalveolar-like 2D air-liquid interface cell system by

confocal-, electron-microscopy and mRNA expression analysis. In this model, alveolar
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cells, but also basal cells, and rare neuroendocrine cells, are grown from 3D self-renewing
lung bud tip progenitor organoids. In this system, SARS-CoV-2 replication competence,
tropism and induced host responses were determined and compared to 2D differentiated

small airway epithelium.

REPLICATION COMPETENCE AND TROPISM OF
SARS-COV-2 IN 2D DIFFERENTIATED SMALL AIRWAY
EPITHELIUM

Human bronchial airway epithelial (HAE) cell cultures are an established primary epithelial
lung cell model to study respiratory virus infections. In these cultures, primary basal cells
can be differentiated at air-liquid interface into mature airway cell types. It has already
been shown that 3D self-renewing airway organoids can also be used as a source of basal
cells in this culture system?:3:37, We first established this system using small airway basal
cells (Supplementary figure S1A-C) and demonstrated that SARS-CoV-2 readily infects
human small airway organoid-derived epithelium cultured in 2D at air-liquid interface (ALI)
(Figure 1). SARS-CoV-2 grew to relatively high titers on these cells, as shown by titration
of VeroEé cells (Figure 1A-B) and viral RNA quantification (Supplementary figure S1D).
Shedding of virus occurred predominantly apically (Supplementary figure S1E-F). As we
have previously shown for large airway (bronchial) cultures?, ciliated cells were extensively
targeted by SARS-CoV-2 (Figure 1C). In addition, we noted rare infection of CC10* club
cells (Figure 1D), but no infection of MUC5AC* goblet cells (Figure 1E).

ESTABLISHMENT OF A 2D DIFFERENTIATED
BRONCHIOALVEOLAR-LIKE MODEL

Another 3D lung organoid system was developed by Nikolic and colleagues in 2017, but
this system has not yet been applied in virology. In this system, culture conditions were
established to support long term self-renewal of multipotent SOX2*SOX9* lung bud tip
progenitor cells which in vivo differentiate into both airway and alveolar cells. We grew
these lung bud tip organoids (LBT) from canalicular stage human fetal lungs 16-17 pcw
(post-conception weeks). In expansion medium, which activates EGF, FGF and WNT
signaling, and inhibits BMP and TGFP, the vast majority of cells were SOX2*SOX9*
(Figure 2A), but rare ATII-L were also detected in a subpopulation of organoids using
the HTII-280 antibody which exclusively stains ATII cells in the human lung*' (Figure 2B).
Organoid lines were maintained for >14 passages without apparent change in morphology,
or SOX2 and SOX9 expression. Next, we established a model that contains alveolar-
like cells, which could be accessed from the apical side for infection experiments. We
plated SOX2*SOX9* progenitor cells in Transwell inserts in differentiation medium.
Based on recent literature, we reasoned that addition of human canalicular stage

mesenchyme would provide cues for the survival of ATII-L cells and differentiation
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Figure 1. SARS-CoV-2 infects human organoid-derived 2D small airway cultures. A, B) Infectious
virus titers can be observed by virus titrations on VeroEé cells of apical washes at 2, 24, 48, and 72h
after infection at MOI 0.01 (A) or 0.1 (B) with SARS-CoV-2 (red). The dotted line indicates the lower limit
of detection. Error bars represent SEM. N=4. H p.i. = hours post infection. C-E) Immunofluorescent
staining of SARS-CoV-2 infected differentiated small airway cultures. Nucleoprotein (NP) stains viral
capsid (red), which colocalized with the ciliated cell marker AcTUB (green; (C, D, E)) and club cell
marker CC10 (blue; (D)). Phalloidin was included to stain actin (blue; (C)). Goblet cells are identified
by MUC5AC (blue; (E)). Scale bars indicate 50 pm.

towards an alveolar fate®424  After reaching confluency, cells were differentiated for
at least 14 days at ALl (Figure 2C). The addition of canalicular stage mesenchymal cells
in the bottom compartment of the Transwell increased the frequency of HTII-280+ cells
(Supplementary figure S2A-B). After 14 days of differentiation at ALI, cultures consisted of
both multi-layered and single-layered squamous epithelium. The areas with a single layer
of mostly thin epithelium contained cells expressing the ATl markers HOPX (Figure 2D)
and HTI-56 (Figure 2E), as well as the mature ATIl marker HTII-280 (Figure 2F) and LPCAT1
(Figure 2G)*'454¢, SFTPC+ cells were present in the single layered epithelium and the top
layer of the multilayered areas (Figure 2H). The multilayered areas contained TP63+ basal
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Figure 2. Self-renewing human fetal lung bud tip progenitor organoids differentiate at air-liquid
interface to alveolar type I- and ll-like cells. A) Immunofluorescent staining of fetal lung bud tip
progenitor organoids grown in expansion medium coexpressing stem cell markers Sox2 (green) and
Sox9 (red). Phalloidin (white) was used to stain actin. B) Immunofluorescent staining of rare HTII-280+
type Il pneumocyctes (green) in a subpopulation of fetal lung bud tip progenitor organoids grown
in expansion medium. C) Schematic of the 2D air-liquid interface bronchioalveolar-like model. D-I)
Differentiated lung bud tip organoids at air-liquid interface in co-culture with donor-specific human
fetal lung fibroblasts. After 14 days of differentiation at air-liquid interface, cells express alveolar
type | (HOPX, green, (D); HTI-56, green, (E)), type Il cells (HTII-280, green, (F); LPCAT1, green, (G);
SFTPC (SPC), green, (H)) and basal cell (TP63 (P63), green, (I)) markers in areas containing one cell
layer. Dotted lines indicate the barrier between multilayered and single layered epithelium. Data
information: Nuclei are stained with Hoechst (blue in (A, B) or white in (D-1)). Scale bars indicate 50pm.
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cells as a bottom layer (Figure 2I). Canalicular stage mesenchyme from different donors

resulted in similar expression of alveolar markers (Figure EV1A-H), whereas some variation 1
was observed in basal cell proliferation (Figure EV1I-J). Using mass spectrometry on
apical washes we also detected secreted surfactant proteins SFTPA1, SFTPA2, SFTPB 2
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Figure EV1. A comparison of different mesenchymal donors on 2D bronchioalveolar-like
differentiation. (A-J) Immunofluorescent staining of HTII-280 (A, B), LPCAT1 (C, D), SPC (E, F),
HOPX (G H) and TP63 (I J) after two weeks of differentiation at air-liquid interface in the presence
of mesenchyme in the basal compartment of the Transwell. Nuclei are stained with Hoechts (blue).
Scale bars represent 50 pm.
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and SFTPD (Supplementary figure S3). mRNA expression analysis of 3D LBT, confluent
2D cultures before (2D non ALl) and after (2D ALI) exposure to air indicated that lung
bud tip progenitor markers SOX9 and SOX2 were decreased during differentiation
(Figure EV2A-B) while alveolar cell markers SFTPA2, SFTPB and HOPX gradually increased
during differentiation (Figure EV2C-E). A general increase in ATI- and ATll-related
genes from 3D LBT to 2D ALl cells was observed with intermediate levels at 2D non-ALlI
(Figure EV2F, Table EV1-2). The composition of cells in 2D ALl cultures was different

from small airway ALl cultures, as indicated in differential expression analysis (Figure 3A,
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Figure EV2. Transcriptomic analysis of differentiation towards bronchioalveolar-like cells from
lung bud tip organoids. A-E) Line graphs indicating normalised read count of 3D lung bud tip
organoids (3D LBT), airway organoids on transwell system with apical medium (2D non-ALl) and 2D
bronchioalveolar-like air-liquid cultures (2D ALIl). n=2 and error bars represent stdev. (A, B) Graphs
depicting fetal bud tip progenitor markers SOX9 and SOX2. (C, D) Graphs depicting ATII markers
SFTPA2 and SFTPB. (E) Graphs depicting ATl marker HOPX. F) Heatmaps depicting top 50 enriched
genes in 2D bronchioalveolar-like air-liquid cultures (2D ALI) compared to 3D lung bud tip organoids
(3D LBT). N=2 of 3D LBT, airway organoids on transwell system with apical medium (2D non-ALl) and
2D ALLI. Colored bars represent Z-scores of log2 transformed values.



An Organoid-derived Bronchioalveolar Model for SARS-CoV-2 Infection

A S Fory B St Ky
I Up- and downregulated Is Cell composition
: genes of different A markers of different
ok ALl cultures - ALl cultures

W ATIRATH
T

H

HH
j,! 111

L]
F
|

Lo B AT

_——

] Chuky sl

ey -

Lo Gakiat cail

e

:“,.‘?"T. lonacyts

—p W PREC
1wt [l Basal coll

| CHiated cell
B Tuh el

Bronchio-  Small
ahbvaolar  alrway

Bronchic- Small
alveolar alrway

Figure 3. Transcriptomic analysis of bronchioalveolar-like and small airway air-liquid interface
cultures. A) Heatmaps depicting top 30 up- and downregulated genes in 2D bronchioalveolar-like air-
liquid cultures (Bronchioalveolar) compared to small airway air-liquid interface cultures (Small airway).
Colored bars represent Z-scores of log2 trans- formed values. B) Heatmaps depicting pulmonary cell
type marker genes in 2D bronchioalveolar-like air-liquid cultures (Bronchioalveolar) and small airway
air-liquid interface cultures (Small airway). Color coded bars indicate which cell type is marked by
the presented gene. Colored bars represent Z-scores of log2 transformed values.

Table EV3). While small airway ALl cultures were mainly expressing ciliated cell markers
like DNAH10 (Figure 3A), FOXJ1 and SNTN (Figure 3B), alveolar like ALl-cultures were
enriched in ATI&Il makers like HOPX and SFTPA1 (Figure 3). Moreover, 2D ALl cultures were
enriched in markers for pulmonary neuroendocrine, tuft and basal cells, while small airway
cultures were enriched in goblet and ciliated cell markers (Figure 3B). All together, these
data indicate that the 2D ALI cultures contain both alveolar-like as well as bronchiolar-like
cells. These cultures could therefore be characterized as bronchioalveolar-like by confocal
microscopy and mRNA expression analysis. The presence of pulmonary neuroendocrine
cells (PNEC) was confirmed by confocal imaging (Supplementary figure S6B). The club
and ATIl cell marker SCGB3A2 was also detected in both single and multilayered areas
(Supplementary figure S6C).

To further investigate the diversity and frequency of the «cell types in
the bronchioalveolar system we performed single-cell mMRNA sequencing (Figure 4). This

revealed a large alveolar-like cluster (94,3% of cells), a smaller basal cell cluster (4,9% of
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Figure 4. Single cell analysis of bronchioalveolar cultures. A) t-SNE maps showing clustering based
on differentially expression analysis and highlighting cell type identification of bronchioalveolar
cultures based on cell makers. Each color represents a cluster or different cell type. Number
indicates number of cells in cluster identified as cell type presented. B-K) t-SNE maps highlighting
the expression of marker genes for each of the cell types. Transcript counts are given in a Log2
scale. L) t-SNE map showing clustering based on differentially expression analysis including dataset
from A) and published dataset of GSM2855485. Each color represents a single cluster. M) t-SNE
map showing clustering of L) with annotation of cell types. Cell type annotation are transferred from
A) and published dataset GSM2855485 is annotated as “Purified AT2”.Number indicates number
of cells in cluster identified as cell type presented. N, O) t-SNE maps highlighting the expression
of SARS-CoV-2 entry receptors ACE2 (N) and TMPRSS2 (O). Transcript counts are given in a Log2
scale. P) Differentiated bronchioalveolar cultures express SARS-CoV-2 entry receptor ACE2 (green)
on ATll-like cells marked by HTII-280 (red). Scale bar indicates 50um. Q) Bronchioalveolar cultures
co-exress both entry receptors ACE2 (green) and TMPRSS2 (red). Scale bar indicates 50pm.
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cells), and a rare population of PNECs (0,9% of cells) (Figure 4A). The alveolar cluster
contained ATll-like cells (46,0% of cells, clusters O and 2) (Figure 4B-D; SFTPC, SFTPA1,
LPCAT1; Supplementary figure S4A), proliferating ATlI-like cells (6,4% of alveolar cells,
cluster 4) (Figure 4E), and alveolar cells that showed an increased expression of several
ATl markers (6,5% of alveolar-like cells, cluster 3) (Figure 4 F-H; AGER, CAV1, HOPX;
Supplementary figure S4B). The basal cell cluster (cluster 5) was characterized by KRT5
and TP63 expression (Figure 4l-J; Supplementary figure S4C). A rare PNEC population
(cluster 7) expressed CHGA (Figure 4K; Supplementary figure S4D). To investigate
whether the cultured cells were representative of adult alveolar cells, we compared our
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Figure EV3. Comparison of bronchioalveolar culture to published datasets of AT2 cells.
A) Heatmaps depicting marker genes in 2D small airway air-liquid cultures (Small Airway ALI),
bronchioaveolar-like air-liquid cultures (Alveolar ALI) and published dataset of purified AT2 cells
(Purified AT2). Colored bars represent Z-scores of log2 trans- formed values. B) Barplot indicating
percentage of annotated cells within a cluster. Color represent annotated cell identity. Combined
current dataset and of GSM2855485 are presented. Indicated annotation is based on separate
clustering. Published dataset GSM2855485 is annotated as “Purified AT2". C) Violin plots visualizing
expression levels of marker genes for AT2 cells. AT2-like cells comprise cells annotated ias AT2-like
cells in current dataset (cluster 0 and 2). Purified AT2 cells are from published dataset GSM2855485.
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bulk RNA sequencing and single cell RNA sequencing dataset to previously published bulk
(Figure EV3A) and single cell sequencing datasets (Figure 4L-M; Figure EV3B-C) of
freshly isolated adult ATII cells of freshly isolated HTII-280+ ATII cells. The freshly isolated
adult ATII cells did not form a separate cluster in the tSNE map (Figure 4L-M), and
overlapped with cultured alveolar, proliferating alveolar and ATll-like cells (Figure 4M;
Figure EV3B). The expression of a set of ATIl marker genes was also compared
between the cultured ATll-like cluster and the freshly purified ATII cells (Figure EV3C).
The SARS-CoV-2 entry receptor ACE2 was detected at low levels in the alveolar cluster
(Figure 4N, Supplementary figure S5A), and ACE2 expression in ATll-like cells was
confirmed by immunofluorescent imaging (Figure 4P). The activating protease TMPRSS2
was detected in all clusters with a higher expression in ATll-like cells (Figure 40).

In addition, there was a slight trend towards a correlation between ACE2 and
TMPRSS2 expression (Supplementary figure S5A-D). At the protein level, both ACE2
and TMPRSS2 were readily detected and often coexpressed (Figure 4Q). Other
TMPRSS-family members were detected in lower levels (Supplementary figure S5E-H).
These data show that the bronchioalveolar model consists mainly of ATllI-like cells and

potentially is susceptible to SARS-CoV-2 infection.

REPLICATION COMPETENCE AND TROPISM OF SARS-
COV-2 IN 2D DIFFERENTIATED BRONCHIOALVEOLAR-
LIKE CULTURES

In order to also assess the replication competence and tropism of SARS-CoV-2 in
bronchioalveolar-like cells, we infected these cultures with SARS-CoV-2. SARS-CoV-
2 readily infected the cells at a low multiplicity of infection (MOI) of 0.01 and reached
slightly higher titers at a MOI of 0.1, as shown by titration of VeroEé cells (Figure 5 A-B)
and viral RNA quantification (Figure EV4A-B). Shedding of virus occurred predominantly
apically (Figure EVA4C-D). In these cultures, we observed infection of alveolar cells
(Figure 5C-E) as evidenced by staining against HOPX, HTII-280 and SFTPC. Most infected
cells appeared to be SFTPC+ (Figure 5E). Using a marker for dividing cells (Kié7), we
showed that infected cells were not dividing (Supplementary figure S6C). We did
not detect infected PNEC in the top compartment, nor infected mesenchymal cells in

the basal compartment.

TRANSMISSION ELECTRON MICROSCOPY ANALYSIS
OF SARS-COV-2 INFECTED BRONCHIOALVEOLAR-LIKE
CELLS AND SMALL AIRWAY EPITHELIAL CELLS

Next, we performed transmission electron microscopy (TEM) to confirm SARS-CoV-
2 infection inside the 2D bronchioalveolar-like (Figure EV4AA-F) and 2D small airway
(Figure EV5G-K) cultures athigh magnification. Upon inspection of the 2D bronchioalveolar-
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Figure EV4. Apical viral RNA and basal shedding in differentiated 2D bronchioalveolar-like
cultures. A, B) Viral SARS-CoV-2 RNA titers of apical washes at 2, 24, 48, and 72h after infection at
MOI 0.1 for donor 1 (A) and donor 2 (B). C, D) Infectious virus titers as observed by virus titrations
on VeroEé cells (C) and qRT-PCR (D) in basal compartments. The dotted line indicates the lower limit
of detection. Data information: Error bars represent SEM. N=4 for donor 1 and N=3 for donor 2.
H p.i. = hours post infection.

like culture, ATII-L were readily classified (Figure EV5A-B) based on the presence
of lamellar bodies (Figure EV5D). SARS-CoV-2 infection was found in ATII-L cells
(Figure EV5C-D) and showed the early infection onset with few double membrane vesicles
and both electron dense- (Figure EV5D) and lucent (Figure EV5C) compartments harboring
virus particles. Interestingly, next to the ATII-L cell, a fragmented dead cell is visible
(Figure EVSF) with many extracellular virus particles still attached to the apical side and
only few particles present on the basal side. This suggests that virus shedding mainly occurs
on the air-faced side inside lung tissue. Nonetheless, also in between the ATII-L cells and
an adjacent cell, some virus particles were detected, although it is not clear whether these
sites are also the place of virion secretion or whether virions can diffuse between the cell
layers. The latter is implausible due to the lack of detectable infectious virus in the basal
compartment of the culture. Similarly, also the 2D small airway cultures (Figure EV5G-K)
were examined with TEM and contained a confluent layer consisting mainly of ciliated cells
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Figure 5. SARS-CoV-2 infects human organoid-derived 2D bronchioalveolar-like cultures. A, B)
Infectious virus titers can be observed by virus titrations on VeroEé cells of apical washes at 2, 24,
48, and 72h after infection of bronchioalveolar-like cells from donor 1 (A) and donor 2 (B) at MOI
0.01 (red) or 0.1 (black) with SARS-CoV-2. The dotted line indicates the lower limit of detection.
Error bars represent SEM. N=4 for all except donor 2 MOI 0.1, which is N=3. H p.i. = hours post
infection. C-E) Immunofluorescent staining of SARS-CoV-2 infected differentiated bronchioalveolar-
like cultures. Nucleoprotein (NP) stains viral capsid (red), which colocalized with HOPX (C), HTII- 280
(D) and SFTPC (E). Scale bars indicate 50 pm.

(Figure EV5H-J) along with club cells and goblet cells (Figure EV5K). In accordance with
confocal microscopy findings, at 72 hours post infection, morphological evidence of SARS-
CoV-2 infection, replication and assembly was found inside ciliated cells (Figure EVS5I).
Secreted virions were again found at the apical side next to the still intact cilia (Figure EV5J),
whereas no viruses were found atthe basal side. Using confocal microscopy, we also detected
rare infection of club cells (Figure 1D), but these rare events could not be visualized by TEM

thus far.
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Figure EV5. Transmission electron microscopy analysis of 2D bronchioalveolar-like (A-F) and 2D
small airway (G-K) cultures after 72h of SARS-CoV-2 infection. A-F) Pulmonary alveolar type Il-like
(ATII-L) cells were found in the 2D bronchioalveolar-like culture (A,B). The early infection of the ATII-L
cell (C) is recognizable by the double-membranes vesicles (Dmv) and virus particles (circles). (D) Next
to the Lamellar bodies (Lb), the ATII-L also contained a lysosomal compartment with internal virus
particles (circle). Extracellular virus particles were found in the intercellular space between the ATI-L
and ATII-L cells (E), albeit at low concentration. Dashed circles indicate viral particles outside of
the cell. The remnants of a dead detached cell (F) mainly showed apical shed virus particles (in areas
marked by dotted lines), whereas the basal side was relatively free of virus particles. G-K) Ciliated
cells (CC; (H)) and Goblet cells (GC; (K)) are visible in the cross-section through the 2D small airway
culture after 8 weeks of differentiation. SARS-CoV-2 replication (I) and virus shedding (J) was found
to be associated particularly with ciliated cells, whereas no infections were found in Goblet cells
(K). Dashed circles indicate viral particles inside and outside the cell. Data information: Scale bars
represent 5 pm (A,G), 2.5 pm (B,H,K), 1 um (F), 500 nm (D,1,J) and 250 nm (C,E).

HOST RESPONSES INDUCED BY SARS-COV-2 IN
BRONCHIOALVEOLAR-LIKE CELLS AND SMALL AIRWAY
EPITHELIAL CELLS

To investigate the cellular response to infection, we stained bronchioalveolar-like and
small airway cultures for phosphorylated STAT1 (pSTAT1) at 72 hours post infection.
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Figure 6. Host response analysis of SARS-CoV-2 infection in organoid-derived bronchioalveolar-
like and small airway cells. A) pSTAT1 translocation in mock and SARS-CoV-2-infected
bronchioalveolar-like cells visualized in green. Scale bars indicate 50 um. Nucleoprotein (NP) stains
viral capsid (red). Nuclei are stained with Hoechst (white). B) Heatmaps depicting top 20 enriched
genes based on adjusted pvalue in bronchioalveolar-like cells after SARS-CoV-2 infection. Colored
bars represent Z-scores of log2 transformed values. C) pSTAT1 translocation in mock and SARS-
CoV-2-infected small airway cells visualized in green. Nucleoprotein (NP) stains viral capsid (red).
Nuclei are stained with Hoechst (white). Scale bars indicate 50um. D) Heatmaps depicting top 25
enriched genes based on adjusted pvalue and log2 fold changes in small airway cells after SARS-
CoV-2 infection. Colored bars represent Z-scores of log2 transformed values. E) GO term enrichment
analysis for biological processes of the 20 most significantly up-regulated genes upon SARS-CoV-2
infected in bronchioalveolar-like cells. P-values were determined using PANTHER Overrepresentation
Test. F) GO term enrichment analysis for biological processes of the 25 most significantly up-
regulated genes upon SARS-CoV-2 infected in small airway cells. P-values were determined using
PANTHER Overrepresentation Test.

STAT1 is phosphorylated in response to interferon (IFN) receptor signaling, which
promotes translocation of STAT1 to the nucleus where it stimulates the expression of
interferon stimulated genes (ISG). We observed STAT1 phosphorylation and nuclear

translocation in bystander cells of SARS-CoV-2 infected cultures in both bronchioalveolar-
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like (Figure 6A) and small airway (Figure 6C) cultures, but not in infected cells, indicating
potentially active blocking of the JAK/STAT pathway in infected cells. Active blocking
of STAT1 nuclear import has been reported for SARS-CoV. SARS-CoV ORFé antagonizes
STAT1 function by sequestering nuclear import factors on the rough endoplasmic
reticulum/Golgi membrane® 8. Whether SARS-CoV-2 ORFé has similar functions remains
to be investigated, but recently the SARS-CoV-2 N protein was shown to suppress
the translocation of STAT1 and STAT2%.

Next, we performed mRNA sequencing analysis to determine gene expression changes
induced by SARS-CoV-2-infection of bronchioalveolar-like cultures. As suggested by
PSTAT1 translocation, infection with SARS-CoV-2 elicited a broad signature of interferon-
stimulated genes (ISGs) attributed to type I/Ill interferon responses (Figure 6B,D), which
was confirmed by Gene Ontology analysis (Figure 6E-F) in both bronchioalveolar-like
(Figure 6B,E, Table EV4) and small airway cultures (Figure 6D,F, Table EV5). This induction
was similar to earlier reported SARS-CoV-2 infection in human bronchial epithelial cells*®
and indicated induction of strong chemotactic and inflammatory responses. Generally,
the responses to SARS-CoV-2 appeared similar between the two pulmonary systems.

To test the suitability of the bronchioalveolar model for SARS-CoV-2 drug screens,
we analysed the effect of IFN-A1 on viral replication. For this experiment, cultures were
treated with IFN-A1 (50 ng/ml) two hours prior to infection at an MOI of 0.1, or 24 hours
after infection. In the untreated control, SARS-CoV-2 replicated to high titers, approaching
106 TCID50 or 108 viral copies per ml (Figure 7A-B). Pre-treatment with IFN-A1 abrogated
viral replication entirely and treatment at 24 hours post infection reduced infectious
virus and RNA copies by ~5 logs and ~3 logs, respectively. These differences were also
apparent by confocal imaging at 72 hours post infection (Figure 7C). This bronchioalveolar
culture system can therefore be applied to test COVID-19 therapeutics.

DISCUSSION

In COVID-19 patients, alveolar injury can trigger a cascade of events that leads to ARDS,
limiting the transport of oxygen into the blood. A plethora of models are currently being
developed to study this. In vivo models can be very useful, but are often extremely
difficult and expensive to establish and may not represent conditions in humans. Most
in vitro models utilize cell lines or primary cells that are often limited by the availability
of donor materials and show donor-donor variation. In addition, primary human alveolar
cultures are poorly susceptible to SARS-CoV-2 infection??'. Self-renewing organoid
models that contain stem cells which can differentiate into relevant cell types offer an
elegant solution to develop human models that can be standardized. While a robust self-
renewing organoid model exists for the airway epithelium, the alveolar epithelium has
proven very difficult to establish. As the alveolar epithelium is thought to play a major role
in the disease progression of COVID-19, the lack of an in vitro model greatly limits our

understanding of this disease, but also of other respiratory virus infections.
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Figure 7. Low dose interferon lambda 1 treatment dramatically reduces SARS-CoV-2 replication
in bronchioalveolar-like cultures. (A, B) SARS-CoV-2 replication shown as infectious virus titers
(A) and viral RNA copies (B) in apical washes at 2, 24, 48, and 72h after infection at MOI 0.1.
Cultures were either pretreated with 50 ng/ml IFN lambda 1 in the basal compartment two hours
prior to the infection (green), at 24 h p.i. or left untreated. The dotted line indicates the lower
limit of detection. Error bars represent SEM. N=2. H p.i. = hours post infection. C) Whole well
immunofluorescent staining of representative cultures in (A) and (B) using an anti-NP antibody (red).
Nuclei are stained with Hoechst (blue). Scale bar indicates Tmm.

This study shows that SARS-CoV-2 efficiently replicates in a human bronchioalveolar-
like model, targeting ATII-L cells. This study is in accordance with clinical findings that
SARS-CoV-2 infects alveolar cells in COVID-19 patients. However, the variable incidence
and severity of lower lung disease, and recent findings that alveolar cells have low
levels of ACE2 expression in health, indicates that alveolar cells are unlikely to be
the first cells infected through microaerosol inhalation of virus particles?. Ciliated cells
in the airways seem to express ACE2 more constitutively, with increasing expression
towards the proximal part of the airway*?. Using an organoid-derived small airway
model we show that ciliated cells are indeed the main target cell in the small airways,
as was observed recently for primary small airway cells?. Therefore, ciliated cells could
be infected prior to the alveoli, with inflammatory or antiviral signals possibly leading to
increased ACE2 expression as this gene was recently shown to be induced by interferon®'.
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Treatment of the bronchioalveolar cultures with a low dose of interferon lambda 1 was
highly effective in reducing viral replication and dissemination, underscoring the high
interferon sensitivity of this virus and indicating that interferons are a viable treatment
option. Organoid-derived alveolar-like and airway models are ideal models to study these
aspects of COVID-19.

This model has several limitations. In human fetal development alveolar cells are
derived from bipotent progenitor cells whereas in adults ATl cells are derived from
a rare self-renewing population of ATIl cells®*#3. In adult mice an additional cell type,
the bronchioalveolar stem cell (BASC)>?, differentiates into both bronchiolar and alveolar
cells, but in adult humans such bipotent progenitors have not been identified yet. Fetal
and adult alveolar cells may therefore be phenotypically distinct, and may respond
differentially to infections. In addition, mesenchymal cells improved alveolar development
in 2D and future work should focus on identifying which mesenchymal cues drive this. On
the other hand, the presence of mesenchymal cells could offer an interesting opportunity
to study differential expression of genes involved in lung fibrosis as well in these cells.

This model also has several advantages. The bronchioalveolar-like model presented
here shows a robust increase in infectious virus titers over time of ~5 logs, whereas other
recently developed adult-derived 3D alveolar organoid models show a more limited
increase in viral titers (~1-2 logs)®*®. This allows for a larger window to observe antiviral
effects of potential drugs. In addition, in our model pulmonary epithelial cells are infected
from and shed virus apically while, in most 3D organoid models the apical side of the cells
is facing the inside of the organoid. In the bronchioalveolar-like model presented here,
the apical side of the cells is exposed to the air, which makes it is easily accessible,
physiologically relevant and highly suitable for (high-throughput) virology studies. Similar
results may be obtained with the recently developed iPSC-derived 2D ATlI-like cultures®.
In addition, the modular Transwell setup allows the addition other cell types. For example,
endothelial cells would be of interest, as the lungs of deceased COVID-19 patients were
recently found to show distinctive vascular features, including endothelialitis, widespread
thrombosis with microangiopathy, and angiogenesis'. In addition, immune cells could be
added, which may be relevant as severe COVID-19 symptoms and hospitalization often
occur ~8-15 days after disease onset®™ indicating that acute lung injury may be the result
of an overreaction of the immune system, rather than a direct effect of virus replication.
As this model is derived from self-renewing organoids, it is also amenable to genetic
manipulation using CRISPR/Cas systems, which allows the study of specific host factors.
Intrinsically, the model is also suitable for pulmonary cell- and developmental biology
studies, especially for studies on the interaction between epithelial and mesenchymal
cells without the need for physical interaction.

In conclusion, bronchioalveolar-like cells derived from self-renewing human fetal lung
organoids give rise to a 2D human bronchioalveolar-like model with air-exposed apical
side. In these cultures, alveolar type ll-like cells are permissive to SARS-CoV-2 infection,
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which induces a type-I/Ill interferon host response in vitro. SARS-CoV-2 replication is
abrogated by low dose interferon lamda 1 treatment, showing that this model system can
be used for COVID-19 drug screens.

DATA ACCESSIBILITY

Bulk RNA and 10x single cell RNA sequencing data are deposited at Gene Expression
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MATHERIALS AND METHODS

Viruses and cells
Vero E6 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)

supplemented with 10% fetal calf serum (FCS), HEPES, sodium bicabonate, penicillin (100
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[U/mL) and streptomycin (100 1U/mL) at 37°C in a humidified CO2 incubator. SARS-CoV-
2 (isolate BetaCoV/Munich/BavPat1/2020; European Virus Archive Global #026V-03883;
kindly provided by Dr. C. Drosten) was propagated on VeroEé (ATCC® CRL 1586TM)
cells in Opti- MEM | (1X) + GlutaMAX (Gibco), supplemented with penicillin (100 [U/mL)
and streptomycin (100 1U/mL) at 37°C in a humidified CO2 incubator. The SARS-CoV-
2 isolate was obtained from a clinical case in Germany, diagnosed after returning from
China. Stocks were produced by infecting VeroEé cells at a multiplicity of infection (MOI)
of 0.01 and incubating the cells for 72 hours. The culture supernatant was cleared by
centrifugation and stored in aliquots at —80°C. Stock titers were determined by preparing
10-fold serial dilutions in Opti-MEM | (1X) + GlutaMAX. Aliquots of each dilution were
added to monolayes of 2 x 10% Vero E6 cells in the same medium in a 96-well plate.
Twenty-four replicates were performed per virus stock. Plates were incubated at 37°C for
5 days and then examined for cytopathic effect. The TCID50 was calculated according
to the method of Spearman & Kérber. All work with infectious SARS-CoV and SARS-
CoV-2 was performed in a Class Il Biosafety Cabinet under BSL-3 conditions at Erasmus
Medical Center.

SARS-CoV-2 Infection

2D differentiated cultures were washed twice with 200 ul Advanced DMEM/F12 (Gibco)
with Glutamax (Gibco), HEPES (Lonza), penicillin (100 IU/mL) and streptomycin (100
lU/mL) (Lonza) (AdDF+++) before inoculation from the apical side at a MOI of 0.01
or 0.1 (as indicated) in 200 pyL AdDF+++ per well. The number of cells in each culture
was calculated by trypsinizing and counting the cells from 1 well. Next, cultures were
incubated at 37°C 5% CO2 for 2 hours before washing 3 times in 200 pL AdDF+++. At
the indicated timepoints, virus was collected from the cells by adding 200 pyL AdDF+++
apically, incubating 10 min at 37°C 5% CO2, and storing the supernatant at -80°C. Where
indicated, cultures were treated basally with 50 ng/ml IFN-L1 (Peprotech) at the indicated
time pre- or post-infection. Prior to determining the viral titer, all samples were centrifuged
at 2,000 g for 5 min. Infectious virus titers were determined using the Spearman & Karber
TCID50 method on VeroEé cells. All work was performed in a Class Il Biosafety Cabinet

under BSL-3 conditions at Erasmus Medical Center.

Fixed immunofluorescence microscopy

Organoids and Transwell inserts were fixed in 4% paraformaldehyde for 20 min,
permeabilized in 70% ethanol or 0.1% Triton X-100 in PBS, and blocked for 60 min in
10% normal goat serum or 3% bovine serum albumin (BSA) in PBS (blocking buffer). For
organoids were 0.1% triton X-100 was added to the blocking buffer to increase antibody
penetration. Cells were incubated with primary antibodies overnight at 4°C in blocking
buffer, washed twice with PBS, incubated with corresponding secondary antibodies Alexa

488 and 594 conjugated secondary antibodies (1:200; Invitrogen) in blocking buffer for 2
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h at room temperature, washed two times with PBS, incubated with indicated additional
stains (TO-PRO3, phalloidin-633 (Santa Cruz, sc-363796), Hoechst, DAPI), washed twice
with PBS, and mounted in Prolong Antifade (Invitrogen) mounting medium.

Viral nucleocapsid was stained with mouse-anti-SARS-CoV NP (40143-MMO05, 1:1000,
Sino Biological) or rabbit-anti-SARS-CoV NP (40143-T62, 1:1000, Sino biological;),
alveolar type 2 cells with anti-HTII-280 (TB-27AHT2-280, 1:150, Terrace Biotech), anti-
SFTPC (FL-197, 1:200, Santa Cruz), anti-LPCAT1 (HPAO12501, 1:200, Sigma), alveolar type
1 cells with anti-HTI-56 (TB-29 AHTI-56, 1:30, Terrace Biotech) and anti-HOPX (sc-30216,
1:200, Santa Cruz Biotechnology), goblet cells with anti-MUC5AC (MA5-12178, 1:100,
Invitrogen), club cells with anti-CC10 (sc-390313 AF594, 1:100, Santa Cruz Biotechnology)
or anti-SCGB3A2 (AF3545, 1:100, R&D systems), cilliated cells with anti-AcTUB (sc-23950
AF488, 1:100, Santa Cruz Biotechnology), STAT1 translocation anti-pSTAT1 (MA5-15071,
1:100, Thermo Fisher), proliferating cells with anti-Ki67 (MIB-1, GAG2661-2, 1:100,
DAKO), tight junctions with anti-ZO-l (ZO1-1A12, 1:100, Invitrogen), multipotent lung
bud tip stem cells with anti-SOX2 (sc-365823 AF488, 1:100, Santa Cruz Biotechnology)
and anti-SOX9 (sc-166505 AF594, 1:100, Santa Cruz Biotechnology), basal cells with
anti-TP63 (ab735, 1:500, Abcam), and pulmonary neuroendocrine cells with anti-SYP (sc-
17750, 1:100, Santa Cruz Biotechnology). ACE2 was stained with anti-ACE2 (HPA000288,
1:200, Atlas antibodies) and TMPRSS2 was stained with anti-TMPRSS2 (sc-515727, 1:200,
Santa Cruz). Samples were imaged on a LSM700 confocal microscope using ZEN software
(Zeiss). Representative images were acquired and shown as Z-projections, single slices or

XZ cross sections.

Procurement of human material and informed consent

Adult lung tissue was obtained from residual, tumor-free, material obtained at lung
resection surgery for lung cancer. The Medical Ethical Committee of the Erasmus MC
Rotterdam granted permission for this study (METC 2012-512). Human fetal lung tissue
was obtained from legally terminated second trimester pregnancies (15-20 weeks) by
the HIS-Mouse Facility of Academic Medical Center (AMC; Amsterdam, The Netherlands),
after written informed consent of the mother for the tissue’s use in research and with
approval of the Medical Ethical Review Board of the AMC (MEC: 03/038). Study procedures
were performed according to the Declaration of Helsinki, and in compliance with relevant
Dutch laws and institutional guidelines. The tissues obtained were anonymized and non-
traceable to the donor. On request by the researchers, only gender and gestational age
is provided.

Isolation, culture and differentiation of human small airway stem cells
Isolation of human small airway stem cells was performed using a protocol adapted
from Sachs and colleagues (2018). One adult small airway donor was used in this study.

Distal regions of adult lungs (lung parenchyma) were cut into ~2mm sections, washed in



An Organoid-derived Bronchioalveolar Model for SARS-CoV-2 Infection

AdDF+++, and incubated with dispase (Corning; #354235) mixed with airway organoid
(AO) medium 3 at a 1:1 ratio for 1 h at 37°C. The digested tissue suspension was
sequentially sheared using 10- and 5-ml plastic and flamed glass Pasteur pipettes. After
shearing, the suspension was strained over a 100-pym filter. Two percent FCS was added
to the strained suspension before centrifugation at 400 g. The pellet was resuspended
in 10 ml AdDF+++ and centrifuged again at 400 x g. In case of a visible red pellet,
erythrocytes were lysed in 2 ml red blood cell lysis buffer (Roche-11814389001) for 5 min
at room temperature before the addition of 10 ml AdDF+++ and centrifugation at 400
g. Lung cell pellets were then resuspended in 200 pL of growth factor reduced Matrigel
(Corning; #356231) and plated in ~30 pL droplets in a 48 well tissue culture plate. Plates
were placed at 37 degrees Celsius with 5% CO2 for 10 minutes to solidify the Matrigel
droplets upon which 250 uL of media was added to each well. Plates were incubated
under standard tissue culture conditions (37°C, 5% CO?2).

Airway organoids were passaged by mechanical disruption at 1:2 to 1:4 ratios after
10-14 days of culture. Medium was aspirated and ice-cold AdDF+++ added to each well.
The Matrigel in each well was disrupted by pipetting and sucked into a P1000 pipette tip
and transferred into a 15 ml tube. Ice-cold AdDF+++ was added up to 10 ml after which
the sample was centrifuged at 100 g for 5 min. The medium was aspirated and replaced
by 1 ml TrypLE express (Gibco). Next, organoids were incubated at 37°C for 5 min after
which they were triturated using a flame-polished glass Pasteur pipette. Cold AdDF+++
containing 2% FCS was added up to 10 ml and the sample was centrifuged at 400 g
for 3 minutes. Medium was aspirated, washed once in cold AdDF+++ and the pellet
incubated on ice for 2 minutes before being resuspended in Matrigel and plated in ~30
pL droplets in a 48 well tissue culture. Plates were placed at 37°C with 5% CO2 for 20
minutes to solidify the Matrigel droplets, upon which 250 pl AO medium was added per
well. Medium was changed every 4 days.

Organoids were frozen for long-term storage using CellBanker | (11888; AMSBIO
Europe B.V.) following manufacturers protocol. In short, organoids were grown for 2-5
days after splitting. Organoids were removed from BME using DMEM+P/S and spun
down. Pellet was resuspended in CellBanker | and immediately transferred to -80°C. For
storage over 2 months, vials were moved to liquid nitrogen storage boxes.

To obtain differentiated organoid-derived cultures, organoids were dissociated into
single cells using TrypLE express. Cells were seeded on Transwell membranes (Corning)
coated with rat tail collagen type | (Fisher Scientific). Single cells were seeded in AO
growth medium : complete base medium (CBM; Stemcell Pneumacult-ALl; #05001) at
a 1:1 ratio. After 2-4 days, confluent monolayers were cultured at air-liquid interface in
CBM. Medium was changed every 5 days. After 8 weeks of differentiation, cultures were

used for infection experiments.
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Isolation, culture and differentiation of human fetal lung bud tips
Isolation of human fetal lung epithelial bud tips was performed using a protocol adapted
from Miller and colleagues (2018). Fetal lung donors were 16-19 weeks post-conception
(pcw). Tissues were shipped in Hibernate A (Gibco; #A1247501) on ice before processing
on the day the specimen was obtained. Distal regions of fetal lungs were cut into ~2mm
sections and incubated with dispase on ice for 30-60 minutes. Tissue pieces were then
incubated in 100% FBS on ice for 15 minutes, after which they were transferred to a 10%
FBS solution in AdDF+++. Lung bud tips were separated from mesenchymal cells through
repeated pipetting and washing in AADF+++ until mesenchymal cells were no longer
visible. From each donor, donor-specific mesenchymal cells were isolated by plating single
cells present in the supernatant from the first wash. Mesenchymal cells were maintained in
AdDF+++ supplemented with 10% FCS. After washing, bud tips were then resuspended
in 200 pL of growth factor reduced Matrigel and plated in ~30 pL droplets in a 48 well
tissue culture plate. Plates were placed at 37 degrees Celsius with 5% CO2 for 20 minutes
to solidify the Matrigel droplets upon which 250uL of fetal lung (FL) medium (Nikolic et
al., 2017) was added to each well. Plates were incubated under standard tissue culture
conditions (37°C, 5% CO?2).

Fetal lung bud tip organoids were passaged by mechanical disruption at 1:2 to 1:4
ratios after 10-14 days of culture. Medium was aspirated and ice-cold AdDF+++ added
to each well. The Matrigel in each well was disrupted by pipetting and sucked into
a P1000 pipette tip and transferred into a 15 ml tube. Ice-cold AdDF+++ was added
up to 10 ml after which the sample was centrifuged at 100 g for 5 min. The medium was
aspirated and replaced by 1 ml AdDF+++. Next, organoids were triturated using a flame-
polished glass Pasteur pipette. Cold AdDF+++ was added up to 10 ml and the sample
was centrifuged at 400 g for 3 minutes. Medium was aspirated and the pellet incubated
on ice for 2 minutes before being resuspended in Matrigel and plated in ~30 pL droplets
in a 48 well tissue culture. Plates were placed at 37°C with 5% CO2 for 20 minutes to
solidify the Matrigel droplets, upon which 250 pl FL medium was added per well. Medium
was changed every 4 days.

To obtain differentiated organoid-derived cultures, 10° donor-specific fetal lung
mesenchymal cells were seeded in 12-well plates in AdDF+++ containing 10% FCS.
The next day, organoids were dissociated into small clumps using TrypLE express. Cells
were seeded on Transwell membranes (Corning-3460). Clumps were seeded in FL :
BEpiCM (bronchial epithelial cell growth medium; Sciencell; Cat. No. 3211) at a 1:1 ratio.
BEpiCM was made by mixing basal medium (Sciencell; Cat. No. 3211-b) and DMEM at
a 1:1 ratio and adding bronchial epithelial cell growth supplement (BEpiCGS, Sciencell;
Cat. No. 3262), penicillin (100 |U/mL), streptomycin (100 IU/mL) and 0.001 pM retinoic
acid (Sigma). ROCK inhibitor was added for the first 5 days to prevent apoptosis (Y-27632;
Sigma; Y0503; 10uM). After 4-7 days, confluent monolayers were cultured at air-liquid
interface in BEpiCM. Eighty percent of the medium was changed every 4-5 days. After 14
days of differentiation, cultures were used for infection experiments.
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Determination of virus titers using qRT-PCR

Supernatant and organoid samples were thawed and centrifuged at 2,000 g for 5 min.
Sixty pL supernatant was lysed in 90 pL MagnaPure LC Lysis buffer (Roche) at room
temperature for 10 min. RNA was extracted by incubating samples with 50 uL Agencourt
AMPure XP beads (Beckman Coulter) for 15 min at RT, washing beads twice with 70%
ethanol on a DynaMag-96 magnet (Invitrogen) and eluting in 30 yL MagnaPure LC elution
buffer (Roche). Viral titers (Viral RNA copies per mL) were determined by qRT-PCR using
primers targeting the E gene (35) and compared to a counted RNA standard curve.

Mass spectrometry

Proteins were digested with trypsin using the SP3 method * with minor modifications.
Briefly, proteins secreted by alveolar-like cultures were collected from the cells by
adding 200 pL AdDF+++ apically, incubating 10 min at 37°C 5% CO2, and storing
the supernatant at -80°C in Laemmli buffer (BioRad). Proteins in 30 pl Laemmli buffer
(Bio Rad) were reduced with 5 mM dithiothreitol (Sigma, D8255) for 30 minutes at 50
°C and alkylated with 10 mM iodoacetamide (Sigma, 16125) for 10 minutes in the dark.
Ten pg Sera-Mag SpeedBeads (Fisher Scientific) in 20 ul milli-Q and ethanol were added
to a final concentration of 50 % and the solution was mixed for 10 minutes at RT. Beads
were immobilized using a magnetic rack the and washed three times with 100 pl 80 %
ethanol. One 1 pg trypsin and 0.5 pg Lys-C in 100 pl 50 mM Tris/HCI pH 8.3 were added
to the beads and the sample was incubated overnight at 37 °C. The tryptic digest was
acidified with TFA and desalted using a StageTip. Peptides were eluted with 100 pl 40
% Acetonitrile and 0.1 % formic acid and dried in a Speedvac. Before analysis by LC-MS
peptides were dissolved in 20 pl 2 % acetonitrile and 0.1 % formic acid.

Nanoflow liquid chromatography tandem mass spectrometry (nLC-MS/MS) was
performed on an EASY-nLC 1200 coupled to an Orbitrap Eclipse Tribrid mass spectrometer
(ThermoFisher Scientific) operating in positive mode. Peptide mixtures were trapped on
a 2 cm x 100 pm Pepmap C18 column (Thermo Fisher 164564) and then separated on
an in-house packed 50 cm x 75 pm capillary column with 1.9 um Reprosil-Pur C18 beads
(Dr. Maisch) at a flowrate of 250 nL/min, using a linear gradient of 0-32 % acetonitrile (in
0.1 % formic acid) during 90min. The eluate was directly sprayed into the electrospray
ionization (ESI) source of the mass spectrometer. Spectra were acquired in continuum
mode; fragmentation of the peptides was performed in data-dependent mode by HCD.
Mass spectrometry data were analyzed with Proteome Discoverer 2.4 with Mascot version
2.6.2 as the search engine. The target FDR for both PSMs and peptides was set to 0.01.
MS/MS spectra were searched against a combined database composed of all UniProt
entries taxonomy Homo Sapiens (release October 2019) and all SARS-CoV-2 protein
sequences (https://covid-19.uniprot.org/) concatenated with the reversed versions of all
sequences. For precursor ion quantification based on the Minora algorithm in Proteome
Discoverer only unique and razor peptides were used. Normalization was done on total

peptide amounts for all samples.
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Bulk RNA sequencing
Library preparation was performed at Single Cell Discoveries (Utrecht, The Netherlands),
using an adapted version of the CEL-seq protocol. In brief:

Total RNA was extracted using the standard TRIzol (Invitrogen) protocol and used
for library preparation and sequencing. mRNA was processed as described previously,
following an adapted version of the single-cell mRNA seq protocol of CEL-Seq 4. In
brief, samples were barcoded with CEL-seq primers during a reverse transcription and
pooled after second strand synthesis. The resulting cDNA was amplified with an overnight
In vitro transcription reaction. From this amplified RNA, sequencing libraries were
prepared with Illumina Truseq small RNA primers. Paired-end sequencing was performed
on the Illumina Nextseq500 platform using barcoded 1 x 75 nt read setup. Read 1 was
used to identify the lllumina library index and CEL-Seq sample barcode. Read 2 was
aligned to the CRCh38 human RefSeq transcriptome, with the addition of the SARS-CoV-
2 (Ref-SKU: 026V-03883) genome, similar to earlier study ?/, using BWA using standard
settings®'. Reads that mapped equally well to multiple locations were discarded. Mapping
and generation of count tables was done using the MapAndGo script. Samples were
normalized using RPM normalization.

Differential gene expression analysis was performed using the DESeq2 package®?.
SARS-mapping reads were removed before analyzing the different datasets.

For bronchioalveolar-like samples, two donors were sequenced twice as technical
replicates which were combined in the DESeg2 methods when comparing to
the remaining datasets. We compared the bulk mRNA sequencing of the bronchioalveolar
culture system to freshly purified adult ATII cells. Previously published profiles of purified
human ATIl cultures were downloaded from NCBI GEO (Accession No GSM3818009 and
GSM3818010). Normalized counts were used in generating heatmaps.

The top genes which were most strongly induced in response to SARS-CoV-2 (padj
< 0.05, ranked by fold change) were subjected to functional enrichment analysis for
a biological process using ToppFun on the ToppGene Suite (https://toppgene.cchmc.org/
enrichment.jsp) as described before®. The 5 biological processes with highest enrichment
(after FDR correction and a p-value cutoff of 0.05) for each virus are displayed with

the corresponding GO term, corrected p value and FDR.

10x Single cell sequencing - library preparation

Single-cell mRNA sequencing was performed at Single Cell Discoveries according to
standard 10x Genomics 3’ V3.1 chemistry protocol. In short, single cells suspensions
were methanol fixed in 80% methanol and frozen at -80°C. Prior to loading the cells on
the 10x Chromium controller, cells were rehydrated in rehydration buffer and counted to
assess cell concentration. Cells were loaded and the resulting sequencing libraries were
prepared following standard 10x Genomics protocol. The DNA libraries was paired-end

sequenced on an lllumina Novaseq S4, with a 2x150 bp Illumina kit.
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10x Single cell sequencing - Mapping of sequencing data and
clustering and differential gene expression analysis.

BCL files resulting from sequencing were transformed to FASTQ files with 10x Genomics
Cell Ranger mkfastq. FASTQ files were mapped with Cell Ranger count. During sequencing,
Read 1 was assigned 150 base pairs, but only the first 28 bp were used for identification
of the lllumina library barcode, cell barcode and UMI. R2 was used to map to a custom
made reference transcriptome of Hg38 with additional sequences for SARS-CoV-2 added.
Filtering of empty barcodes was done Cell Ranger. In total, approximately 5015 cells were
detected. Unsupervised clustering and differential gene expression analysis was done
with the Seurat' R toolkit**. We compared the ATII-L cells in the bronchioalveolar culture
system to purified ATIl cells. Previously published single-cell transcriptomic profiles of
purified ATIl cultures were downloaded from NCBI GEO (Accession No GSM2855485).
Raw counts were normalized, integrated with the abovementioned single-cell dataset and
further analyzed using the Seurat R toolkit.

Transmission electron microscopy

2D cultures were chemically fixed for 3 hours at room temperature and prepared for
imaging within the transmission electron microscope as described in (Lamers et al., 2020).
All TEM data were collected with an Eagle detector on a FEI Tecnai T12 microscope
operated at 120kV.

Statistical analysis
For single-cell sequencing data, clustering and differential gene expression analysis was

performed with Seurat version 3¢, following standard parameters.
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Supplementary figure S1. Characterization of organoid-derived air-liquid interface differentiated
small airway cultures. A) Immunofluorescent staining of small airway cultures after 8 weeks of
differentiation at air-liquid inter- phase. Ciliated cells were stained with AcTUB (green), and goblet
cells with MUC5AC (blue). B) Club cells were stained with CC10 (red). C) Tight junctions were stained
with ZO-1 (red). Nuclei were visualized with TO-PRO or Hoechst (white). Scale bars represent 50 pm.
D) Viral SARS-CoV-2 RNA titers of apical washes at 2, 24, 48, and 72h after infection at MOI 0.1. E
and F) Infectious virus titers as observed by virus titrations on VeroEé cells (B) and gRT-PCR (C) in
basal compartments. The dotted line indicates the lower limit of detection. Error bars represent SEM.
N=4. H p.i. = hours post infection.



An Organoid-derived Bronchioalveolar Model for SARS-CoV-2 Infection

- mesenchyme + mesenchyme

Supplementary figure S2. Mesenchymal cells increase HTII-280 expression. Immunofluorescent
staining of HTII-280 (green) after two weeks of differentiation at air-liquid interface in the absence (A)
or presence (B) of mesenchyme in the basal compartment of the Transwell. Nuclei are stained with
Hoechts (blue). Scale bars represent 50 ym.
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Supplementary figure S3. Mass spectrometric analysis of surfactant proteins collected from an
apical washes of differentiated cultures. LFQ = label free quantification. Error bars represent SD.
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Supplementary figure S4. Expression analysis of cell type defining marker genes. A-D) Violin
plots visualizing expression levels of marker genes for populations of cell types identified in
bronchioalveolar cultures. A) AT2-like cell markers LPCAT1, SFTPC and SFTPA1 are enriched in
clusters 0 and 2. B) AT1-like cell markers AGER, CAV1 and HOPX are enriched in cluster 3. C) Basal
cell markers KRT5 and TP63 are highly enriched in cluster 6. D) Neuroendocrine cell markers SYP,
ASCL1 and CHGA are highly enriched in cluster 7.
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Supplementary figure S5. Expression levels of SARS-CoV-2 entry receptors and family members.
A) Bar graph indicating percentage of cells in data set with expression of TMPRSS2, ACE2 or both.
Only very limited number of ACE2+ cells are not co-expressing TMPRSS2. B) Correlation plot
indication expression levels of ACE2 and TMPRSS2 in single cells C-H) Expression levels of entry
receptors ACE2 (redisplay of Figure 4M) (C), TMPRSS2 (redisplay of Figure 40O) (D) and family
members TMPRSS3 (E), TMPRSS4 (F), TMPRSS11D (G) and TMPRSS13 (H) in t-SNE map (color coded
logarithmic scale of transcript expression) and violin plots visualizing expression levels.
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Supplementary figure S6. Additional confocal images characterizing bronchioalveolar-like
cultures. A) Differentiated bronchioalveolar cultures contain tight junctions (ZO1, red). HTII-280
stains ATlllike cells. B-C) Differentiated bronchioalveolar cultures contain pulmonary neuroendocrine
cells (SYP, B, green) and SCGB3A2+ cells (C, green). D) SARS-CoV-2 infects Ki67-negative cells in
differentiated 2D bronchioalveolar-like cultures. Dividing cells were stained with anti-Kié7 (green),
and SARS-CoV-2 infected cells for NP (red). Nuclei were visualized with Hoechst (white). Scale bars
represent 50 pm.
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ABSTRACT

The thyroid maintains systemic homeostasis by regulating serum thyroid hormone
concentrations. Here we report the establishment of three-dimensional (3D) organoids
from adult thyroid tissue representing murine and human thyroid follicular cells (TFCs).
The TFC organoids (TFCO) harbour the complete machinery of hormone production
as visualised by the presence of colloid in the lumen and by the presence of essential
transporters and enzymes in the polarised epithelial cells that surround a central lumen.
Both the established murine as human thyroid organoids express canonical thyroid
markers PAX8 and NKX2.1, while the thyroid hormone precursor thyroglobulin is
expressed at comparable levels to tissue. Single cell RNA sequencing and transmission
electron microscopy confirm that TFCOs phenocopy primary thyroid tissue. Thyroid
hormones are readily detectable in conditioned medium of human TFCOs. We show
clinically relevant responses (increased proliferation and hormone secretion) of human
TFCOs towards a panel of Graves’ disease patient sera, demonstrating that organoids can

model human autoimmune disease.
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INTRODUCTION

The thyroid gland is comprised of two histologically distinguishable cell types
characterised by their representative hormone secretion: parafollicular cells, responsible
for the secretion of calcitonin, and follicular cells which secrete the main thyroid hormones
(TH) triiodothyronine (T3) and thyroxine (T4). Parafollicular cells (also known as clear-cells
(C-cells) are relatively rare cells compared to the epithelial thyroid follicular cells (TFCs).
TFCs line the follicles in which thyroid hormones are stored. This allows for a rapid release
of thyroid hormones upon stimulation of the gland by thyroid stimulating hormone (TSH)
secreted by the pituitary gland. A main component of TH, iodine, is transported from
the circulation through TFCs into the follicle lumen. Transmembrane thyroid peroxidase
(TPO) binds luminal iodine to tyrosine residues in the carrier protein thyroglobulin (TG).
Upon stimulation by TSH T3 and T4 coupled TG are reabsorbed into TFCs. Through
lysosomal degradation, T3 and T4 are released from TG and secreted into the blood
stream. Negative T3/T4-driven feedback loops block secretion of TSH resulting in
homeostasis'. Both T3 and T4 affect many organ systems. The importance of maintaining
thyroid hormone homeostasis is exemplified by the global incidence of thyroid-related
diseases related to thyroid imbalance.

Graves' disease is a thyroid-specific autoimmune disorder resulting in increased
levels of thyroid hormones with subsequent low levels of TSH. The incidence of Graves'
hyperthyroidism in the Western world is around 20 cases per 100.000 individuals®™.
Graves' disease is characterised by the presence of anti-thyroid antibodies against
the TSH receptor (TSHR) which activate downstream pathways, thus mimicking activation
by TSH. This results in overproduction of T3 and T4 and subsequent low levels of
TSH. Graves' disease patients suffer from a variety of symptoms due to thyrotoxicosis,
including an enlarged thyroid, anxiety and tremor and may have bulging eyes due to
swelling of the tissue in the orbit®. Current treatment consists of anti-thyroid therapy
reducing the levels of T3 and T4 and normalising TSH levelst. Approximately half of
the patients treated with anti-thyroid drugs ultimately require additional treatment such
as radio-iodine or thyroidectomy often resulting in hypothyroidism for which patients
have to take lifelong hormone replacement’. Generation of an in vitro model system that
would allow for better understanding of thyroid-related diseases such as Graves' disease
could potentially lead to the development of alternative treatment options. Moreover,
the generation of a transplantable thyroid culture system could potentially restore normal
thyroid function.

Several different model systems have been employed to study thyroid biology and
Graves' disease. As early as in the 1950s, two-dimensional TFC layers were used as short-
term thyroid cultures®. These 2D layers, however, do not form normal physiological follicles
and can't be propagated. Submerging TFCs in suspension cultures including extracellular
matrix components generates 3D polarised spheroids with a follicle architecture, but can

still not be maintained long-term?. Alternatively, mouse models have shown potential as

157



158

model systems for thyroid biology and Graves' disease modelling. The cost- and time-
effectiveness of these studies however remains a limiting factor'®. These limitations can
potentially be overcome by human adult stem cell-derived organoids. These three-
dimensional cultures are representative in vitro model systems which recapitulate human
physiology''. While we were finalising the current study, Coppes and colleagues reported
a first description of transplantable human (and mouse) thyroid organoids'?. In this study,

we report similar findings and apply TFCOs to model Graves’ diseases using patient sera.

MATERIALS AND METHODS

Patient samples

Human thyroid biopsies were anonymously obtained from the Department of Surgery at
the University Medical Center Utrecht (UMCU) from waste material of patients undergoing
surgery at the UMCU. The use of sample for research and informed consent procedures
were approved by the medical ethical committee (TCBio) of the UMCU as protocol 12-093
and was in accordance with the Declaration of Helsinki and according to Dutch law. This
study is compliant with all relevant ethical regulations regarding research involving human
participants. Informed consent was obtained prior to surgery. Samples were de-identified
for the researcher to keep patient data at the medical center.

Mice

All animal experiments were performed after institutional review by the Animal Ethics
Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW) with project
license AVD8010020151. Surplus material from female C57BL/6 was used to derive
organoids in this studly.

Thyroid organoid culture
Organoid derivation and analysis is adapted from earlier described protocols®'.

Human samples were kept in Advanced DMEM/F12 solution (GIBCO) with Pen/
Strep (Thermo Fisher scientific) at 4°C until further processing. For both mouse and
human, complete or part of the gland was chopped into small pieces of approximately
1 mm using a scalpel. Tissue pieces were enzymatically digested in digestion medium
for about 25-30 minutes shaking (120 RPM) at 37°C. Composition of the medium is
further described in the S| appendix. The homogeneous cell suspension was pelleted
and washed with AADMEM/F12. The tissue was resuspended in 1TmL Red blood cell
lysis buffer (Roche, 11814389001) and incubated at RT for 5 min. Fragments were
mechanically dissociated using narrowed glass pipette. Cells from a single murine thyroid
were plated in approximately 100 pL Cultrex Pathclear Reduced Growth Factor Basement
Membrane Extract (BME) (3533-001, Amsbio). For human biopsies the volume of BME
was determined based on the size of the final pellet. After BME solidification, complete

expansion medium was added. Splitting procedures are further described in SI Appendix.
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Organoids were frozen for long-term storage using CellBanker | (11888; AMSBIO
Europe B.V.) following manufacturers protocol. In short, organoids were grown for 2-5
days after splitting. Organoids were removed from BME using DMEM+P/S and spun
down. Pellet was resuspended in CellBanker | and immediately transferred to -80°C. For

storage over 2 months, vials were moved to liquid nitrogen storage boxes.

Viability assays
Cell viability was determined using CellTiterGlo 3D (Promega) according to
the manufacturer’s instructions. More detailed protocol is discussed in SI Appendix.

Immunohistochemistry and imaging

Organoids were harvested in Cell Recovery solution (354253, Corning) and fixed in 4%
paraformaldehyde (Sigma-Aldrich) for at least 2 hours at room temperature. Thyroid
tissue used for immunohistochemistry was directly fixed in 4% paraformaldehyde upon
dissection and incubated for at least 2 hours at room temperature or overnight at 4°C.
Samples were washed and dehydrated by an increasing ethanol gradient and washed in
xylene before embedding in paraffin. Sections were cut and hydrated before staining.
Slides were imaged using a Leica DM4000 microscope.

For immunofluorescence, organoids were harvested, fixed and permeabilized using
0.2% Triton X-100. Whole-mount staining was performed overnight in 2% goat serum.
Organoids were imaged on a Leica SP8X or SP8 microscope.

Antibodies used in this manuscript are listed in the SI Appendix.

gPCR analysis

RNA isolations of organoids and tissue for bulk RNA sequencing and gPCR were
performed with RNeasy Mini Kit (QIAGEN) following the manufacturer's instructions.
Quantitative PCR analysis was performed using the SYBR Green and Bio-Rad systems.
Changes in expression relative to housekeeping gene and thyroid or lung tissue when
indicated were calculated using CFX manager software (Bio-Rad). Primers were designed

using NCBI primer design tool and are indicated in de S| Appendix.

Bulk mRNA sequencing

Bulk mRNA sequencing was performed by the Utrecht Sequencing Facility (USEQ) using
the TruSeq stranded mRNA kit (lllumina). In short, polyA enriched RNA was reverse
transcribed and paired-end reads mapped to the mouse genome. Expression data was
analysed using DESeq2%2.

Single-cell mMRNA sequencing
For single-cell sequencing of the tissue, mouse thyroid was dissociated with collagenase

| (Sigma-Aldrich) as described above and subsequently resuspended in TrypLE Express

159



160

(GIBCO) pre-heated to 37°C and dissociated under repeated pipetting. For single-
cell sequencing of TFCOs, organoid droplets were incubated in Cell Recovery solution
(354253, Corning) for 30 minutes in order to dissolve the BME. Then, organoids were
pelleted and resuspended in TrypLE Express (GIBCO) pre-heated to 37°C and dissociated
under repeated pipetting. When the gland and the organoids were fully dissociated into
single cells, samples were pelleted, washed, resuspended in FACS buffer (advanced
DMEM/F12, 10 uM Y-27632 and DAPI) and strained (35 um).

DAPI-negative cells were immediately sorted into 384-well plates containing ERCC
spike-ins (Agilent), RT primers and dNTPs (Promega) using a FACSFusion (BD Biosciences).
Plates were prepared using Mosquito HTS (TTPlabtech). Single-cell RNA sequencing
libraries were prepared following the SORT-seq protocol? which is based on the CEL-seq?2
method®. Extensive explanation of the protocol can be found in the SI Appendix.

Transmission electron microscopy
Organoids were chemically fixed for 3 hours at room temperature with 1.5% glutaraldehyde
in 0.067 M cacodylate buffered to pH 7.4 and 1 % sucrose. Samples were washed once
with 0.1 M cacodylate (pH 7.4), 1 % sucrose and 3x with 0.1 M cacodylate (pH 7.4),
followed by incubation in 1% osmium tetroxide and 1.5% K,Fe(CN), in 0.1 M sodium
cacodylate (pH 7.4) for 1 hour at 4 °C. After rinsing with MQ, organoids were dehydrated
at RT in a graded ethanol series (70, 90, up to 100%) and embedded in epon. Epon was
polymerized for 48h at 60 °C. 60nm Ultrathin sections were cut using a diamond knife
(Diatome) on a Leica UC7 ultramicrotome, and transferred onto 50 Mesh copper grids
covered with a formvar and carbon film. Sections were post-stained with uranyl acetate
and lead citrate.

All TEM data were collected autonomously as virtual nanoscopy slides® on FEI Tecnai
T12 microscopes at 120kV using an Eagle camera. Data were stitched, uploaded, shared
and annotated using Omero®® and PathViewer.

AITD patient serum

Patient serum were anonymously obtained from Henny Otten at the University Medical
Center Utrecht (UMCU) from waste material of patients diagnosed at the UMCU.
The use of sample for research was approved by the medical ethical committee (TCBio)
of the UMCU as protocol 21-013 and was in accordance with the Declaration of Helsinki
and according to Dutch law. This study is compliant with all relevant ethical regulations
regarding research involving human participants.

TSHR autoantibodies were detected and quantified with the ELIA anti-TSH-R assay
with sample processing by the Phadia 250 instrument, performed as specified by
the manufacturer (ThermoFisher Scientific, Uppsala. Sweden) as described before®.
Serum was categorised as Graves' disease serum when TSHR-Ab titers were >3.3 IU/L

and as normal serum when <3.3IU/L. Serum was aliquoted and stored at -20°C until use.
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Free T3 analysis
Organoids were expanded as mentioned above. After organoids reached cystic
morphology (4-6 days after splitting), medium was changed to experimental medium
which included indicated supplements. Medium was harvested after 48h and kept at
4°C for maximum of two days or -20°C for extensive periods until analysis. For luminal
content, medium was removed and organoids were spun down and resuspended in 800pl
expansion medium. The organoids were broken using a narrowed glass pipette and
spun down. Supernatant was collected and send for analysis. For intracellular content,
organoids were harvested, broken using narrowed glass pipette and sonicated for 15
cycles 30sec and 30 sec pause using Branson sonicator SFX250. Samples were spun down
and supernatant was sent for analysis.

Analysis was performed by Central Diagnostic Laboratory at UMCU. The FT3
measurements were performed, as specified by the manufacturer, on the Atellica® IM
analyzer (Siemens Healthineers). Lowest concentration that can be measured with 95%

confidence is 0.1pmol/L.

Statistical analysis

No statistical method was used beforehand to determine sample size. The investigators
were not blinded and no data points was excluded. Data is represented as mean =
standard deviation. The number of duplicates as well as the type of test performed is
indicated in each figure legend.

RESULTS

Based on our previously described 3D culturing conditions of long-term expansion of
mouse and human organoids from a variety of other tissues, we dissected and minced
thyroid tissue, incubated the fragments in digestion solution and plated thyroid cells in
basement membrane extract (BME). We optimized mouse TFCO medium by trial and
error, to define a medium containing cyclic AMP (cAMP) activator forskolin (FSK), the Wnt
potentiator R-spondin (RSPO), transforming growth factor beta (TGFB) inhibitor A83-01,
epidermal growth factor (EGF) and fibroblast growth factor 10 (FGF10). Human samples
required the addition of Wnt surrogate'®, p38 inhibitor and TSH before significant growth
could be observed (Figure 1A). Using these expansion media, organoids first formed
after 4 days (mouse) or 1-2 weeks (human) and continued to grow over a 3-6 week period.
Thereafter, organoids could be mechanically passaged at a ratio of 1:3-1:7 every two
weeks. The organoids could be maintained over 24 passages without significant change in
morphology (to date we have reached passage 35 for mouse and passage 24 for human)
(Figure 1B and D). The organoids were polarised in an ‘apical-in’ orientation, as shown by
the apical marker ZO-1 (Supplementary figure S1A). To confirm the cellular composition
of the organoids, we used RT-gqPCR, immunofluorescence and immunohistochemistry.
We observed expression of the generic TFC markers Pax8/PAX8 and Nkx2.1/NKX2.1
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Figure 1. Establishment of thyroid follicular cell organoids from mouse and human origin. A)
Schematic representation of organoid derivation of thyroid follicular cell organoids (TFCOs) including
medium components required for the establishment of murine TFCOs. Human TFCOs require
additional components for establishment. B) Brightfield images of murine TFCO cultures show cystic
organoids grown in BME. Scale bars = Tmm (left panel), 100pm (right panel). C) RT-qPCR analysis
reveals similar to increased levels of Pax8 and Nkx2.1 expression in mouse TFCOs compared to
primary thyroid tissue in early (<4 passages) and late (>6 passages) TFCOs while lung and liver tissue
shows lower expression levels. N=3. Error bars = stdev. D) Brightfield images of human TFCO cultures
show cystic organoids grown in BME. Scale bars = Tmm (left panel), 250um (right panel). E) RT-qPCR
analysis reveals similar to increased levels of PAX8 and NKX2.1 expression in human TFCOs compared
to primary thyroid tissue in early (<4 passages) and late (>6 passages) TFCOs while lung tissue shows
lower expression levels. N=3. Error bars = stdev. F-G) Co-expression of thyroid transcription factors
Nkx2.1/NKX2.1 (red) and Pax8/PAX8 (grey) in all cells in mouse (F) and human (G) TFCOs shows a pure
population of TFCs in the organoids. Membrane staining using Phalloidin (green) and nucleus staining
using DAPI shows a single cell layer surrounding the lumen. Scale bar = 100um.
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(formerly known as thyroid transcription factor-1 (TTF-1)), in murine and human
organoids. The expression appeared to be increased compared to primary thyroid
tissue. Primary thyroid tissue, however, includes stromal cell types which could explain
this difference. The levels were comparable between different mouse and human donors
(Figure 1C and E). By immunofluorescence, combinatorial nuclear expression of
the two transcription factors (Nkx2.1/NKX2.1 and Pax8/PAX8) was confirmed in all cells in
the organoids (Figure 1F-G and Supplementary figure S2A-B). While both transcription
factors are expressed in other tissues including lung for NKX2.1 and kidney for PAXS,
co-expression of these transcription factors is unique to TFCs'. Since all analysed
cells in the organoids were positive for both transcription factors, we concluded that
the organoids mainly consisted of expanding populations of TFCs.

To further characterise the TFCOs, we performed bulk mRNA sequencing on
organoids at early and late passages for comparison with thyroid tissue and airway
tissue (SI Appendix, Dataset S1-2), the latter as unrelated control tissue. Hierarchical
clustering of the samples based on known thyroid-expressed genes showed extensive
overlap between organoid samples and thyroid tissue samples, while clustering away
from the lung tissue (Figure 2A and C). Both murine and human TFCO samples showed
comparable levels of i.e. TPO, PAX8, DUOX2 to primary tissue. TFCOs were stable as
deduced from early and late passage TFCO expression data. When single genes were
extracted and compared to primary tissue data, we observed a slight decrease in levels
of some thyroid maturation markers like TG in both mouse and human TFCOs (Figure 2B
and D). This could be due to the proliferative nature of cells within organoids compared
to the in vivo situation. This proliferative nature is confirmed by the expression of
MKI67 in a subset of cells within the organoids while being absent in the thyroid tissue
(Supplementary figure S1B/2C). Thyroid stem-like cells have been discussed for decades
without a general consensus'¢; the proliferative cells in the TFCOs likely represent their
in vitro counterparts. We analysed the presence of proposed stem cell markers in human
TFCOs. Since we observed a gradually increasing growth rate from passage 5 onwards,
we hypothesised that such stem cell markers would become evident when comparing
tissue to early passage TFCOs and would increase in expression from early to late passage
organoids. No significant change in expression was identified in the putative stem cell
markers SCA17:8, ABCG2"7"%, FUT4'?2, GATA4%, HNF4A%?, NANOG?', OCT4'21720-22 and
HHEX'2% in human TFCOs (Supplementary figure S3A-J). Increased expression was
noted for NGFR and FOXE1 (TTF2)?* while SOX2'?22 was in enriched in late passage
human TFCOs (Supplementary figure S3K-M). Of note, the latter three genes were not
upregulated in mouse TFCOs compared to tissue (Supplementary figure S3N-P).

To further delve into cellular heterogeneity in the organoids, we performed single cell
sequencing® on mouse primary tissue and early and late passage mouse TFCOs. We
sorted and processed, using the SORT-seq method?, a total of 747 primary tissue cells
and 1,843 TFCO cells which passed quality control. Clustering of the cells revealed nine

clusters which could be annotated using known marker genes (Figure 3A). Some clusters
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Figure 2. Bulk mRNA sequencing reveals limited differences between late and early passage
TFCOs and primary thyroid tissue. A) Heatmap indicating the expression of thyroid follicular cell
markers in mouse primary thyroid tissue, lung tissue and mouse TFCOs in early and late passages.
TFCOs cluster with thyroid tissue in unsupervised hierarchical clustering and apart from lung
tissue. Organoid 1 = mThy14, organoid 2 = mThy16. Coloured bar represents row z-scores of log2
transformed normalised counts. Density plot indicates the fraction of genes with the given row
z-score. B) Boxplots of mouse primary thyroid tissue (Thyroid tissue), early passage TFCOs (Early) and
late passage TFCOs (Late) as well as primary lung tissue (Lung tissue) Log2 transformed normalised
counts of bulk mRNA sequencing. Expression levels of Tg, Tpo, Tshr and Pax8 are comparable to
thyroid tissue. Colour of the dots indicates donor visualised as described on the right. Boxplot shows
median, two hinges (25th and 75th percentile) and two whiskers (largest and smallest value no further
than 1.5x inter-quartile range). n.d. = not detected. C) Heatmap indicating the expression of thyroid
follicular cell markers in human primary thyroid tissue, lung tissue (GSE148815) and human TFCOs in
early and late passages. TFCOs cluster with thyroid tissue in unsupervised hierarchical clustering and
apart from lung tissue. Organoid 1 = hThy20N, organoid 2 = hThy23N and organoid 3 = hThy24N.
Coloured bar represents row z-scores of log2 transformed normalised counts. Density plot indicates
the fraction of genes with the given row z-score. D) Boxplots of human primary thyroid tissue (Thyroid
tissue), early passage TFCOs (Early) and late passage TFCOs (Late) as well as primary lung tissue of
GSE148815 (Lung tissue) Log2 transformed normalised counts of bulk mRNA sequencing. Expression
levels of TG, TPO, TSHR and PAX8 are comparable to thyroid tissue. Colour of the dots indicates
donor visualised as described on the right. Boxplot shows median, two hinges (25th and 75th
percentile) and two whiskers (largest and smallest value no further than 1.5x inter-quartile range).
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were only composed of cells originating from primary tissue, including 58 monocytes
expressing Ptprc and Lyz2, 197 stromal cells expressing Col3al and 216 endothelial
cells expressing Lyéa (Figure 3B and Supplementary figure S4). Some Calca-expressing
cells could be identified within the tissue cell sample, indicative of parafollicular/C-cells.
A single Calca expressing cell was identified in the organoids underscoring the rapid loss
of these neural crest-derived cells in the epithelial TFCOs (Supplementary figure S4G-H).
This observation was confirmed by the loss of Calca expression as determined by RT-gPCR
(Supplementary figure S4l). The majority of the cells (2,119 cells (276 cells from primary
tissue and 1843 cells from TCFOs) expressed Pax8, Tpo and Nkx2.1 and could therefore
be annotated as TFCs (Figure 3B-C). Satisfyingly, TFCs from the primary tissue clustered
with TFCs from TFCOs underscoring the high similarity between cultured and primary
TFCs (Figure 3D). After reclustering of all TFCs, seven TFC clusters became evident
(Figure 3E), while tissue TFCs continued to co-cluster with TFCO TFCs (Figure 3F). Tg
levels between TFCs from organoids and primary tissue cells were similar, yet rare cells
with high Tg levels were only seen in primary tissue (Figure 3G).

Differential expression analysis between the clusters revealed relatively minor
differences between the clusters with the exception of cluster 5, which uniquely
expressed multiple genes involved in cell cycling, including Mkié7, Ccnb2 and Pcna
(Figure 3H). In agreement, cluster 5 only contained organoid-derived TFCs (Figure 3E-F)
while expression levels of the TFC maturation marker Tg was slightly lower compared
to the other clusters (Figure 3l). Thus, cluster 5 cells represented the proliferative TFC
progenitors, also seen by immunofluorescence (Supplementary figure S1B and S2C).
The relative proportion of proliferative cells (within cluster 5 of each line) ranged between
4-13%. Since this subpopulation could potentially contain the elusive thyroid stem cells,
we performed differential expression analysis and identified 148 significantly (p<0.01)
enriched genes (SI Appendix, Dataset S3). None of the proposed stem cell markers
(see above) were present in this list or were enriched in the proliferative TFC cluster with
the exception of Hhex. Hhex was enriched in proliferative TFCs compared to other TFCs
(Supplementary figure S5A-B) as well as in late passage TFCOs compared to early passage
TFCOs and primary tissue (Supplementary figure S5C). Mouse Hhex expression was
observed by bulkmRNA sequencing data to be higherin TFCO cultures than in primary tissue
(Supplementary figure S5D) while HHEX levels in human TFCOs were similar to primary
tissue (Supplementary figure S3J). It was therefore unlikely that HHEX performs similar
functions in human and mouse TFCs. The lack of a single population and the high
comparability between the populations might indicate that thyroid tissue and organoids
do not harbour professional stem cells. The growth of organoids may therefore be due
to the presence of a transient proliferative cell pool with high resemblance to mature
TFCs. Moreover, we concluded that the single cell atlas of the mouse thyroid and TFCOs
showed high similarity between TFCs derived from primary tissue and from TFCOs as well
as within the TFC population.
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Figure 3. Single cell RNA sequencing of mouse TFCOs and primary tissue reveals limited
differences between TFCs except for a proliferative population in organoids. A) tSNE
representation of 9 clusters of mouse thyroid tissue cells (n = 747) and mouse TFCO cells (n=1843).
B) tSNE representation of 5 cell types of mouse thyroid tissue cells (n = 747) and mouse TFCO cells
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D) tSNE representation of 2 origins of mouse thyroid tissue cells (n = 747) and mouse TFCO cells
(n=1843) visualising overlap between tissue-derived and TFCO-derived TFCs. E) tSNE representation
of 7 clusters of mouse thyroid tissue TFCs (n = 276) and mouse TFCO TFCs (n=1843) after
reclustering. F) tSNE representation of 2 origins of mouse thyroid tissue TFCs (n = 276) and mouse
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TFCs in cluster TFCS. ) Violin plots of the normalized expression level of Tg in TFC clusters indicates
a less mature population of TFCs in cluster TFC5.
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Since expression levels indicated maturity and functionality of the TFCOs, we
examined the presence of the thyroid hormones machinery in murine and human TFCOs
(Figure 4). In agreement with the sequencing data, TFCOs of murine and human origin
both expressed high levels of Tg/TG and Tpo/TPO, essential for generation and storage
of thyroid hormones (Figure 4A-B). Expression of Tshr/TSHR was similar between primary
tissue and TFCOs from both species (Figure 4A-B). This indicated the potential of TFCOs
to respond to TSH. TG is the carrier protein of thyroid hormones and allows for rapid
hormone secretion without the need for transcription and translation; it is stored as colloid
in the lumen of follicles. Five days after splitting, murine TFCOs contained a population of
Tg-expressing cells (Supplementary figure S1C). When these TFCOs are maintained for
21 days without splitting, the lumens were filled with Tg, resembling the in vivo situation
(Figure 4C and Supplementary figure S2D). Human TFCOs expressed cytoplasmic Tg
in most if not all cells, while luminal TG was much less prominent (Figure 4D). This was
likely due to the repeated swelling and bursting of human TFCOs (not observed in mouse
TFCOs), potentially leading to continuous loss of luminal Tg. To document the potential
of iodine transport and thyroid hormones production by human TFCOs, we analysed
the expression of iodine transporters SLC5A5 (sodium/iodine symporter (NIS)) and
SLC26A4 (Pendrin) as well as the T3 transporter SLC16A2 (MCT8). All three transporters
were expressed in human TFCOs (Figure 4E). Combined with the expression of TPO and
TG, this indicated functionality of hormone production and secretion of human TFCOs.
Secretion of thyroid hormones in the form of Free T3 (FT3) was successfully observed in
medium collected from TFCOs 24h after replacing the medium by PBS (Figure 4F). Thus,
TFCOs possessed the thyroid hormones machinery and could secrete thyroid hormones
from their basal side.

We next performed transmission electron microscopy on both mouse and human
TFCOs. Only follicular cells were identified in a typical thyroid gland organisation as
a single layer of cells around the lumen. Colloid was identified in the lumen of most mouse
and human TFCOs (Figure 5A-B and F-G). Moreover, abundant potential small secretory
and endocytic vesicles transporting thyroglobulin to and from the lumen and hetero- or
endolysosomal vesicles created by the fusion of lysosomes with the vesicles reabsorbing
thyroglobulin could be detected (Figure 5C and H-I), indicative of active transport of
Tg/TG and thyroid hormones. Underlining the active translation of carrier protein Tg
and other thyroid hormones machinery, we observed typical swollen rough endoplasmic
reticulum present in the follicular cells of the thyroid where thyroglobulin synthesis takes
place (Figure 5D). Additionally, short microvilli were observed on the apical membrane
projecting into the colloid of mouse and human TFCs (Figure 5E and J) and the follicle
cell junctional complexes restricting colloid to the lumen (Figure 5E). All these features
agree with earlier reports of transmission electron microscopic studies of rat thyroid?-%.

TSH stimulates the expression of iodine transporter SLC5AS5, stimulates hormone
formation and TG endocytosis and proteolysis and induces the secretion of thyroid

hormones. Prolonged TSH stimulation of the thyroid gland induces hyperplasia®=".
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Figure 4. TFCOs express thyroid hormone machinery and secrete thyroid hormone basally. A)
RT-gPCR analysis reveals similar levels of Tg, Tpo and Tshr expression in mouse TFCOs compared to
primary thyroid tissue in early (<4 passages) and late (>6 passages) TFCOs while liver tissue shows
lower expression levels. Expression levels are relative to lung tissue expression levels. N=3. Error
bars = stdev. B) RT-gPCR analysis reveals slightly lower yet significant levels of TG and TPO and similar
levels of TSHRa expression in human TFCOs compared to primary thyroid tissue in early (<4 passages)
and late (>6 passages) TFCOs. Expression levels are relative to airway organoid expression levels.
N=3. Error bars = stdev. C) Mouse TFCs secrete Tg (red) towards the lumen in TFCOs similar to TFCs
in follicles in vivo. Membrane staining using Phalloidin (green) and nucleus staining using DAPI (blue).
Scale bar = 100um. D) Human TFCs express TG (red) cytoplasmiccaly in TFCOs. Membrane staining
using Phalloidin (green) and nucleus staining using DAPI (blue). Scale bar = 50um. E) RT-qPCR analysis
reveals expression of iodine transporters SLC5A5 and SLC26A4 and thyroid hormone transporter
SLC16A2 in human TFCOs. Expression levels are relative to airway organoid (AOs) expression levels.
N=3. Error bars = stdev. F) Human TFCOs in varying passages secrete variable yet measurable levels
of free T3 (FT3) basally (conditioned medium) while apical secretion (luminal) is minimal or non-
detectable. Some levels of FT3 are identified intracellularly (intracellular) yet at lower levels compared
to basally. AOs = airway organoids. Each dot represents a separate expanded well of organoids
measured. N=5. Error bars = stdev. ns = not significant, * = p<0.05, ** = p<0.01, **** = p<0.0001
using two-way ANOVA with Tukey’s multiple comparisons to AOs.
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Heterolysosomes
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Figure 5. TFCs show short microvilli, swollen RER cisternae and heterolysosomes and
electrondense follicular lumens in TFCOs. A) Overview image of transmission electron microscopy
image reveals a variable in density lumen like the thyroid follicles show filled with potential colloid
(dashed line indicates boundary of lumen) in mouse TFCOs. Scale bar = 10pum. B) Detailed zoom-in
reveals a single cell layer of TFCs with cubic to columnar cells containing the nucleus in the basal
area in mouse TFCOs. Scale bar = 5um. C) Extensive heterolysosomes can be observed in mouse
TFCOs indicating active transport of thyroglobulin to and from the lumen. Scale bar = 500nm. D)
Swollen rough endoplasmic reticulum (RER) is present in mouse TFCOs indicative of TFCs. Scale
bar = 1pm. E) Finger-like extensions of the plasma membrane can be observed as microvilli on
the apical membrane of TFCs in mouse TFCOs. Scale bar = Tpym. F) Overview image of transmission
electron microscopy image reveals a variable in density lumen like the thyroid follicles show filled
with potential colloid (dashed line indicates boundary of lumen) in human TFCOs. Scale bar = 5um.
G) Detailed zoom-in reveals a single cell layer with cubic to columnar cells containing the nucleus
in the basal area of TFCs in human TFCOs. Scale bar = 5um. H-I) Extensive heterolysosomes can
be observed in human TFCOs indicating active transport of thyroglobulin to and from the lumen.
Scale bars = 1pm. J) Finger-like extensions of the plasma membrane can be observed as microvilli on
the apical membrane of TFCs in human TFCOs. Scale bar = Tym

Given the expression at physiological levels of TSHR, which signal through cAMP3233, we
performed growth assays upon addition of TSH. ATP-levels in the CellTiter Glo assay were
used as surrogate for proliferation. Since Forskolin (FSK) also activates cAMP signalling,
we removed FSK from the medium. Satisfyingly, growth of mouse TFCOs as well as
human TFCOs was increased when assayed over a period of 7 days upon TSH stimulation

IR ~ SIS
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Figure 6 TFCOs model Graves’ disease by increased proliferation and hormone secretion after
TSHR-Ab stimulation. A) Addition of TSH increases viability of mouse TFCOs compared to TFCOs
cultured without TSH after 7 days. All data points are relative to TFCOs grown in the absence of TSH
and FSK. N=3 per datapoint. Error bars = stdev. * = p<0.05, *** = p<0.001, **** = p<0.0001 using
two-way ANOVA with Tukey’s multiple comparisons to untreated samples. B) Human TFCOs increase
viability upon addition of 100ng/mL TSH (+TSH) as compared to expansion medium (EM) after 7 days.
Addition of sodium iodide (Nal) decreases viability of human TFCOs as compared to EM. N=3. Error
bars = stdev. ** = p<0.01, **** = p<0.0001 using two-way ANOVA with Tukey’s multiple comparisons.
C) Increased viability is observed in human TFCOs when cultured for 10 days with 10-100ng/mL
recombinant (rTSH) (top axis) compared to untreated TFCOs. More extensive increase in viability is
observed when TFCOs are cultured for 10 days with serum of Graves’ disease patients (TSHR-Ab
>3.3IU/L) (lower axis). Incubation with normal serum (TSHR-Ab <3.3IU/L) did not show increased
viability of TFCOs even when using 10% serum (lower axis). N=3. Error bars = stdev. * = p<0.05,
** = p<0.01, *** = p<0.001 using two-way ANOVA with Tukey’s multiple comparisons. D)
Representative brightfield images shows limited outgrowth in expansion medium without FSK
(medium only) and 1% normal serum (TSHR-Ab <3.3IU/L) after 10 days. Increased outgrowth is visible
in cultures grown with 100ng/mL TSH after 10 days. More extensive outgrowth and organoid size is
observed in cultures grown in 1% GD serum (TSHR-Ab >3.3IU/L). Scale bar = 1 mm. E) Incubation
of TFCOs with 1% serum with varying TSHR-Ab titers reveals correlation between TFCO growth and »
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» TSHR-Ab titers. Each dot represents a single serum tested in triplicate. Colour of the dots indicate
category of serum being medium only (black), normal serum (TSHR-Ab <3.3IU/L) (red) or GD serum
(TSHR-Ab >3.3IU/L) (green). N=3 per datapoint. Error bars = stdev. R2 using Pearson correlation.
F) Comparison between three different donors (indicated in different colours) in a similar assay as
figure 6E shows correlation of TSHR-Ab titers and TFCO growth in all donors yet with variable slopes.
N=3 per datapoint. Error bars = stdev. R2 using Pearson correlation. G) Stimulation with 100ng/mL
recombinant TSH or 1% GD serum (TSHR-Ab >3.3IU/L) increases free T3 (FT3) levels in conditioned
medium of human TFCOs after 48h. No significant increase in FT3 levels is observed when TFCOs
are stimulated with 1% normal serum (TSHR-Ab <3.3IU/L) compared to medium in combination
with organoids. Each dot represents a separate expanded well of organoids measured. N=5. Error
bars = stdev. ns = not significant, ** = p<0.01, **** = p<0.0001 using two-way ANOVA with Tukey’s
multiple comparisons.

(Figure 6A-B) in a dose-dependent manner (Figure 6A). Contrarily, we observed reduced
growth upon addition of iodine (sodium iodide (Nal)) in human TFCOs (Figure 6B). In
patients with Graves' disease, the anti-TSHR autoantibodies overactivate the TSH-
pathway resulting into hyperthyroidism. As shown above, TFCOs respond to TSH. To
test if the TFCOs would also respond to TSHR-Abs, we incubated human TFCOs with
sera from a Graves' disease patient (GD serum) (TSHR-Ab titers > 3.3 1U/L) at different
dilutions for 10 days. The human TFCOs incubated with Graves’ disease serum showed
increased growth compared to TFCOs incubated with control sera (TSHR-Ab titers <
3.3 IU/L) (Figure 6C). In agreement, some expansion of TFCOs was observed in wells
incubated with 1% control serum while extensive outgrowth of TSFO was observed in
wells incubated with 100ng/mL TSH or 1% Graves' Disease sera (Figure 6D).

To further validate the use of TFCOs as in vitro models of Graves' disease, we tested
15 Graves’ disease sera and 5 control sera in parallel at a 1% dilution and compared ATP
units using the CellTiter Glo assay (see Methods). We observed a positive correlation
between the anti-TSHR antibody titers and ATP levels in TFCOs (R?=0.6760) (Figure 6E).
Two independent donors showed similar correlations (R>=0.5651 and 0.3962) underlining
the robustness of TFCO culture (Figure 6F). Lastly, we measured FT3 levels in organoids
after stimulation with TSH, a selected potent Graves' disease serum and control serum.
TFCOs yielded background levels of 0.45 pmol/L FT3 in the conditioned medium after
incubation of 48h. Incubation with 100ng/mL TSH or 1% Graves' disease serum increased
FT3 levels to 0.75 and 1.05 pmol/L respectively, while TFCOs incubated with 1% normal
serum yielded similar levels of FT3. (Figure 6G). In conclusion, TFCOs recapitulate
characteristics of Graves’ disease (growth and hormone release) when treated with

Graves' disease serum.

DISCUSSION

In this study, we describe the generation of adult thyroid follicular cell organoids
from mouse and human origin. The establishment of these TFCOs requires limited

starting material and the resulting organoid lines can be stably expanded for >1 year.
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The optimised protocol allowed the generation of 10 human organoid lines from 12
provided donor tissue samples (£83%). Several other groups have recently reported similar
thyroid organoids derived from mouse®, rat®® and human tissue'?. Related approaches
have resulted in the establishment of human thyroid cancer organoids®**. Our TCFO lines
faithfully recapitulate TFC function and TSH responses. Our human TFCOs secrete thyroid
hormone under expansion condition, which contrasts with the previously published
human thyroid organoids where transfer to a maturation medium was required'?. Current
expansion conditions showed stable expression of essential thyroid-related genes, even
after >1 year of culture, while loss of thyroid differentiation was observed in organoids
generated by Ogundipe et al over time in culture'?. These differences may result from
differences in medium composition, yet we conclude that both studies provide definitive
evidence that thyroid organoids can be established and that these faithfully recapitulate
the primary tissue.

Using single cell mRNA sequencing, a proliferative population could be identified
but -unlike the original Lgr5+ stem cell-driven gut organoids®®, we found no evidence
for the existence of unique thyroid stem cells in our in vitro model system. It has
emerged recently that many solid tissues don't rely on a "professional’ stem cell for their
maintenance and repair, but rather temporarily recruit differentiated cells into a transient
progenitor pool*’. The liver is likely the most explicit example of this phenomenon,
where -depending on the type of damage- either fully differentiated cholangiocytes or
hepatocytes transiently acquire proliferating progenitor phenotypes to regenerate lost
tissue®®. We conclude that our current observations suggest that a similar phenomenon
may play out in the thyroid. While adult thyroid turnover occurs in the order of 10 years,
there are reports of thyroid regeneration after injury even though the gland does not tend
to recover to its original size'841-4,

TFCOs could become a potential source of thyroid transplantation. Currently, radio-
iodine treatment or thyroidectomy are required to treat hyperthyroidism or thyroid
carcinoma resulting in hypothyroidism followed by lifelong administration of thyroid
hormones®. Although thyroid hormone supplemental therapy can in theory “easily” be
done by daily levothyroxine prescription, many patients complain of not being in optimal
thyroid hormone balance. Autologous transplantation of TSH-responsive cultured TFCOs
may in the future replace these external regulations and restore a physiological thyroid
hormone balance with TSH-responsive thyroid tissue. Indeed, Coppes and colleagues
have shown that their organoids (which are very similar to the ones described in the current
study) can be transplanted to mice'.

The requirement of TSH during the initial passages and FSK in further expansion of
human TFCOs shows the dependence of TFC cells on the cAMP pathway. Activation of
TSHR and thereby of the cAMP pathway by TSH has been shown to induce proliferation
in TFCs331. This activation is mimicked by TSHR binding antibodies®. These phenomena
are readily recapitulated in our TFCOs. Recently, salivary gland organoids were generated

from patients suffering from another autoimmune disorder, Sjégren’s syndrome and
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underlying biological mechanisms of salivary hypofunction were identified*. Together, this
indicates the promise of organoids as models for autoimmune disorders. Since organoids
have been shown to predict patient responses for cystic fibrosis and cancer¥-%, TFCOs
can potentially aid the development of new or repurposed drugs for Graves’ disease.

In conclusion, we present adult mouse and human thyroid follicular cell organoids
containing two populations of TFCs which are highly similar except for proliferation status.
These TFCs recapitulate essential characteristics of the primary tissue and are responsive

to external stimuli such as TSH and anti-TSHR antibodies.
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SUPPLEMENTARY MATERIALS AND METHODS

Thyroid organoid cultures

Digestion medium consisted of 1 mg/mL collagenase (Sigma-Aldrich, C9407) with 10 uM
ROCK inhibitor Y-27632 (Abmole, M1817) and 100pg/mL Primocin (Invivogen, ant-pm-1)
in ADMEM/F12 (GIBCO)

Mouse expansion medium consisted of AADMEM/F12 (GIBCO) supplemented with
B27 supplement (Gibco, 17504044), Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin
(all Thermo Fisher scientific), 1.25 mM N-acetylcysteine (Sigma-Aldrich, A9165), 10 mM
nicotinamide (Sigma-Aldrich, N0636) and the following growth factors: 1% R-spondin
3 conditioned medium (U-Protein Express), 0.5 pM A83-01 (Tocris, 2939), 1 uM FSK
(Tocris, 1099), 500ng/mL EGF (Peprotech, AF-100-15-1mg) and 100 ng/mL FGF10
(Peprotech, 100-26).

Human expansion medium contained AADMEM/F12 (GIBCO) supplemented with
B27 supplement (Gibco, 17504044), Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin
(all Thermo Fisher scientific), 100 ug/mL Primocin (Invivogen), 1.25 mM N-acetylcysteine
(Sigma-Aldrich, A9165), 10 mM nicotinamide (Sigma-Aldrich, N0636) and the following
growth factors: 1% R-spondin 3 conditioned medium (U-Protein Express), 0.5 uM A83-01
(Tocris, 2939), 1 uM FSK (Tocris, 1099), 500ng/mL EGF (Preprotech, AF-100-15-1mg), 100
ng/mL FGF10 (Peprotech, 100-26), 3mM p38 inhibitor (Sigma-Aldrich, S7067), 1:1000
Wnt surrogate (U-Protein Express) and 100ng/mL TSH (Sigma-Aldrich, T8931).

21-40 days after seeding, human and mouse organoids were removed from
the BME, mechanically dissociated into small fragments using a narrowed Pasteur
pipette and re-seeded in fresh BME. Passage was performed in 1:3 — 1:5 split ratio once
every 7 - 14 days for >1 year. During culturing, medium was refreshed at most every
three days. Images of organoid cultures were taken on EVOS FL Cell Imaging System

(Thermo Fisher scientific).

Viability assays

Cell viability was determined using CellTiterGlo 3D (Promega) according to
the manufacturer’s instructions. In short, organoids were seeded using the same protocol
as mentioned before. Two hours after seeding, medium was removed from organoid
plates and 200 pl CellTiterGlo 3D solution was added. Solution was incubated for 20min
at RT while shaking (300rpm). 20 pl solution, without touching BME dome was transferred
to black 96-well plate. Luminescence was acquired with Berthold XS3 LB 960 within 5 min.

Immunohistochemistry and imaging

Antibodies used for immunohistochemistry included PAX8 (Abcam, ab124445),
NKX2.1 (Abcam, ab76013), anti-TG (Abcam, ab156008) and Klé67 (eBiosciences, 14-
5698-82). Antibodies used for immunofluorescence included anti-PAX8 (Abcam,
ab124445), anti-NKX2.1 (Abcam, ab76013), anti-TG (Abcam, ab156008), anti-ZO-1
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(Life Technologies, 40-2200), anti-KI67 (eBiosciences, 14-5698-82), Phalloidin—Alexa488
(Life Technologies, A12379) and DAPI (Invitrogen). Secondary antibodies included
Alexa Fluor 568 goat anti-rabbit IgG (Life Technologies, A11036), Alexa Fluor 647 goat
anti-rabbit IgG (Life Technologies, A21245) and Alexa Fluor 647 goat anti-mouse IgG
(Life Technologies, A21236)

gPCR analysis

Primers used for gPCR analysis were designed using NCBI primer design.

Single-cell mRNA sequencing

After sorting as indicated in material and methods, cells were first lysed for 5minutes at
65°C, and RT and second-strand mixes were dispensed by the Nanodrop Il liquid handling
platform (GC Biotech). Single-cell double-stranded cDNAs were pooled together and
in vitro transcribed for linear amplification. lllumina sequencing libraries were prepared
using the TruSeq small RNA primers (lllumina) and these DNA libraries were sequenced
paired-end, respectively, on the lllumina NextSeq.

Fastq files were trimmed with TrimGalore-0.4.3 and mapped with STAR-2.5.3a
to the mouse reference genome (GRCm38). Introns and exons were extracted from
the corresponding annotation files. Cells with raw transcript counts higher than 1.5
times the interquartile range above the upper quartile of the rest of the population
were removed as potential doublets. Subsequently, clustering and single-cell analysis
were performed with Seurat package. To directly compare organoid and tissue cells in
the violin plots, cells identified in the above-mentioned analysis were retrieved from

Table S1. Primer list for RT-qPCR analysis

Gene Species Forward Reverse

Pax8 Mouse ~ CAGCCTGCTGAGTTCTCCAT CTGTCTCAGGCCAAGTCCTC
Nkx2.1 Mouse  CAGTTCCACTCTGCAACGGA TGATTCGGCGTCGGCTGG

Tg Mouse =~ TCCGGAGGAAAGTTGTGCTG GCCGCTCACACTCAAAGAAC
Tpo Mouse  TGGATAGTAATTTGCAGGTGGACA CCTCTATTCGCACAGGAGGAC
Tshr Mouse  ATGACACGGAAGTGGCTCTG ACTCTGCACTTCTCTCTCCTTC
Calca Mouse  AGGATCAAGAGTCACCGCTTC CATGATGCCTTCCTGGTGAG
PAX8 Human  CATTTGAGCGGCAGCACTAC AAGGGTGAGTGAGGATCTGC
NKX2.1 Human  CTCGCTCGCTCATTTGTTGG TCGGCGGCGGCTGAG

TG Human  GCCTGTGGCTTGTCTGTCA GCGTAGTCCCCTGAATCCTG
TPO Human  AGTGCAGTTGGCTGAGAAGA TCCCTCTCGAGATGAAGGGG
TSHRa Human  GCTTGCTGGACGTGTCTCAA CCCGTGTGAGGTGAAGGAAA
SLC5A5 Human  ATGTCGGCCGTGCAGGT CGCATCTCCAGGTACTCGTAGG
SLC26A4  Human  GCGAGCAGAGACAGGTCAT CTCGTGCTGTTGCTGGAAAG
SLC16A2  Human  CCCCAAGCAAGAGAGGTGTC CCTCCACATACTTCATCAGGTG
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another analysis containing both tissue and organoid cells ran with mintrans = 1500.

Then, normalized expression (ndata) was plotted.

SUPPLEMENTARY FIGURES

| 11
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Supplementary figure S1. TFCOs are comprised of polarised TFCs subdivided into proliferative
and Tg-expressing TFCs. A) Mouse TFCOs have apical-in morphology based on apical membrane
marker ZO-1 (red). Overlap of ZO-1 and membrane stain Phalloidin (green) is only observed on inner
surface of TFCOs. DAPI = nuclear stain (blue). Representative image of mouse TFCOs in passage
5 (mThy15). Scale bar = 50um. B) Proliferative cells are observed in mouse TFCOs as indicated by
Mki67-positivity (red). Only a subpopulation of TFCs are proliferative per TFCO. Representative
image of mouse TFCOs in passage 8 (mThy14). Image shows max projection of z-stack. Phalloidin =
membrane stain (green), DAPI = nuclear stain (blue). Scale bar = 100um. C) Subpopulations of mature
TFCs can be identified in TFCOs in early days after organoid formation (day 5 after passaging) based
on Tg. Representative image of mouse TFCOs in passage 5 (mThy16). Phalloidin = membrane stain
(green), DAPI = nuclear stain (blue). Scale bar = 50um.

ZO-1 Phalloidin DAPI

Mki67 Phalloidin DAPI
uonoafoud xe

Tg Phalloidin DAPI
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Mouse tissue Mouse TFCO

Supplementary figure S2. Mouse TFCs express nuclear thyroid transcription factors in both
tissue and TFCOs while proliferation is limited to TFCOs. A-D) Representative images of mouse
primary thyroid tissue and TFCOs stained for thyroid transcription factors Nkx2.1 (A), Pax8 (B), Mkié7
(C) and Tg (D). Both transcription factors show nuclear expression in both mouse tissue as mouse
TFCOs. Proliferation marker Mkié7 is only observed in some cells in TFCOs and not observed in
mouse primary thyroid tissue. Tg expression is observed in colloid follicles in tissue samples and
similary in the lumen of TFCOs. Scale bar = 100um.
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Supplementary figure S3. Most proposed stem cell markers show no enrichment in human
TFCOs in early and late passages except for NGFR, TTF2 and SOX2 which are not enriched in
mouse TFCOs. A-P) Boxplots of human (A-M) and mouse (N-P) primary thyroid tissue (Primary tissue,
early passage TFCOs (Early organoids) and late passage TFCOs (Late organoids) normalised counts
of bulk mRNA sequencing. Colour of the dots indicates donor visualised as described on the right of
the row of graphs. Boxplot shows median, two hinges (25th and 75th percentile) and two whiskers
(largest and smallest value no further than 1.5x inter-quartile range). A) Increased proliferation is
observed over time from primary thyroid tissue to early and late organoids by normalised counts of
MKI67 in line with observed increase in TFCO growth over passages. B-I) Proposed stem cell markers
ATXN1 (B), ABCG2 (C), FUT4 (D), GATA4 (E), HNF4A (F), NANOG (G), POUSF1 (H), REXO1 () and
HHEX (J) are not enriched in correlation with MKI67 and time in human tissue and TFCOs. K-M)
Proposed stem cell markers NGFR (K) and TTF2 (L) are enriched in TFCOs compared to human tissue
and increased over time and SOX2 (M) is enriched in late passage TFCOs. NGFR, TTF2 and SOX2
expression is therefore correlated to increased proliferation. N-P) Potential human stem cell markers
Ngfr (N), Ttf2 (O) and Sox2 (P) are not enriched in mouse TFCOs compared to primary tissue and
increased over time in culture.
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Supplementary figure S4. Single cell sequencing of mouse primary tissue and TFCOs. A)
tSNE representation of 9 clusters of mouse thyroid tissue cells (n = 747) and mouse TFCO cells
(n=1843). B) tSNE representation of the expression of the endothelial cell marker Lyéa (linear scale).
C) tSNE representation of the expression of the stromal cell marker Col3a1 (linear scale). D) tSNE
representation of the expression of the immune cell marker Lyz2 (linear scale). E) tSNE representation
of the expression of the immune cell marker Ptprc (linear scale). F) Clusters marked as endothelial,
immune and stromal cells after single cell mMRNA sequencing are comprised of cells originating from
both primary tissues but not from TFCOs. The TFC cluster contains cells from all samples: primary
tissue, early passage TFCOs and late passage TFCOs. Proliferative TFCs are only identified in cells
from early and late passage TFCOs. Colour indicates donor. G) tSNE representation of the expression
of the C-cell hormone calcitonin Calca (linear scale). H) Violin plots of the normalized expression
level of Calca indicates potential presence of C-cells in tissue but absence in TFCOs. I) RT-qPCR
analysis reveals loss of Calca expression in mouse TFCOs compared to primary thyroid tissue in early
(<4 passages) and late (>6 passages) TFCOs. Expression levels are relative to lung tissue expression
levels. N=3. Error bars = stdev.
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Supplementary figure S5. Single cell sequencing of mouse primary tissue and TFCOs reveals
Hhex as potential mouse thyroid stem cell marker. A) tSNE representation of the expression of
the potential stem cell markers Hhex enriched in proliferative TFCs (linear scale). B) Violin plots of
the normalized expression level of Hhex in proliferative TFCs (n = 136 cells) and TFCs (n = 1,983
cells) shows increased expression in proliferative TFCs compared to other TFCs. C) Violin plots of
the normalized expression level of Hhex in early passage TFCOs ("Early organoids”, n = 725 cells),
late passage TFCOs ("Late organoids”, n= 1101 cells) and primary thyroid tissue ("Primary tissue”,
n = 293 cells) show presence of Hhex expression only in TFCOs and increased expression over time.
D) Boxplot of Hhex expression in mouse primary thyroid tissue and early, and late passage TFCOs
using bulk mRNA sequencing. A trend can be observed of increased expression from tissue to TFCOs
and increased expression over time in TFCOs. Boxplot shows median, two hinges (25th and 75th
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ABSTRACT

Wnt signalling is essential for epithelial stem cell homeostasis and proliferation. Its many
feedback mechanisms make Wnt signalling one of the main determinants of liver zonation.
Whnt activation leads to expression of negative regulators, which are themselves regulated
by secreted ligands RSPO1-4. The role of RSPO signalling in liver proliferation, however,
remains poorly understood. We produced RSPO3 using bacterial expression (bacRSPO3)
which is effective in potentiating Wnt signalling in vitro. Moreover, systemic injection
of bacRSPO3 induces proliferation in the liver as well as in the Wnt-dependent small
intestine. Proliferation is observed in two waves, with respective peaks at day 2 and 4 after
bacRSPO3 injection. The first wave involves proliferating stellate cells, while proliferating
hepatocytes are only observed at day 4 post-injection. The proliferation of hepatocytes
occurred in all three liver zones and appeared independent of active Wnt-signalling. An
extension of the Wnt-active zone was, however, observed after bacRSPO3 administration.
In conclusion, we describe the production of bacRSPO3 that allows for both in vitro as in

vivo RSPO signalling studies including the induction of liver proliferation.
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INTRODUCTION

The Wnt signalling pathway plays a key role in development, adult homeostasis and
regeneration. Additionally, its role in stem cell maintenance has been widely described'.
The tight regulation of this pathway by several feedback loops underscores the importance
of maintaining the right levels of activation at the right location. The main components of
this regulation acting at the earliest point of pathway activation, i.e. the cell membrane,
are E3-ubiquitin-ligases zinc and ring finger 3 (ZNRF3) and ring finger protein 43 (RNF43).
These transmembrane proteins control Wnt receptor Frizzled (FZD) levels by marking
the receptor complex for internalisation and degradation via ubiquitination?*. Since
both ZNRF3 and RNF43 are themselves target genes of the Wnt pathway, excessive Wnt
signalling is prevented, potentially creating a slightly fluctuating yet stable activation of
the pathway. Rspondins 1-4 (RSPO1-4) are a family of secreted proteins with the ability to
potentiate Wnt activation by removing the negative regulators ZNRF3 and RNF43 from
the membrane. After binding of RSPO1-4 to either ZNRF3 or RNF43 and simultaneously
to a transmembrane protein of the leucine-rich repeat-containing G-protein coupled
receptors family (LGR4-6), the complex is internalised and the downregulation of FZD
blocked. The available level of FZDs at the cellular membrane is thereby increased which
potentiates Wnt signalling activity. Since pathway activation still requires Wnt ligands to
bind the receptor, RSPO1-4 are seen as potentiators (rather than initiators) of the Wnt
signalling cascade*®. There are additional reports of LGR-independent signalling of
RSPOs by binding to heparin sulphate proteoglycans’. The exact mechanism and its
consequences, however, remain inconclusive.

The role of Wnt signalling and the importance of Wnt activation in liver homeostasis
and regeneration has been widely described. Due to its unique regenerative capacity,
stem cell biologists have extensively studied the liver. Since Wnt signalling and stem cells
have been shown to go hand-in-hand, researchers have been keen to establish the role
of Wnt activation in liver regeneration. The liver is comprised of hexagonal liver lobules
comprised of a single central vein surrounded by six portal triads consisting of a portal
vein, portal artery and bile duct. Sinusoids connect these two areas and are lined by
plates of hepatocytes. While these hepatocytes are characterised by expression of pan-
hepatocyte markers, the precise function of a hepatocyte is determined by the location
among the central-to-portal axis. Portal hepatocytes (zone 1) perform gluconeogenesis
while central hepatocytes (zone 3) break down glucose by glycolysis. This zonation is
established and maintained by several signalling cascades including differences in Wnt
activity. While the central zone is characterised by the expression of Wnt target genes
like AXIN2, the portal triad zone expresses Wnt inhibitory proteins like adenomatous
polyposis coli (APC)&"2. Accordingly, Wnt target genes such as Axin2, RNF43 and LGR5
are only expressed in central vein hepatocytes. This limits the Wnt potentiation function
of RSPOs to the central vein hepatocytes. In contrast, RSPO-binding partners ZNRF3 and
LGR4/6 are observed throughout the lobules®. This raises the question whether RSPO
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signalling is restricted to the Wnt active central zone of the liver or is able to signal
independently from Wnt in other zones.

The essence of RSPO presence to stimulate hepatocyte zonation and proliferation has
been described previously®'?. Upon removal of RSPO receptors LGR4 and 5, liver size is
reduced during homeostasis but more evident reduction is observed during regeneration’.
Vice versa, stimulation of RSPO signalling might improve liver regeneration.

In this study, we present an optimised protocol for the production of functional RSPO3
in E.coli. We injected recombinant RSPO3 into mice to study the effect on proliferation in
the liver. We observed proliferation of stellate cells followed by hepatocyte proliferation
in all liver zones as well as in the intestine. The induction of proliferation was independent

of Wnt activation indicating a potential secondary role for RSPO in the liver.

METHODS AND MATERIALS

Plasmids and Plasmid Construction

Protein expression plasmids were constructed using standard polymerase chain reaction-
based and endonuclease-based restriction cloning techniques. The construct encodes
maltose binding protein (MBP), tobacco etch virus (TEV) protease cleavage site, thrombin
protease cleavage site, gene fragment and histidine (HIS) tag. The coding regions were
verified by automated DNA sequencing by Macrogen Europe, Amsterdam.

Protein Expression and Purification

Bacterial protein expression was performed as previously described’. In short, SHuffle®
Express Competent E. coli (New England Biolabs) were transfected with expression
cassette and grown in liquid culture. Inductions were performed overnight at 16°C
with 0.5 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). All purification steps were
conducted at 4°C unless otherwise indicated. Cultures were spun down and resuspended
in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 20 mM imidazole, 8 M urea and 10% glycerol.
Suspension was lysed for 1.5 h at 30°C with 1T mg/mL lysozyme (Sigma-Aldrich) and then
sonicated (5x30 seconds with 45sec pauses). The lysate was clarified by centrifuging
for 30 min at 25000g. Supernatant was loaded on HisTrap HP 5 mL nickel column on
the AKTA purifier (GE Healthcare). HisTrap column was washed with 50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 20 mM imidazole, 8 M urea and 10% glycerol until UV, was at
a stable background level. Column was washed with at least 5 column volumes. A gradient
to 100% 50mM Tris-HCI (pH 7.5), 150mM NaCl, 600 mM imidazole and 10% glycerol
was established to purify the protein. Eluted fractions were collected and validated by
SDS-PAGE electrophoresis followed by Coomassie Brilliant Blue staining or Western Blot.
Peak fractions were pooled and concentrated to 1 mg/mL using vivaspin 20 (MWCO
10000) or 15R (MWCO 2000). Solution was dialysed to PBS using Slide-A-Lyzer™ Dialysis
Cassettes (Thermo Scientific) and stored at 4°C or -20°C for longer storage.
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Western Blot

For every sample, 50ug of total protein, as determined by Bradford Protein Assay (BioRad),
was loaded onto a 4-12% SDS-polyacrylamide gel (BioRad). Subsequently, protein
was transferred on Immobilin-P PYDF membrane (Millipore). Blots were blocked in 5%
bovine serum albumin (BSA) in PBS with 0.1% Tween-20 (PBST) for 1 hour and incubated
overnight with primary antibody (mouse anti-HIStag, Abcam; rabbit anti-FLAGtag, Cell
Signalling Technologies). Blots were incubated for 1 hour with HRP-conjugated anti-
mouse or anti-rabbit antibody, which was detected using ECL Prime Western Blotting
Detection Reagent (GE Healthcare).

TOPFLASH luciferase reporter assay

HEK293 SuperTopFlash cells were ordered from ATCC and grown in DMEM, 10% FCS, 50
units/mL penicillin and 50 pg/mL streptomycin. 24h prior to measurement cells were split
to white 96-well plates (Corning) at a 1:10 ratio. Cells were stimulated with Wnt and RSPO
concentration in triplicate for 24h. 25uL of Promega Steady-Glo Luciferase Assay System
(Promega) was added to each well and incubated at RT for 20min. Luminescence was

determined using a Centro XS LB 960 Microplate Luminometer (Berthold Technologies).

Organoid cultures

Cholangiocyte organoids were maintained in standard expansion medium? (AdDMEM/
F12 (Invitrogen), 10 mM Hepes, 10 mM Glutamax, 1x N2 and 1x B27 (both Invitrogen),
1.25 mM N-Acetylcysteine (Sigma), 10 nM gastrin (Sigma), and the growth factors: 50 ng/
mL EGF (Peprotech), 100 ng/mL FGF10 (Peprotech), 25 ng/mL HGF (Peprotech), 10 mM
Nicotinamide (Sigma), 5 pM A83.01 (Tocris), and 10 uM FSK (Tocris) complemented with
indicated RSPO proteins for 3 passages.

Airway organoids were grown in airway organoid medium, previously described?",
which consists of AADF+++ supplemented with 1x B27 supplement (Life Technologies;
17504-044), 1,25 mM N-acetyl-I-cysteine (Sigma-Aldrich; A9165), 10 mM nicotinamide
(Sigma-Aldrich; N0636), 500 nM A83-01 (Tocris; 2939), 5uM Y-27632 (Abmole; Y-27632),
1uM SB202190 (Sigma-Aldrich; S7067), 100 ng/mL human FGF10 (PeproTech; 100-26),
25ng/mL FGF7 (Peprotech; 100-19) and 1% vol/vol Noggin (produced via the r-PEX
protein expression platform at U-Protein Express BV) complemented with indicated RSPO
proteins for 3 passages.

Mouse studies
All mouse experiments were conducted under a project license granted by the Central
Committee Animal Experimentation (CCD) of the Dutch government and approved by
the KNAW-Hubrecht Institute Animal Welfare Body (lvD). Both male and female mice
were used for all experiments. 6-8 week-old WT C57Blé mice were IP or IV injected with
bacRSPO3 or PBS.
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The flanking arms of the RSPO2-1* and RSPO3-* construct, surrounding the floxed
exon 2, were generated by high-fidelity PCR reactions from male 129/0Ola-derived BAC
DNA and subsequently cloned into vector PL451. Detailed cloning information is available
on request. The targeting construct (100pg) was linearized and transfected into male
129/0la-derived I1B10 embryonic stem cells by electroporation (800V, 3F). RSPO2-** and
RSPO3-* mice were generated through homologous recombination in IB10 embryonic
stem cells (129/0la). Single recombinant embryonic stem cell clones were screened by
Southern blotting. RSPO1-LoxP ES cells were obtained via EUCOM (clone ID: EPD)720_2_
A03). Positive clones were selected and injected into C57BL/6 derived blastocysts using
standard procedures. All injected clones gave germline transmission. The neomycin
selection cassette was flanked by Frt recombination sites and excised in vivo by crossing
the mice with the general FLP deleter strain (Jackson Lab.). The described experiments
with the newly generated mice were performed with mice that were backcrossed
with C57BI6 mice for at least 3 generations. Mice were subsequently crossed with
the Rosa-“2 mice. The Cre enzyme was induced by a single intraperitoneal injection of
Tamoxifen (5Smg in 200ul/25gr)(Sigma Aldrich) dissolved in sunflower oil. The 6-16 weeks
mice, as well as various genotypic controls, were sacrificed and the organs were isolated

for further analysis.

Immunohistochemistry

Liver and intestines were fixed overnight in 4% formalin. The formalin was removed
and the intestines washed twice in PBS at room temperature. The intestines were then
transferred to a tissue cassette and dehydrated by serial immersion in 20-fold volumes
of 70%, 96% and 100% EtOH for 2 hours each at 4°C. Excess ethanol was removed by
incubation in xylene for 1.5 hours at room temperature and the cassettes then immersed
in liquid paraffin (56°C) overnight. Paraffin blocks were prepared using standard methods.
4pm tissue sections were de-waxed by immersion in xylene (2 times 5min) and hydrated
by serial immersion in 100% EtOH (2 times 1min), 96% EtOH (2 times 1min), 70% EtOH
(2 times 1min) and distilled water (2 times 1min). Endogenous peroxidase activity was
blocked by immersing the slides in peroxidase blocking buffer (0.040 M citric acid,
0.121M disodium hydrogen phosphate, 0.030M sodium azide, 1.5% hydrogen peroxide)
for 15min at room temperature. Antigen retrieval was performed (see details below for
each antibody), and blocking buffer (1% BSA in PBS) added to the slides for 30min at
room temperature. Primary antibodies were then added and incubated as detailed below.
The slides were then rinsed in PBS and secondary antibody added (polymer HRP-labelled
anti-mouse/rabbit, Envision) for 30min at room temperature. Slides were again washed
in PBS and bound peroxidase detected by adding DAB substrate for 10min at RT. Slides
were then washed 2 times in PBS and nuclei counterstained with Mayer’s haematoxylin
for 2min, followed by two rinses in tapwater for 5 min. Sections were dehydrated by
serial immersion for 1 min each in 50% EtOH and 60% EtOH, followed by 2min each in
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70% EtOH, 96% EtOH, 100% EtOH and xylene. Slides were mounted in Pertex mounting
medium and a cover slip placed over the tissue section.

Antigen retrieval was performed by boiling samples for 20min in 10mM sodium
citrate buffer pH 6.0. Antibodies used were; rat anti-BrdU (Abcam) (1:250 dilution); rat
anti-Ki67 (eBioscience) (1:1000 dilution). Incubation of antibodies was performed O/N
in blocking buffer at 4°C for the antibody. In all cases, the Envision+ kit (Dako) was used
as a secondary reagent. Stainings were developed with DAB. Slides were counterstained
with haematoxylin and mounted in Pertex. Images were acquired using Leica DM4000
with fixed parameters.

Tile scan images merged by Leica software were quantified using Imaged.
Quantification was performed by randomly assigning new numbers to each image.
Random numbers were recorded with corresponding condition. Liver BrdU quantification
was performed by randomly selecting areas of at least T mm?. Manual BrdU count was
performed in 8 different areas. Area measures were retrieved from ImageJ. Small intestine
quantification was performed by measuring crypt length with ImageJ. Images with crypt
lengths of 0,75-0,85 inch were manually counted on BrdU positive and BrdU negative
cells within the crypt. 46-69 crypts were counted per condition. Detailed images were

processed using ImageJ.

Immunoﬂuorescence

Slides with tissue sections were rehydrated and boiled in 10 mM trisodium citrate-2-
hydrate (pH 6,0). Blocking buffer (5% normal goat serum in PBS or 1% BSA in PBS) was
added and slides were blocked for at least 30min at RT. The buffer was removed and
blocking buffer containing the primary antibody (mouse anti-glutamine synthase (Abcam),
rat anti-BrdU (Abcam), rabbit anti-Desmin (Thermo Scientific) or rat anti-Kié67 (eBioscience))
was incubated overnight at 4°C. Blocking buffer containing the secondary antibody (Alexa
Fluor 488-labeled goat anti-mouse or anti-rabbit (Molecular Probes) and Alexa Fluor 568-
labeled goat anti-rat (Molecular Probes)) at a dilution of 1:250 was incubated for 2h at RT.
For nuclear staining, 1x DAPI solution was added to secondary antibody solution. Slides
were mounted in Prolong Gold with DAPI mounting medium. Images were acquired using
Leica DM6000 with fixed parameters. Tile scan images merged by Leica software were

quantified using ImageJ. Detailed images were processed using ImageJ.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 8 software.

RESULTS

To allow in vivo studies on RSPO signalling, we adapted a previously described protocol
of bacterial production of RSPO3'"® and optimised the production process. We used E.coli
strains that allow for the production of disulphide bond-reliant proteins like RSPO1-4.
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These bacteria produced a truncated RSPO3 protein consisting of the two furin-
domains of RSPO3 which are essential and sufficient to allow for Wnt potentiation’®.
We fused maltose-binding protein to RSPO3 to create a soluble protein in the bacteria,
a FLAG-tag for easy characterisation and 6xHIS-tag to purify the protein (Figure 1A). We
observed efficient expression of MBP-FLAG-RSPO3-Fu1-Fu2-6xHIS protein (bacRSPO3)
in the bacteria upon induction by isopropyl [B-d-1-thiogalactopyranoside (IPTG)
(Figure 1B). The bacterial lysate was loaded on nickel columns and bacRSPO3 was purified.
While bacterial proteins washed through the columns, bacRSPO3, identified based on
molecular size, could be collected during the elution phase (Figure 1C). Presence of
the full protein was observed upon western blot analysis for N-terminal FLAG-tag and
C-terminal 6xHIS-tag (Figure 1D). Endotoxins were removed and recombinant protein
solutions were concentrated and quantified. A single production round yielded 5-10
mg of bacRSPO3. This method therefore allows for production of recombinant RSPO3
that circumvents the use of either expensive commercially available RSPO or undefined
conditioned medium from RSPO1-producing cell lines.

To test the functionality of bacRSPO3, we incubated HEK293 cells with increasing
concentrations of bacRSPO3 in combination with Wnt. Satisfyingly, we observed
a dose-dependent effect of bacRSPO3 in potentiating Wnt signalling (Figure 2A). At
a concentration of 500ng/mL bacRSPO3, similar levels of Wnt signalling was observed
compared to 10% RSPO1 HEK293-conditioned medium (RSPO1 CM), which is commonly
used for organoid culture' (Figure 2A-B). This activation was only observed when
bacRSPO3 was used in combination with Wnt since addition of 500ng/mL bacRSPO3 alone
did not induce significant Wnt signalling (Figure 2B). Recently, synthetic Wnt activators,
termed ‘surrogate Wnts’, have been shown to be highly effective in inducing Wnt
signalling®. We compared Wnt3a-conditioned medium (Wnt3a CM) and Wnt surrogate®
in combination with available Wnt potentiators (RSPO1 CM, RSPO3 conditioned medium
of Utrecht Protein Express (UPE) (UPE RSPO3) and bacRSPO3). Inductions of Wnt signalling
were observed in all combinations yet with varying efficacy. In general, higher induction
was observed in cells treated with Wnt surrogate in combination with RSPO compared
to Wnt3a CM. Of the Wnt potentiators, bacRSPO3 showed the highest induction in both
Wnt3a CM- and in surrogate Wnt-treated cells, as compared to RSPO1 CM and UPE
RSPO3 (Figure 2C). Overall, bacRSPO3 potentiates Wnt signalling in vitro at least as well
as other available RSPOs. To test the stability of the protein, we stored bacRSPO3 in
the fridge (4°C) or at -80°C and tested its ability to potentiate Wnt signalling after 2
months compared to newly produced bacRSPO3. Very limited differences were observed,
which indicated high stability of bacRSPO3 (Figure 2D). Since Wnt signalling is essential
for maintaining adult stem cell-derived organoids, we used 500ng/mL bacRSPO3 as
replacement of other Wnt potentiators in airway?' and cholangiocyte? organoid cultures.
Organoid cultures showed similar growth rate and morphology in medium comprising
bacRSPO3, RSPO1 CM and UPE RSPO3 for at least three passages (Figure 2E). In
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Figure 1. Efficient production of bacRSPO3 using bacterial expression. A) Schematic

representation of the workflow of the production of bacRSPO3. The construct uses an inducible
promotor (Lacl), maltose-binding protein (MBP) for solubility, a short linker, FLAG-tag for visualisation,
two furin-domains (FU1 and FU2) of RSPO3 and a 6xHIS for purification. The construct is expressed in
E.Coli strain with expression of disulfide bond isomerase DsbC and loss of Lon and OmpT proteases.
After bacterial culture expansion and bacterial lysation, the supernatant is purified over nickel-coated
columns allowing purification of bacRSPO3. B) Coomassie stained polyacrylamide gel for analysing
bacterial lysates of cultures containing bacRSPO3 construct incubated overnight in the absence (lane
1) or presence (lane 2) of 0.5mM isopropyl B- d-1-thiogalactopyranoside (IPTG). Addition of IPTG
shows presence of a =65kDa protein as expected from bacRSPO3. C) Representative absorbance
plot of FPLC purification of bacRSPO3 with corresponding coomassie stained polyacrylamide gel.
Initial loading phase (green) shows high absorbance peaks after the column including some potential
bacRSPO3. The wash phase (red) shows limited absorbance. BacRSPO3 protein in identified in
all fraction during elution phase (blue). Concentrations observed in coomassie stain is in line with
absorbance measured. Red lines indicate start of new fractions collected. D) Western blot analysis on
polyacrylamide gel loaded with endotoxin removed and concentrated bacRSPO3 fractions stained
with anti-6xHIS (left panel) or Anti-FLAG-tag (right panel). Two independently produced batches
(batch 1 and 2) show specific staining of bacRSPO3 N- and C-terminal tags at +65kDa.
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Figure 2. BacRSPO3 is efficient in potentiating Wnt signalling and maintaining organoid cultures
in vitro. A) Line graph depicting relative luminescence of Super TOPFLASH (STF) assay of different
concentrations of bacRSPO3 and 30% Wnt3a conditioned medium (Wnt3a CM). 500ng/mL bacRSPO3
shows similar luminescence as 10% RSPO1 conditioned medium (RSPO1 CM). Error bars = stdev.
N=3. B) Bar graph depicting luminescence of STF assay. Similar Wnt activation is observed in 10%
RSPO1 CM as 500ng/mL bacRSPO3 in combination with 30% Wnt3a CM. Limited luminescence is
observed in HEK293 cells incubated in the absence of 30% Wnt CM indicating the potentiating role
of RSPO. Error bars = stdev. N=3. C) Bar graph depicting luminescence of STF assay. Similar Wnt
activation is observed in 10% RSPO1 CM as 500ng/mL bacRSPO3 in combination with Wnt surrogate
(Wnt surr.). 1% UPE RSPO3 shows less Wnt activation in both Wnt surr as Wnt3a CM conditions.
BacRSPO3 shows highest Wnt activation compared to RSPO1 CM and RSPO3 UPE when combined
with Wnt3a CM. Error bars = stdev. N=3. D) Bar graph depicting luminescence of STF assay. Similar
Whnt activation is observed in freshly produced bacRSPO3 and bacRSPO3 stored for 2 months at 4°C
or -80°C showing high stability of the protein. Error bars = stdev. N=3. E) Representative brightfield
images of airway (upper panel) and cholangiocyte organoids (lower panel) cultured in the presence
of RSPO1 CM, RSPO3 UPE or bacRSPO3. No clear morphological differences can be observed. Scale
bar = 200um.
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conclusion, bacRSPO3 is capable of potentiating Wnt signalling and thereby maintaining
adult stem cell organoid cultures.

Since bacRSPO3 was able to potentiate Wnt signalling in vitro and maintain
proliferation in organoid cultures, we injected bacRSPO3 in mice to study the role
of RSPO in vivo. After two injections of 5mg/kg bacRSPO3 on consecutive days, we
observed increased proliferation in the liver after 3 days based on Ki67 expression
(Figure 3A-B). We also observed an enlarged area of proliferation in the small intestine,
based on bromodeoxyuridine incorporation (Figure 3C-D). This increase is expected since
the bacRSPO3 was given systemically using intraperitoneal (IP) injection and the intestinal
epithelium is known to be Wnt-dependent?. Since injection of bacterially produced RSPO3
might induce secondary effects independent of RSPO signalling, we verified our findings
in RSPO1-3 KO mice. Limited effect on proliferation of RSPO KO was observed due to
the limited baseline proliferation in livers of WT mice (Supplementary figure S1A-B).
Satisfyingly, a more profound decrease of proliferation was observed in the small intestine
(Supplementary figure S1C-D). To better define the optimal concentration of bacRSPO3,
we injected between 0-10mg/kg bacRSPO3 and observed an increase in the number
of proliferative cells in the liver with increasing concentrations of bacRSPO3; a plateau
was reached at 7,5-10mg/kg bacRSPO3 (Figure 3E). We therefore determined 7.5mg/kg
as optimal. To determine the optimal protocol, we injected mice via IP and intravenous
(IV) injection and compared this to IV injection of PBS. An additional increase of
proliferative cells in the liver was observed in mice injected using IV injections compared
to IP injections while proliferation remained at background levels in PBS injected mice
(Figure 3F). Since bacRSPO3 requires the presence of Wnt, we injected mice with both
7.5mg/kg bacRSPO3 and 5 mg/kg Wnt surrogate. This further increased the number of
Ki67* cellsin the liver after 3 days post-injection (Figure 3F). Since hepatocytes are the main
functional cell type in the liver, we quantified the number of proliferative hepatocytes
after 3 days of bacRSPO3 injections. We observed a significant increase in the number
of proliferative hepatocytes, based on nuclear morphology and Ki67 expression,
in mice injected IV compared to IP injected mice and PBS injected mice (Figure 3G).
Addition of Wnt surrogate further increased the number of proliferative hepatocytes
(Figure 3G). Altogether, bacRSPO3 injected systemically upregulated proliferation in liver
cells in a dose-dependent and administration-dependent manner while also increasing
proliferation in other organs.

To better characterise the effect of bacRSPO3 over time, mice were given a single
injection of 7.5mg/kg bacRSPO3 and tissue samples were collected over a period of 7
days. Two separate waves of proliferation were observed, with the first wave peaking at
day 2 while the second wave peaked at day 4. Based on the nuclear morphology we could
separate the waves based on the presence or absence of hepatocyte proliferation. On
day 2, only small nuclei expressed Ki67 while larger rounded nuclei were Kié7+ from day
4 onwards (Figure 4A). Proliferation returned to homeostatic levels at day 7 (Figure 4B).

The rounded nuclei were characteristic for hepatocytes while the cells with smaller nuclei
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Figure 3. Systemic injection of bacRSPO3 induced proliferation in the liver in a dose- and
method-dependent manner. A) Increased proliferation in the liver is observed in mice 3 days post-
injection of 5mg/kg bacRSPO3 (right panel) compared to PBS injected mice as indicated by Ki67.
Scale bars = 100um. B) Quantification of Ki67+ cells in the liver of mice injected with bacRSPO3 or
PBS shows significant induction of proliferation in bacRSPO3 injected mice. Each colour represents
a mouse. **** = p<0.0001. Error bars = mean and stdev. C) Increased proliferation in the small
intestine is observed in mice injected with 5mg/kg bacRSPO3 (right panel) compared to PBS injected
mice as indicated by BrdU incoorporation. Scale bars = 50um. D) Quantification of BrdU+ cells in
the cyrpts of the small intestine of mice injected with bacRSPO3 or PBS shows significant induction
of proliferation in bacRSPO3 injected mice. Each colour represents a mouse. **** = p<0.0001. Error
bars = mean and stdev. E) Line graph depicting the induction of proliferation in liver cells 3 days
post-injection of different concentrations of bacRSPO3 by Kié7+ cells per mm2. Error bars = stdev.
N=2. F) Bar graph indicating the proliferation in liver cells by Kié7 per mm? based on the method of
injection 3 days post-injection of PBS (1st bar) or bacRSPO3 (2nd and 3rd bar) or bacRSPO3 and Wnt
surrogate (4th bar). Error bars = stdev. N=10. G) Bar graph indicating the proliferation in hepatocytes
by Kié67 per mm? based on the method of injection 3 days post-injection of PBS (1st bar) or bacRSPO3
(2nd and 3rd bar) or bacRSPO3 and Wnt surrogate (4th bar). Hepatocytes were characterised based
on nuclear morphology. Error bars = stdev. N=10.
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Figure 4. Proliferation after bacRSPO3 injection induces stellate cell proliferation before
hepatocyte proliferation. A) Representative immunohistological stainings of liver of mice 2
days (upper panel) or 4 days (lower panel) post-injection of bacRSPO3 showing different nuclear
morphologies with Ki67 expression. On day 1, only small nuclei show Kié7 positivity while day 4,
larger rounded nuclei, characteristic for hepatocytes, are mainly identified in the Kié7+ population.
Scale bar = 100um. B) Line graph depicting the number of all Kié7+ cells (blue) and Ki67+
hepatocytes (red) per day after bacRSPO3 injection indicating two waves of proliferation peaking
at day 2 and 4. Significant hepatocyte proliferation is only observed from day 4 onwards. Error
bars = stdev. N=3. C) Representative images of Kié7+ stellate cell positive for Desmin on day 2 post-
injection of bacRSPO3. Kié7 negative nuclei stained by DAPI can be characterised as hepatocytes
based on size and circularity. Scale bar = 25um.

showed Desmin-positivity indicative of stellate cells (Figure 4C). The initial proliferation
wave therefore involved liver stellate cells instead of hepatocytes. RSPO has been shown
to induce stellate cell proliferation?. The second wave is mostly comprised of hepatocyte
proliferation. To verify if the hepatocyte proliferation was a direct effect of the RSPO-furin
domains in bacRSPO3, we visualised active Wnt signalling by expression of glutamine
synthetase (GS), a bona fide Wnt target gene in the liver. We observed a gradual

increase of GS* hepatocytes surrounding the central vein over time after day 3 similar to
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the hepatocyte proliferation curve (Figure 5A-B). When compared to PBS a significant
increase in the number of GS* cells was observed (Figure 5C). Similarly, a decrease in
the number of GS* cells surrounding the central vein was observed in the RSPO1-3 KO mice
compared to WT mice (Supplementary figure S1E-F). This indicated that the enhanced
Wnt activation by bacRSPO3 around day 4 induced proliferation of hepatocytes. To
verify if active Wnt signalling was required for proliferation, we studied the combinatorial
expression of the Wnt target GS and the proliferation marker Kié7. Both GS*Ki67+ as
well as GS- Kié7* hepatocytes could be observed on day 4 post-injection (Figure 5D).
When quantified, a larger proportion (78.34% +5.417) was GS™ contrasted with canonical
RSPO signalling (Figure 5E). Surprisingly, we observed the largest increase in proliferation
in Wnt-inactive zone 1 and the smallest increase in proliferation in the Wnt-active zone
3 (all compared to PBS injected control mice) (Figure 5F). BacRSPO3 therefore induces
an increase in Wnt signalling and proliferation in Wnt-active zone 3 but also induces
proliferation in Wnt-inactive zone 1. RSPO signalling therefore seems independent of Wnt

activity or liver zonation.

DISCUSSION

In this study, we present an optimised protocol for the generation of recombinant
RSPO3 using bacterial expression. This bacRSPO3 was used to study the effect of RSPO
administration on proliferation of the liver. We showed the existence of two waves of
proliferation: initial proliferation of liver stellate cells and subsequent proliferation of
hepatocytes. This latter proliferation wave induces an increase in Wnt-active zone 3
hepatocytes marked by GS, yet the highest induction of proliferation was identified in
the Wnt-inactive portal triad zone 1. The origin of liver proliferation has been debated
for years. While Wnt-active Axin2* zone 3 hepatocytes were initially believed to be
responsible for homeostatic turnover?, later studies revealed evidence arguing against
this hypothesis demonstrating that all hepatocytes, independent of their location, have
similar proliferative potential®?*°. The current study underlines the equal proliferative
potential and might even suggest that RSPO signalling induces more proliferation in zone
1 hepatocytes. Parallel studies suggested similarly that zone 2 hepatocytes have highest
proliferative potential®*2. The debate therefore remains unresolved.

The absence of an identifiable defined proliferative population in the liver does not,
however, rule out Wnt signalling as essential component of hepatocyte proliferation.
Many studies have shown the importance of Wnt signalling in liver homeostasis as well as
regeneration?**%*. The direct relation between active Wnt signalling and the proliferative
potential of the different liver zones remains elusive. The role of RSPO in this equation
is even less clear. The current protocol enables the study of RSPO3 function in a variety
of organs including the liver and its role in regeneration. Previous studies have shown
the beneficial role of RSPO administration in enhancing regenerative capacity?3. This
effect was ablated by knockout of RSPO-receptor Lgrd but not by knockout of Wnt target
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Figure 5. BacRSPO3 enhances Wnt signalling in central vein surroundings but also induces
proliferation independently of Wnt activation. A) Representative images of bona fide Wnt target
gene Glutamine synthetase (GS) on day 4 post-injection of PBS or bacRSPO3. An increase in cells
surrounding the central vein expressed high levels of GS showing induction of Wnt activation by
bacRSPO3. Scale bars = 100um. B) Line graph depicting the ratio between the number of GS+
cells and GS+ cells touching the lumen of the central vein. A slight peak is observed on day 1, yet
significant increase is observed from day 3 post-injection up until day 7 compared to PBS treated
mice (PBS d4). ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. Error bars = stdev. N=12. C)
Bar graph depicting the ratio between the number of GS+ cells and GS+ cells touching the lumen
of the central vein in livers of mice after 4 days post-injection of PBS or bacRSPO3. A significant
increase in GS+ cells underlines the Wnt activation by bacRSPO3. **** = p < 0.0001. Error bars
=stdev. D) Representative image of proliferative cells marked by Ki67 and Wnt-active hepatocytes
marked by GS on day 4 post-injection of bacRSPO3. GS+ proliferative cells (yellow arrow heads)
as well as GS- negative cells (blue arrow heads) can be observed. Scale bar = 250um. E) Bar plot
depicting the precentage of proliferative cells marked by Ki67 in Wnt-inactive cells (GS-) and Wnt-
active cells (GS+). **** = p < 0.0001. Error bars = stdev. N=10. F) Bar plot depicting the relative
increase of proliferative cells marked by Ki67 in the different zones of the liver on day 1 and 4 post-
injection of bacRSPO3 compared to PBS injected mice. Cells are divided into their location along
the central-to-portal axis. Zone 3 and Zone 1 cells touch the lumen of the vein or line a cell which
touches a lumen. Zone 2 cells are not close to lumen and are divided based on the closest vein
visible. Error bars = stdev. N=10.
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gene and RSPO-receptor Lgr5’. Since Lgr4 is expressed throughout the liver lobule, even
in Wnt-inactive areas, RSPO signalling could potentially signal independent of Wnt to
enhance proliferation and liver regeneration. The discrepancy between Wnt signalling
and RSPO function has been shown before in the maintenance of intestinal stem cells. Yan
and colleagues even postulate a role for Wnt ligands to potentiate RSPO signalling by
upregulating expression of RSPO receptors®. This complicated interaction between RSPO
and Wnt signalling requires further studies to better define the potential independent
role of RSPO signalling.

To study signalling networks, a defined yet representative model system is required.
The establishment of adult stem cell-derived organoid cultures allow for minimalistic stem
cell dynamics while maintaining in vivo representation®®. Combinatorial supplementation
of Wnt and RSPO to these cultures could potentially allow the disentangling of the Wnt-
RSPO-axis. Recent development of Wnt surrogates?® and the presented production of
bacRSPO3 provide useful tools for controlled activation of both signalling pathways.
(Current studies make use of Wnt3a and RSPO-conditioned medium generated by
mammalian cell lines overexpressing the pertinent protein constructs). These media
contain undefined other components which might interfere with functional studies. We
here present a relatively cheap alternative for the production of functional RSPO that can
be purified and used in defined concentrations as recombinant protein. In conclusion,
while many aspects in RSPO signalling remain poorly understand, we provide bacterially
produced RSPO3 as a tool to maintain stem cells in vitro and induce proliferation in

the liver in vivo.
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SUPPLEMENTARY FIGURES
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Supplementary figure S1. RSPO1-3 knockout leads to decreased proliferation in the small
intestine and loss of Wnt-active zones in the liver. A) Representative images of proliferative cells
in the liver of wild-type (WT) and RSPO1-3 knockout (RSPO1-3 KO) mice marked by Ki67. Very
limited proliferation is observed in WT mice and RSPO1-3 KO mice. Yellow arrow heads indicate
proliferating hepatocytes. Scale bar = 200um. B) Bar graph depicting the number of proliferative
cells in the liver of WT (blue) and RSPO1-3 KO (red) mice marked by Ki67. No significant differences
can be identified. Error bars = stdev. C) Representative images of proliferative cells in the small
intestine of wild-type (WT) and RSPO1-3 knockout (RSPO1-3 KO) mice marked by Ki67. Smaller areas
of proliferation are observed in RSPO1-3 KO mice compared to WT mice. Scale bar = 200um. D) Bar
graph depicting the length of proliferative crypts in the small intestine of WT (blue) and RSPO1-3 KO
(red) mice marked by Ki67. **** = o < 0.0001. Error bars = stdev. E) Representative images of Wnt-
active hepatocytes in the liver of wild-type (WT) and RSPO1-3 knockout (RSPO1-3 KO) mice marked
by glutamine synthetase (GS). Scale bar = 200um. F) Bar graph depicting the number of GS+ cells
relative to the number of GS+ cells touching the lumen of WT (blue) and RSPO1-3 KO (red) mice
marked by GS. **** = p < 0.0001. Error bars = stdev.
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Summarising Discussion

In the eight chapters presented in this thesis, we have discussed a wide variety of model
systems using adult stem cells. The establishment of the presented model systems relies
on the insights generated in the past decades on adult stem cell signalling and organoid
technology. This thesis builds upon current knowledge to extend the arsenal of model
systems in the field of human diseases. While two studies presented here make use of
previously developed organoid techniques of the small intestine' and airways? (chapter 2
and 4), two additional model systems are established by extending adult stem cell culture
techniques (chapter 6 and 7). These model systems are utilised in a wide variety of human
diseases including genetic (chapter 2), virological (chapter 4 and 6) and autoimmune
diseases (chapter 7). Additionally, organoids have been used in an even broader spectrum
of disease as summarised in chapter 1, 3 and 5. While chapters 1-7 describe adult stem

cells in vitro, chapter 8 moves stem cell signalling in vivo.

AIRWAY ORGANOIDS AS MODELS OF DISEASE

The airway epithelium is a vital defensive barrier against pathogens yet also provides
the essential processes of oxygen and carbon dioxide gas exchange. Malfunctioning of
the pulmonary epithelium therefore causes a wide variety of diseases that could lead to
systemic symptoms or even death. To improve both diagnostic and therapeutic abilities
for airway-related diseases, it is important to better understand the biology of the disease.
This requires either the use of human patients or representative model systems. In
the initial establishment of airway organoids (AOs) in 2019, small patient biopsies were
used to generate an avatar of this patient in the lab. These AOs are representative of
the patients as well as the disease and shows susceptibility to known airway viruses?.
These and other related organoid technologies are then applied for both fundamental
and clinical studies as summarised in chapter 1.

We extend on the potential of AOs in chapter 2. Here we present an example of
a genetic disease called primary ciliary dyskinesia (PCD) that can be modelled using
AOs. PCD affects the function of ciliated cells in the airways as well as other cells that
require ciliary movement in other organs such as sperm cells. While the incidence of PCD
is approximately one in 15,000-30,000, this condition is likely underdiagnosed due to
suboptimal diagnostic parameters®. To date, therapeutic interventions can only alleviate
PCD patients’ symptoms. Most patients suffer from a lifelong chronic respiratory morbidity,
with varying severity of the symptoms. Yet, the disease progresses and ultimately may
lead to respiratory insufficiency and even the need for lung transplantation®. To overcome
these challenges, a representative model system that allows long-term studying of
the disease is needed. We therefore use AOs to model the most prominent symptoms
of PCD. The use of nasal swaps to generate organoids, as performed in this study, limits
patients discomfort due to a single non-invasive procedure. Current expansion conditions
of the organoids, however, hamper visualisation of ciliated cells and thereby studying of

the disease due to a lack of significant numbers of ciliated cells per organoid. To overcome
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this problem, we developed, based on current literature®, a differentiation protocol which
increases the number of ciliated cells, allowing modelling of PCD. Due to the many genes
involved in ciliary motion, PCD is characterised by genetic heterogeneity and subsequent
heterogeneity in disease phenotype and severity. To model the multiple aspects of PCD,
we established four organoid lines of four patients with four different mutations leading
to unique disease phenotypes. Extension on the number of patients included will help
better understanding of the disease spectrum. Contrarily, since all patients are unique in
their genetic background, establishment of organoid cultures from each individual patient
would allow studies on patient-specific phenotypes and responses. The current patient-
derived organoids are characterised using state-of-the-art techniques and show additional
value to current diagnostic measures. It moreover provides a model system that can be
established from small biopsy material that could be maintained in culture long-term.
Future studies could reveal more insights into the biology of PCD but also disentangle
the heterogeneity found in patients. On the road towards personalized medicine,
these patient-specific phenotypes within PCD could subsequently be screened for
potential therapeutics.

Current AOs generated by Sachs and colleagues show long-term expansion due to
the presence of basal cells, the proposed stem cells of the lung®. To study diseases related
to differentiated cell types of the airways, an additional protocol is required to differentiate
cells in culture. The current protocols, however, only allow for the differentiation of one
cell type of the lung. This limits the potential of the organoids to represent the complexity
of the airways if the differentiation is unidirectional. For example, differentiation towards
ciliated cells, as shown, leads to loss of secretory cells. Both cell types are however
responsible for the mucociliary clearance’. Due to lack of the cellular diversity in
the organoids, studies are currently restricted to cell type specific phenotypes.

The ciliated cell differentiation protocol in combination with the robust establishment
of patient-derived organoids, however, is not only applicable for PCD. Many cilia-related
diseases can be studied using the airway model system for airway-related symptoms
but cilia are also present in other organs®. Adaptations of the presented differentiation
protocol could be applied to organoids of other cilia-related organs like the endometrium.
For instance, while human endometrial organoids show the presence of ciliated cells,
the number is limited®°. A differentiation protocol, similar to the one we describe, could
reveal deeper insights in the cilia-related biology and diseases in the endometrium.

In conclusion, the development of AOs presents a toolbox that can be used for a broad
spectrum of studies involving fundamental biology, disease modelling and potentially
therapeutic screening. Moreover, the insights identified in ciliated cell differentiation

could potentially open up new ways for other cilia-related organs.
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ORGANOIDS TO MODEL COVID-19

While humanity might believe itself invincible, global pandemics like the current
coronavirus disease 2019 (COVID-19) once more underline the reliance on medical care
and science. In late 2019, Chinese researchers first described the existence of a new
coronavirus that could infect humans and cause severe pulmonary distress'’. By March
2020, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) had spread around
the globe and was officially declared a pandemic'?. Due to the close resemblance to
previously identified SARS-CoV virus, the angiotensin-converting enzyme 2 (ACE2)
molecule was rapidly identified as entry receptor for SARS-CoV-2'*"¢. Expression of
ACE2 is confirmed in multiple cell types in the lung including alveolar type Il and ciliated

cells'-1?

. Yet highest expression is identified in the intestinal lining™'?. Additionally,
viral particles are identified in sewage water and faeces indicating viral shedding in
the gastrointestinal system?22. We therefore apply previously established intestinal
organoids as potential model system of epithelial infection of SARS-CoV-2 as described in
chapter 4. We reveal the susceptibility for SARS-CoV-2 in the intestinal lining and observe
upregulation of viral infection-related interferon | and Ill pathways. The intestinal infection
was, at that time, still postulated and therefore this study was one of the first to show
scientific proof of infection. Since these organoids are a minimalistic model system of
the epithelial layer, the exact mechanism of viral entry and replication can be identified
without interference of other cell lineages®. The advantage of using reductionistic, yet
representative model systems is summarised in chapter 3 and 5. Epithelial organoids
allow for translatable research on viral infections and potential preventative measures
or treatments. While intestinal infection was already observed in the early pandemic?*?,
pulmonary manifestations are more heavily observed in patients suffering from SARS-
CoV-2 infection leading to the disease COVID-19. To better understand the virological
fundamentals of airway epithelial infection of SARS-CoV-2, many groups established
organoid models that were susceptible to SARS-CoV-2 infection as summarised in chapter
5. Additionally, we established a new model system using airway organoids as cellular
source. This two-dimensional culture system presents cells of both upper and lower airways.
The presence of embryonic fibroblasts in culture as paracrine signalling of the fibroblasts
is essential to differentiate the organoid cells to alveolar-like cells. Unravelling the signals
secreted by the fibroblast, which are essential for this differentiation, would eventually
lead to robust differentiation of alveolar cells in vitro using a defined medium. Infection
of SARS-CoV-2 in these bronchioalveolar cultures reveals similar interferon responses as
observed in small intestinal organoids and human COVID-19 patients. Besides COVID-19,
these alveolar cells could be useful tools for understanding other alveolar diseases.

Apart from the papers presented in this thesis, many more studies revealed aspects
of the pandemic as little as molecules involved in infection to as large as genome-
wide screens. These studies implied repurposing of known model systems as well as

generation of new model systems. While adult stem cell-derived organoids had been
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used prior for infection studies??¢-%°, the technique was not around during previous
pandemics. The strengths of a representative culture system speeds up new but most
importantly translatable discoveries that could lead to useful therapeutics. The danger of
a model system that does not represent human biology was illustrated in the discovery
of hydroxychloroquine as SARS-CoV-2 treatment in African green monkey cells®'. It was
quickly implemented worldwide while limited effects were observed in humans and only
caused severe side-effects®2. This ineffectiveness in human cells was later confirmed using
intestinal organoids®. Recent developments in organoid technology as well as in genetic
editing tools* and their combinatorial advantages®-3 holds great potential in prospect to
future pandemics.

Apart from the current pandemic, organoids have been used widely for infection
studies®®. Introduction of viruses, bacteria and helminth to a variety of adult stem cell
cultures has revealed valuable insights in infection methods, epithelial responses and
potential therapeutic targets. Further extension of the pathogen-organoid combinations

will aid current understanding of infection diseases.

NOVEL ORGANOID MODEL OF THE THYROID

The thyroid maintains body homeostasis by secreting thyroid hormones into the blood
stream. While this process is essential for everyday life, the processes involved in thyroid
hormone secretion and regulation are understudied. This is mainly caused by the lack of
a representative human thyroid model system. As elaborated before, the use of human
adult stem cell-derived organoids could improve representability and thereby boost
thyroid research. In chapter 7, we describe the generation of organoid cultures from
murine and human adult thyroid follicular cells. These follicular cells can be expanded
for more than a year while maintaining their thyroid follicular cell identity. Expression
levels of thyroid hormone machinery genes is comparable to tissue level. Satisfyingly,
basal secretion of thyroid hormones is observed which could be increased by stimulation
of the organoids with thyroid stimulating hormone (TSH). Due to the polarised cell layer
in a three-dimensional orientation in the organoids, thyroid hormone carrier protein
is identified in the lumen (apical side) while free thyroid hormone is only detected on
the basal side. The high resemblance of the organoids to the in vivo tissue in combination
with the in vitro possibilities being genetic editing, drug discovery and much more makes
these organoids an ideal model system to study thyroid biology and disease. To study
this, we look at the effect of serum of Graves’ disease patients on our thyroid organoids.
We observe increased proliferation of our organoids after incubation with serum of
Graves' disease patients while this is not the case for serum from non-patients. Since this
stimulation is absent when using serum from non-patients, the effect can be accounted
to the presence of TSH receptor (TSHR) activating antibodies. Additionally, the organoids
secrete higher levels of thyroid hormone after stimulation, which is in line with clinical
observations in patients suffering from Graves' disease®. It is thereby the first reported

organoid culture for the modelling of a human autoimmune disease.
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In addition to fundamental thyroid biology and thyroid autoimmune diseases,
the organoids could be employed for other clinical open questions. For example,
childhood cancer survivors have shown increased risk on developing thyroid dysfunction
or even cancer®®'. Current treatment of neuroblastoma is based on administration
norepinephrine analogue metaiodobenzylguanidine (MIBG). This is usually combined with
radioactive iodine isotopes. Since iodine isotopes are mainly taken up by the thyroid,
patients receive potassium iodide to saturate thyroid uptake and limit the radioactive
iodide uptake*. Unfortunately, the incidence of thyroid dysfunction after MIBG treatment
remains. The thyroid organoids could be used as surrogates to model MIBG uptake by
the thyroid gland and test interventions that limit this side effect. It could thereby aid
the prevention of thyroid dysfunction or even thyroid cancer in adults.

Current organoid cultures only sustain the growth of thyroid follicular cells. Another
important thyroid cell type responsible for maintaining body homeostasis, C-cells, are
currently absent in the organoids. Due to its neural crest cell-origin, the growth is most
likely not supported by the growth factors in the current medium. Future optimisation
might allow the culture of C-cells in organoid cultures. This would further increase
the potential of thyroid organoids to unravel thyroid biology and hormone regulations
but also understand the communication between the two cell types.

Upon damage, the thyroid shows the potential to regenerate, however limited. This
hints at the presence of thyroid adult stem cells. The identity of these stem cells to
date however remains elusive. Organoid cultures are proliferative and could therefore
be regarded as a regenerating organ. Additionally, the technique relies on the potential
of cells to self-renew and differentiate, characteristics usually attributed to stem cells.
The presence of thyroid stem cell-like cells in organoid cultures could therefore help
the search for an adult thyroid stem cell population. In chapter 7, we briefly introduce
the concept of less mature follicular cells, which are actively cycling. Whether these
cells are bona fide thyroid stem cells is questionable. Recently, it has emerged that
many solid tissues do not rely on a single stem cell population but rather temporarily
recruit differentiated cells into a progenitor pool*?. Deeper identification of this transient
progenitor cell population in the thyroid organoids and the required signals to maintain
or expand this population could potentially aid the recovery of thyroid cells after damage.
Up until today, thyroid diseases are treated by removal of the diseased thyroid tissue**44.
This results in patients taking life-long hormone replacements. Deeper understanding of
thyroid regeneration using adult stem cells or transient progenitors might help recovery
of patients after surgery and potentially even take the place of hormone replacement
therapies. Transplantation of the healthy thyroid organoids in diseased patients could

even circumvent the need for thyroid removal or at least replace removed tissue.

IN VIVO STEM CELL SIGNALLING IN THE LIVER

To establish adult stem cell-derived organoid cultures it is essential to understand stem

cell signalling in vivo. Upon damage, adult stem cells are capable of replacing damaged
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tissue by proliferation and subsequent differentiation. Similarly, hepatocyte proliferation
is a common phenomenon upon liver damage. The hepatocytes replace damaged tissue
which can be as large as two-thirds of the original size**. Wnt signalling is essential for
efficient liver regeneration®. In line, ablation of R-spondin (RSPO) signalling by removal of
LGR4 and LGRS limits liver regeneration®”. Only addition of RSPO1 aided faster recovery
in mice after partial hepatectomy®. This hints at the potential of RSPO as therapeutic
agent for patients suffering from liver damage or impaired liver repair. We therefore
studied RSPO signalling in mouse livers using bacterially produced RSPO. Injection of
the recombinant protein increases proliferation rates of hepatocytes up to a week post-
injection. Interestingly, the proliferation is not limited to the liver zones known for active
Wnt signalling but could also be observed in the Wnt inactive zones. Based on the role of
RSPO as potentiator but not activator of Wnt signalling, a Wnt-independent role of RSPO,
as shown before®®, could explain the observed zone-independent proliferation. This role
is highly debated and further studies would be required to validate this independency.
Unfortunately, apart from the increased proliferation in the liver, we observe a systemic
response to the presence of RSPO in the bloodstream or peritoneal cavity. The intestinal
tract shows the most significant increase of proliferation in the crypts, the known adult
stem cell niche of the intestine. Systemic administration of RSPO would therefore show
severe side effects in patients. Targeted administration of the RSPO molecule would limit
these side effects. By fusing a liver-specific binding partner to RSPO, the effects of RSPO
can be limited to hepatocytes. Initial studies have shown the additive effect of using
these fusion proteins* . These targeted proteins could be administered after acute liver
damage to limit the recovery period but also boost healthy hepatocytes in chronic liver
diseases to replace tissue at a faster rate. Moreover, small biopsies could be transplanted
and activated to grow into sufficient liver tissue, which would lower the requirement
of liver donor material. Apart from biopsies, recent development of cholangiocytes
organoids with the capacity of transdifferentiation® and hepatocyte organoids® could
also be used as donor material. Since these organoids have limited cell numbers, addition
of RSPO during transplantation could aid engraftment and further outgrowth.
Additionally, other essential stem cell signalling cascades might influence other or
similar stem cell dynamics and could therefore aid recovery of patients. By using mouse
models as well as culture systems like organoids, an organ-specific cocktail of stem cell

signalling molecules could be developed and later implemented in the clinic.

FUTURE PERSPECTIVES ON ORGANOID MODEL
SYSTEMS FOR DISEASE

The research presented in this thesis applies the general mechanism of adult stem cells
in a wide variety of research fields within human homeostasis and disease. Individual
chapters discuss the use of the current and our identified knowledge of adult stem cells

to study a specific disease. The common denominator in each chapter, however, is using
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fundamental biology to model clinically relevant data. The model systems presented
limit current application of adult stem cells and organoid technology to primary ciliary
dyskinesia, COVID-19, Graves’' disease and liver damage but the options are much
broader. The diseases presented cover multiple disease categories being hereditary or
genetic, infection and autoimmune diseases. Within these fields, the organoids can be
implemented as model systems for a variety of other diseases. Future developments might
even further increase the scientific opportunities of adult stem cell research. The potential

for the model systems presented in this thesis and their derivatives is therefore endless.
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Organoiden uit volwassen stamcellen als model voor een breed
spectrum aan ziekten

(ook voor niet-ingewijden)

Dit proefschrift beschrijft de ontwikkeling van nieuwe modelsystemen om meer kennis
te verkrijgen over de biologie rondom ziekten. Deze modelsystemen zijn ontwikkeld met
behulp van volwassen stamcellen. Ons lichaam bestaat uit miljarden cellen die elk hun
eigen functie uitvoeren. Al deze cellen zijn dochtercellen van stamcellen. Deze stamcellen
kunnen worden onderverdeeld in embryonale en volwassen stamcellen. Embryonale
stamcellen zijn enkel aanwezig tijdens de ontwikkeling en hebben de potentie om
veel verschillende organen te worden. Volwassen stamcellen kunnen alleen in het
volgroeide lichaam van het organisme worden geidentificeerd en zijn gelimiteerd tot
het orgaan waarin ze zich bevinden. De volwassen stamcellen zijn verantwoordelijk voor
de vervanging van het weefsel waarin ze gelokaliseerd zijn met behulp van celdeling
en opvolgende differentiatie in verschillende andere cel types. Deze vervanging is
noodzakelijk als cellen verloren gaan door schade of bij natuurlijke weefselvernieuwing.
Dit proces is essentieel voor de groei maar ook de homeostase van het lichaam. Door
gebruik te maken van de potentie van stamcellen om epitheliale weefsels te vernieuwen,
is het mogelijk om modelsystemen te ontwikkelen die sterk vergelijkbaar zijn met het
orgaan waaruit de stamcellen zijn geisoleerd. Als dit proces tot een driedimensionale
structuur leidt die representatief is voor het weefsel en over langere tijd gekweekt kan
worden, spreekt men van organoiden.

In dit proefschrift gebruiken wij volwassen stamcellen of organoiden uit volwassen
stamcellen. Deze organoiden zijn sterk lijkend op het weefsel waaruit de stamcellen
zijn geisoleerd vanwege de vernieuwings- en differentiatie capaciteit van de volwassen
stamcellen die aanwezig zijn in de kweek. Het kweken en vermenigvuldigen van epitheliale
stamcel populaties leek voor lange tijd onmogelijk tot Sato en collega’s de eerste
dunne darm organoiden van muizen ontwikkelden. Door toepassing van vergelijkbare
technieken werd het arsenaal aan organoiden uitgebreid met organoiden van onder
andere de long, maag en lever van zowel muizen als humane origine. Door de sterke
overeenkomst tussen organoiden en het orgaan in het lichaam zijn deze kweeksystemen
bruikbaar als modelsystemen voor fundamentele biologie van gezond weefsel maar
ook ziekten. Zowel fundamentele biologie als therapeutische interventies kunnen op
deze manier bestudeerd worden zonder het gebruik van proefdieren of proefpersonen.
De combinatie van recent ontwikkelde genetische modificatie technieken en organoiden
opent daarbij de mogelijkheid om zowel bekende mutaties aan te brengen, en daarmee
ziekten te veroorzaken en te bestuderen in de organoiden, als patiént-specifieke mutaties
te repareren in organoiden van patiénten. De gerepareerde organoiden zouden in
de toekomst getransplanteerd kunnen worden ter vervanging van het zieke weefsel.
Beschreven organoiden uit volwassen stamcellen hebben daardoor grote potentie om
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gebruikt te worden als modelsystemen voor ziekte, maar ook als mogelijke nieuwe
therapie. Het onderzoek in dit proefschrift maakt gebruik van eerder ontwikkelde
organoiden technieken van de dunne darm en long, maar beschrijft ook de ontwikkeling
van een nieuw organoiden kweeksysteem van de schildklier.

Verscheidene signalen zijn essentieel voor het behoud van volwassen stamcellen in het
lichaam maar ook in kweeksystemen. Een van de meest bekende signaleringsroutes voor
het onderhoud van stamcellen is de Wnt-signalering. Wnt-moleculen, liganden genoemd,
worden uitgescheiden door omliggende cellen en binden aan receptoren die specifiek
aanwezig zijn op stamcellen. Door binding van de liganden aan de juiste receptoren
worden processen die noodzakelijk zijn voor het behoud van stamcellen geactiveerd.
Verschillende niveaus van stimulatie leiden tot expansie, behoud of differentiatie van
de stamcelpopulatie. Dit verklaart de strakke regulatie van Wnt-signalering die nodig is
voor het functioneren van stamcellen en omliggend weefsel. Deze regulatie vindt plaats op
het celmembraan waar de hoeveelheid receptoren gelijk staat aan de mate van potentiéle
activatie. Externe regulatoren zoals het molecuul R-spondin verhogen de potentie van
Wnt-activatie door de afbraak van Wnt receptoren te verhinderen en daarmee receptor
niveaus te verhogen. In de aanwezigheid van Wnt liganden leidt dit tot verhoogde Wnt-
signalering en daarmee behoud en soms zelfs vergroting van de stamcelpopulatie. Het
belang van R-spondin voor stamcelexpansie wordt benadrukt door de noodzaak van
R-spondin in het medium van de volwassen stamcel organoiden. In parallel, manipulatie
van de R-spondin-Wnt-signalering in het menselijk lichaam geeft mogelijkheden tot het
stimuleren van regeneratie door expansie van de stamcelpopulatie.

In hoofdstuk 1 beschrijven we de huidige stand van zaken omtrent luchtwegorganoiden
en het gebruik ervan als modelsysteem voor ziekten. Hoewel de ontwikkelingen in
luchtwegorganoiden elkaar snel opvolgen in het laatste decennium, blijven er hiaten
in ons begrip en onze mogelijkheden om de juiste of complexere modelsystemen
te ontwikkelen. Een voorbeeld van zo'n ontwikkeling van luchtwegmodelsystemen is
beschreven in hoofdstuk 2. Met behulp van een nieuw differentiatieprotocol zijn wij
in staat grotere aantallen trilhaarcellen waar te nemen in de luchtwegorganoiden. Dit
protocol is toegepast op organoiden ontwikkeld uit patiéntenmateriaal met primaire
ciliaire dyskinesie zodat deze organoiden gebruikt kunnen worden als modelsysteem
voor de desbetreffende ziekte. Het gebruik van luchtwegorganoiden kan daarbij mogelijk
bijdragen aan de huidige diagnostische onderzoeken.

In hoofdstuk 3 beschrijven we het gebruik van organoiden als modelsysteem voor
onderzoek naar COVID-19. We zetten niet alleen huidige technieken uiteen, maar kijken
ook vooruit naar mogelijk nieuwe modelsystemen voor SARS-CoV-2 infectiestudies en
potentieel komende pandemieén. Hoofdstuk 4 illustreert de voordelen van het gebruik
van zowel driedimensionale dunne darmorganoiden als tweedimensionale kweken
afkomstig van luchtwegorganoiden voor het onderzoek naar SARS-CoV-2 infectie. Door
het gebruik van de organoiden werd duidelijk dat ook delende enterocyten in de dunne

darm geinfecteerd kunnen worden door SARS-CoV-2. Aangezien COVID-19 vooral
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gerelateerd is aan luchtwegproblemen, beschrijven we de ontwikkelingen binnen huidige-
en nieuwe modelsystemen voor SARS-CoV-2 infectie in hoofdstuk 5. Een voorbeeld van
een recent ontwikkeld modelsysteem met behulp van luchtwegorganoiden is beschreven
in hoofdstuk 6. Hier beschrijven we de ontwikkeling van een bronchioalveolair
kweeksysteem en de infectie van SARS-CoV-2 in deze cellen. Infectie van SARS-CoV-2
in deze celkweken stimuleert de interferon signaleringsroute die vergelijkbaar is met wat
waarneembaar is in COVID-19 patiénten.

In hoofdstuk 7 beschrijven we de ontwikkeling van een nieuw organoidensysteem
waarbij we mini-orgaantjes kweken van folliculaire cellen van de schildklier. Volwassen
stamcellen uit muizen en humane schildklier werden gebruikt om dit nieuwe kweeksysteem
op te zetten. De cellen in de organoiden brengen de genen verantwoordelijk voor
schildklierhormoonproductie tot expressie en scheiden actief schildklierhormoon uit
na stimulatie. Daarbij kunnen de organoiden gebruikt worden als modelsysteem voor
de ziekte van Graves. Hiermee is dit het eerst beschreven organoidensysteem voor het
modelleren van auto-immuunziekten.

Hoofdstuk 8 trekt de ontdekkingen over volwassen stamcellen en de essentie van
Whnt-signalering van organoiden naar het lichaam. We presenteren een geoptimaliseerd
protocol voor het produceren van Wnt-potentiator R-spondin. Vervolgens gebruiken
we dit recombinant R-spondin via systemische injectie om de rol van R-spondin in
de lever te onderzoeken. We observeren verhoogde celdeling in hepatocyten tot
zeven dagen na injectie. Deze proliferatie is niet beperkt tot de zones in de lever met
actieve Wnt-signalering.

Hoofdstuk 9 vat de bevindingen van dit proefschrift samen en bediscussieerd
de implicaties. Daarbij ga ik in op de applicatie van de modelsystemen uit dit proefschrift

en de toekomstige mogelijkheden voor nieuwe modelsystemen voor overige ziekten.
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