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Chapter 1

To understand why it is important to know so much about the intestine for a toxicologist it is important
to understand toxicology. This starts with Paracelsus’ statement; “All things are poisons, and nothing is
without poison, the dosage alone makes it so a thing is not a poison”. All compounds can have an effect
on the body, and within toxicology one looks at these effects and determines at which dose levels
compounds start being detrimental. To do this, we not only need to understand how a compound
interacts with the human body, but also how it enters and is distributed, metabolized and excreted from
the body. In other words, we need to understand both the compound and the organs that are important
for its kinetics and effects. With a focus on oral exposure, the intestine and more specifically the intestinal
epithelium plays a key role in toxicology.

1.1 The digestive tract

The average Dutch person consumes about 3.1 kg of food per day [1], out of which the human body has
to extract proteins, sugars, vitamins and much more. This happens in a stepwise process in our
gastrointestinal tract that spans nine meters from our mouth to our anus [2]. The food digestion starts in
the mouth where food is chewed to reduce its size and thereby increasing its surface area optimizing the
food digestion. At the same time saliva is added which contains enzymes that start breaking down starch
and lipids in the food [3, 4]. After swallowing, the food, or as it is often called, the bolus, experiences
peristalsis for the first time. Peristalsis is a wave-like movement of muscles that pushes the bolus through
the esophagus into the stomach. Peristalsis is present throughout the gastrointestinal (Gl) tract and keeps
the bolus moving, albeit at different rates in different parts of the Gl tract. The bolus remains for several
hours in the stomach, which has a very low pH (between 1-3) that causes a denaturation of proteins. In
addition, the stomach contains enzymes that break down peptides and lipids. A mucus layer that lines the
stomach wall protects the stomach itself from its acidic environment [5]. Over time, the stomach content
is pushed towards the sphincter, a sort of one-way valve, and into the intestine.

The intestine is divided in two major parts, the small and large intestine. The small intestine is specialized
in the absorption of nutrients. In the small intestine the strong acidity of the stomach is neutralized by the
production and secretion of bicarbonate into the lumen, as the low pH would otherwise harm the
intestine. To facilitate the absorption of nutrients, the breakdown or digestion of the bolus is continued
by the introduction of even more enzymes. The enzymes that are present in the small intestine are
produced by the small intestine itself and by the pancreas, which subsequently secretes them into the
intestinal lumen [6]. Together, they break down sugars, peptides and lipids into building blocks that are
small enough to be absorbed by the small intestinal epithelium into our body. Once absorbed, they are
used by our body as energy or building blocks for its own proteins. However not everything can be broken
down in the small intestine, and what’s left over ends up in the large intestine.

A traditional description of the large intestine would be that it is the part where waste is stored until
defecation. However, it is now known that also in the large intestine further breakdown of the bolus and
absorption takes place. In the large intestine the digestion of food is not done by our own cells or enzymes
secreted by them, but by the gut microbiome that is present in the large intestine. The microbiome
consists of bacteria that use the remnants of the original food bolus as a source of food while the
breakdown products they excrete can be used by other bacteria or absorbed by the large intestine via the



General Introduction

portal vein and the liver into the systemic circulation [7]. Overall, the digestive tract is an optimized organ
designed to get as much as possible out of the food that is ingested.

1.2 The small intestine

The main function of the small intestine is absorption of nutrients, and knowledge on its structural
features is important to fully understand its functioning. The small intestinal tissue consists of four layers
each with their own role (figure 1.). Starting at the side of the tissue that is in contact with the rest of the
body, there is a layer of cells (called the serous membrane or serosa) that excretes fluid to lubricate the
intestinal tissue to reduce friction of the muscles present in the second layer, the muscularis (a layer of
muscles that creates peristalsis) with the body. The third layer, is called the submucosa and contains
connective tissue that connects the muscles to the fourth and last layer, the mucosa, that is closest to the
digested food. The mucosa is subdivided into a layer of muscle, a layer of connective tissue (the lamina
propria) that contains the lymph and blood vessels, and the epithelium. The epithelium is a layer of cells
on the inside of the small intestine which secretes mucous that lines the intestinal tissue and forms the
barrier between the digested food and the intestinal tissue. The main focus within this thesis is on the
layer of cells that lines the small intestine, also called the intestinal epithelium. The three dimensional
structure of the intestinal epithelium consists of crypts, that are tucked into the mucosa, and villi finger
like structures that protrude from the mucosa to increase the surface area of the epithelium. At the
bottom of the crypt intestinal epithelial stem cells are found, stem cells that can only differentiate into
the cell types that form the intestinal epithelium. As these stem cells divide to create more cells one of
two newly generated cells stays in the bottom of the crypt and remains as a stem cell while the other
starts migrating towards the villi and differentiates into one of the other intestinal epithelial cell types.

=— SEROSA
t Longitudinal muscle

MUSCULARIS EXTERNA
— Circular muscle
SUBMUCOSA
Muscularis mucosa

" — Lamina propria —| MUCQOGA

Epithelium

— Gland in
submucosa

Figure 1. Anatomy of the intestinal wall showing the four main layers, the serosa, muscularis externa, submucosa and mucosa
and their subdivisions. Reproduced from the national cancer instutute [8].
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In the crypts and on the villi different cell types are found (figure 2.). Interspersed with the stem cells in
the crypts one mostly finds Paneth cells, this is the only cell type that stays within the crypt (with the stem
cells) while all other cell types slowly migrate upwards towards the villi. Paneth cells are the main source
of antimicrobial peptide production that are secreted into the lumen, the inside of the intestine. These
antimicrobial peptides form a defense against bacterial infection of the body, by disrupting the membrane
of bacteria, leading to lysis of the bacteria [9]. The other cells in the epithelium that move from the crypt
towards the villi keep moving upwards and are shed from the top of the villi into the lumen once they are
too old. The most abundant epithelial cell type is the enterocyte, which is specialized in the absorption of
nutrients. They express transporters that are important for transcellular transport (transport through the
cells) and produce proteins involved in metabolism of xenobiotics that can be present in the food including
toxic compounds. On their luminal surface enterocytes display microvilli, also called the brush border,
which are even smaller finger like structures that increase the intestinal surface area even further [10].
Enterocytes are one of the most important cell types to be considered within toxicological studies, as they
are responsible for the absorption of compounds from the intestinal lumen into the body. How much of
a compound is absorbed and ends up in the body is a key aspect for the potential effect of that compound.
The second most abundant cell type in the intestinal epithelium is the goblet cell. Goblet cells are
specialized in producing and secreting mucus which lines the epithelium and forms a barrier between the
cells and the content of the small intestine. This barrier protects the intestinal cells from direct contact
with the bolus and acts as a barrier for certain compounds reducing their exposure to the enterocytes and
hence reducing their transport [11, 12].

Finally, there are three much less abundant intestinal cell types. These include enteroendocrine cells,
Microfold or M cells and tuft cells. The enteroendocrine cells secrete gastrointestinal hormones that serve
as signals for both local and body wide communication [13, 14]. Microfold or M cells sample antigens,
consisting of anything foreign to the body, and transport them to the lymphoid tissue where immune cells
interact with these antigens and induce required responses [15]. Lastly there are tuft cells, that also
sample what happens in the epithelium and signal to the immune system, but other than M cells they are
associated with parasitic infections [16]. Between all the different cell types tight junctions are formed
which form a seal between the cells to avoid unwanted paracellular transport (transport in between the
cells).

10
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Figure 2. The small intestinal epithelium showing the crypts, villi and most cell types. The crypts contain proliferative cells which
divide, the newly formed cells move up while differentiating. Adapted from Creff et al. [17] under CC BY-NC 4.0 [18].

1.3 The large intestine

The overall tissue structure of the large intestine is comparable to that of the small intestine, with the
same four cell layers. However, there are some variations in the epithelium due to the difference in
function compared to the small intestine. Because there is less absorption the villi are shorter as there is
less need to increase the surface area. There are also two changes in the cell composition, firstly
enterocytes are replaced by colonocytes. Though their function stays similar, absorption, the expression
of transporters is different as colonocytes absorb different compounds [19]. Secondly, there are no Paneth
cells in the large intestine. At the same time the goblet cells excrete more mucus in the large intestine
forming a thicker layer to better protect the epithelium. This thicker layer of mucus is needed because the
content of the large intestine has lost a lot of its smaller components and water is extracted, so that the
resulting faeces requires more force for its transport along the intestine requiring increased lubrication
and protection of the large intestinal epithelium by mucus. Traditionally the large intestine was only seen
as an organ for storage before excretion of the content as faeces. However, over time the importance of
the large intestine has become more apparent, with more absorption and metabolism taking place than
originally thought. Most of this is attributed to the large intestinal microbiota, that is estimated to consist
of a total of 10*2 bacteria [20]. These bacteria reside in the lumen but many also live in the mucus layer,
being a secondary reason for the increase in mucus in the large intestine. The bacteria live on the food
that cannot be digested and excrete breakdown products that the human body or other microbiota can
use. One example is the breakdown of dietary fibers into short chain fatty acids, which are both a source
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Chapter 1

of energy for intestinal cells and signaling molecules [21]. The microbiota can differ greatly between
individuals and its disruption is associated with many diseases.

1.4 The intestinal immune system

The immune system in the human body protects it from infections by bacteria, viruses and parasites. A
properly functioning immune system is important for human health, and it can be disrupted by
compounds that can reduce our defense against infection or cause unwanted inflammation. The study of
the potentially adverse interactions between compounds and the immune system is called
immunotoxicology and requires a good understanding of how the immune system functions. There are

two major parts to the immune system, the innate immune system and the adaptive immune system.

The innate immune system is provided by intestinal epithelial cells, and many other cells in our body. The
innate immune system acts as a first line of defense against anything non-self. The innate immune system
includes physical and biochemical barriers, and also immune cells designed for host defense responses
[22]. Several cell types are involved in the innate immune system and some also provide critical signals to
initiate adaptive immune responses. Cells involved in the innate immune system express receptors that
respond to soluble components. Focusing on the intestine, the soluble components are often microbiota
related. The soluble components contain so called molecular patterns which can be recognized by pattern
recognition receptors (PRRs) present on intestinal epithelial cells [23]. The molecular patterns can be
subdivided in damage-associated molecular patterns (DAMPs) and pathogen-associated molecular
patterns (PAMPs). DAMPs relate to damaged cells and (sub)cellular fragments. DAMPS are also sometime
referred to as alarmins [24]. PAMPs are parts of the functional systems of the respective microorganisms,
and hence their structure is conserved as mutations likely result in diminished microorganism functioning
[25, 26]. As a result these PAMPs are an optimal target for the innate immune system. In the intestinal
epithelium the activation of the innate immune system leads to production of antimicrobial peptides by
the Paneth cells but also causes the secretion of chemokines or cytokines that activate inflammatory
pathways including the recruitment of immune cells. Compounds containing either PAMPs or DAMPs are
often used in vaccines to initiate the innate immune response to improve the efficacy of the vaccination,
as such they are often referred to as adjuvants [27].

The two key features of the adaptive immune system are specificity and memory. Specificity means that
the adaptive immune system responds to specific infectious agents. Memory means that the adaptive
immune system is capable of remembering the pathogen, and can more efficiently protect the host from
subsequent infections by the same agent. The adaptive immune system has two branches, the humoral
and the cell mediated immunity. The humoral immunity depends on the production of antigen-specific
antibodies by B cells and coordinated interaction with other immune cells. The first step in this process is
the binding of an antigen to the antigen receptor of the naive B cells (and dendritic cells, collectively called
antibody producing cells), which happens via soluble antigens that end up in the lymph or via antigen
presenting cells. This leads to differentiation of naive B cells into memory B cells and plasma cells that are

able to generate antibodies that specifically recognize the presented antigen, this is called the antibody

12
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response. These antibodies are excreted into the bloodstream where they will bind to the same antigens
present near the infection and the antigen-antibody complexes thus formed either inactivate the
microorganism or virus and/or mark them for destruction by other parts of the immune system. After the
infection is cured the body still contains the memory B cells that upon the same exposure or infection
can immediately activate the adaptive immune system [28, 29]. T cells on the other hand contain a
receptor that recognizes a random pattern, after removing those T cells (in the thymus) that recognize
the own body these are released into the bloodstream. Antigen presenting cells process an engulfed
antigen and then present it on their surface on either MHC complex | or Il. The T cells then recognize the
combination of the MHC complex and the antigen, MHC Il is limited to professional antigen presenting
cells while MHC | is present on every nucleated cell. Because an antigen presenting cell is needed the
second branch of the adaptive immune system is called the cell-mediated immunity. Antigen presenting
cells present the antigen to different (sub)types of T cells. Depending on the T cell type this results either

in a T cell memory or in T cells that can kill other antigen-infected cells [22, 30, 31].

In general, the innate immune response can be initiated by intestinal epithelial cells (and immune cells
that reside in the intestinal epithelium) when exposed to anything non-self that contains a conserved
molecular pattern while the adaptive immune system is dependent on the presence of (specific) immune
cells. In this thesis the focus was on the intestinal epithelial and vascular endothelial cells, which implies
that the studied responses are part of the innate immune system. The research in this thesis focused on
the early steps in the innate immune response. As mentioned earlier, PRRs have a key role in the first
steps of activating the innate immune response, Toll like receptors (TLRs) are a specific subset of PRRs. In
the context of toxicology the relationship between an exposure and the eventual outcome, in this case
inflammation, is often described in an Adverse Outcome Pathway (AOP). In an AOP a biological process is
presented by defining a Molecular Initiating Event (MIE) that starts the process and is followed by a
number of Key Events (KE) that represent important steps in the pathway that leads to the adverse
outcome [32-34]. The binding of an adjuvant to the PRR represents the MIE considered in the thesis, and
the responses studied can be considered as KEs related to immune effects [35]. More specifically, in the
thesis the in vitro models selected were investigated for their potential to reflect the cytokine production
upon PRR activation and thus to reflect the initial KE in an AOP following the MIE of TLR receptor

activation.

The used exposures in this thesis are focused on adjuvants generated by pathogens containing PAMPs.
For intestinal epithelial cells the presence of adjuvants containing PAMPs is an indication of an active
infection leading to induction of an immune response. This immune response comes at the cost of energy,
destroyed cells and stress for surrounding cells. Herein lies the challenge in the intestine in that the large
intestine contains 10'2 bacteria [20] all presenting adjuvants with a smaller number of bacteria and related
adjuvants also being present in the small intestine. However, these bacteria are most of the time in a state
of mutualism or commensalism with the host, so they do not harm and, in some cases, actually benefit
the intestinal tissue [23]. So, there is a large number of adjuvants in the intestine that could initiate an
immune response in the absence of an actual infection. This activation of the immune response by the
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intestinal bacteria is partially prevented by the mucus that the goblet cells excrete. This layer of mucus
not only is a food source for some microbes but also forms a barrier that prevents the bacteria from
reaching the intestinal epithelial cells [11]. All these described elements together contributes to keeping
a proper balance between pro- and anti-inflammatory signals [24].

1.5 Intestinal models used in toxicology
1.5.1 Animal models

The intestinal uptake (and subsequent systemic effects) of compounds were and still are mostly studied
using animal tests, in which an animal is exposed orally to the compound and the blood plasma
concentration is determined to reflect uptake. These in vivo experiments are generally performed in
rodents (e.g. rats and mice), but also non-rodents (e.g. pigs, primates, dogs) or even humans might be
used. Rodents are most frequently used due to their relatively low costs and the large database of
available knowledge on these animal models. Other experimental animal species are chosen depending
on the specific research question, due to the differences between the physiological, anatomical and
microbiological characteristics of each animal model and the potential to translate this to the human
body. Clearly, animal studies are not only used to study the intestinal uptake of compounds, but also to
learn more about the potential toxicity of a compound. In the end all data derived from both toxicokinetic
(absorption, distribution, metabolism and excretion) and toxicodynamic (mechanism of action) studies
are taken into account when translating data to human health based guidance values. This translation is
done by using an interspecies safety factor to extrapolate results obtained from animal models towards
humans [36], and an intraspecies safety factor, which accounts for the variation within the human
population [37].

Given the drawbacks of in vivo animal studies, such as that animals may not adequately reflect the human
situation and that animal experiments are increasingly considered unethical, the development of so-called
alternative testing strategies also called new approach methodologies (NAMs) has gained increased
attention. The first step moving away from using experimental animals to study the intestinal uptake of
compounds was taken by using ex vivo models, where material was taken from sacrificed experimental
animals and kept in optimal conditions in vitro. If this is done using spare animals from other experiments
this can help reduce animal use, but if animals are bred and sacrificed for these experiments the same
ethical problems remain. An example of an ex vivo model is the Ussing chamber, in which a piece of
intestinal tissue separates two chambers filled with fluid which allows for the measurement of transport
[38]. However, ex vivo tissue models have a limited timeframe in which they can be used before the tissue
start deteriorating and are still dependent on animal material. At the same time they bring the advantage
of offering the complete cellular complexity of the organ, while not affecting the welfare of the animals
used. Over time there has been a switch to in vitro models, not only because of ethical considerations but
also because they can be based on human cells avoiding intraspecies differences.

1.5.2 Invitro models for studies on intestinal functions

In 1959 Russel and Burch wrote “The Principles of humane experimental technique” in which they
introduced the 3Rs (Replacement, Reduction and Refinement) principle [39]. Starting with the ultimate

14
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goal, replacement aiming at changing to methods that do not use animals. If replacement is not possible
reduction aims at improving methods to get to similar levels of information and confidence with the use
of less animals. Lastly refinement, aiming at improving animal experiment practices to minimize the pain
and stress experienced by laboratory animals. Over time the emphasis on replacement has increased,
through the trajectory “Transitie Proefdiervrije Innovatie” (TPI), the Netherlands wants to realize its
ambition to be a frontrunner in the field of animal-free alternatives [40, 41]. Within the cosmetic sector,
animal testing has already been banned completely, and the safety of novel compounds to be used in
cosmetic products may not be studied using animals [42].

To achieve the replacement or at least reduction of animal experiments a large investment in developing
and characterizing in vitro models is needed. In these models cells are grown on glass or plastic to allow
for their exposure to compounds. The major advantage of these in vitro models is that they allow for the
use of cells that originate from humans. As work described in this thesis focuses on human intestinal in
vitro models, the introduction of in vitro models is limited to intestinal in vitro models. Most intestinal
models were originally developed to be used as models for absorption. To achieve this cells are often
grown in cell culture inserts, called Transwells, which are a sort of cup with a porous membrane on the
bottom side. They are placed in a well with medium, after which cells are grown on the membrane. The
cells form a barrier between the inside of the Transwell and the well it is placed in which allows for the
measurement of transport over the cell layers. There are many options for cells that can be used and
developments in the technology used to grow them (Table 1). While originally developed for absorption
studies, intestinal in vitro models can also be used to study other intestinal functions such as interactions
with the microbiota and intestinal inflammatory responses. Table 1 presents an overview of the different
cell types and in vitro models that can be used to study intestinal functions and the models are described
in more detail in the following sections.
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1.5.3 Primary cells

There are a number of options when choosing cells to be incorporated into an in vitro model. Primary cells
are taken directly from living intestinal tissue. Afterwards these cells are grown in a specialized medium
in which they can propagate. The advantage of these cells is that they represent completely differentiated
cells that are close to the corresponding cells in healthy human individuals. However, they can only be
maintained for a limited time before they start behaving differently because of changes in gene
expression, cell functioning and cell morphology [43—45]. Another disadvantage can be the, sometimes
large, inter-donor variability. While it has been attempted to use primary enterocytes in in vitro models
this was not successful for a long time. More recently commercial models have been established like
Epilntestinal, which is a primary human small intestinal epithelial (PHSIE) cell model [46]. The model claims
the presence of enterocytes, Paneth cells, M cells, tuft cells and intestinal stem cells with 3D villi
structures, obtained from a single donor and grown on Transwells. The disadvantage of such primary cell
models is that they are delivered directly from the supplier and cannot be sub-cultured in the lab, so for
each experiment a new batch has to be ordered which comes with high costs and dependence on outside
sources. Also, one can expect inter-donor so batch-to-batch variability. A more successful type of primary
cell types that also can be incorporated into intestinal in vitro models are human microvascular
endothelial cells (HMVEC) isolated from the skin or dermis (HMVEC-d). As said, this model contains cells
from both blood and lymphatic vessels and can be co-cultured with intestinal epithelial cells. HMVEC-d
cells can be sub-cultured for about 10 to 12 times before they are no longer considered reliable as a model
for endothelial cells [47, 48].

1.5.4 Celllines

Cell lines are immortalized cells that can be grown for a longer period of time, so they do not have to be
replaced as often as primary cells. They also have less stringent requirements for the growth medium,
since they do not require growth factors and can survive on simple sugars. As such these cell models are
far cheaper to work with, with higher reproducibility. Most cell lines are derived from cancers in which
cells grow uncontrollably. This requires mutations in many cellular pathways such as cell signaling,
programmed cell death and energy household [49]. Their mutated characteristics also allow them to
continuously multiply where they would normally die. The most well-known intestinal cell line is the Caco-
2 cell line, which was derived from a human colorectal adenocarcinoma [50]. Even though these cells
originate from the large intestine they were found to spontaneously differentiate into cells that exhibit
small intestine enterocyte signatures, especially when grown on Transwells. The cells express some of the
transporters found in the small intestine and form tight junctions between the cells though these are less
permeable than what is observed in the in vivo situation [50]. They also form microvilli, leading to a similar
increase in surface area as found in the human intestine [51-53]. As such the Caco-2 cells can be used as
a model for transport in the human intestine when grown on Transwells. Many compounds have been
found to transport similarly in this in vitro Caco-2 Transwell model to what is observed in the in vivo
situation and as such it has been extensively used in toxicological research [50, 54].

Other frequently used intestinal cell lines are the HT29 cell line, which was similarly derived from a human
colorectal adenocarcinoma but, in contrast to what is observed for the Caco-2 cells, the physiology of
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HT29 cells largely depends on the growth protocol that is used. The parental cell line, or HT29-p, can still
form many cell types with some protocols allowing for the formation of enterocyte like cells. HT29 cells
were found to produce mucus if grown in the presence of methotrexate, though the exact composition
of the produced mucus differs from that produced by the goblet cells in vivo [55]. The mucus producing
HT29 cells were established as a subclone called HT29-MTX and are often used as a model for goblet cells.
The mucus forms a barrier that is similarly found in the human intestine and can have an effect on
transport. To this end the HT29-MTX cells are often grown in a co-culture together with Caco-2, providing
amodel that represents the two most prominent cell types found in the small intestinal epithelium. There
are also many other intestinal cell lines that may each fulfill their own role. One example is the T84 cell
line that provides cells that mimic colonocytes. This broad range of cell lines allows for the selection of
specific cell lines depending on the research question studied (see table 1). It is also of interest to note
that combined growth of cells from different intestinal cell lines on the apical side of the Transwell may
lead to variations in the final ratio of cells due to varying growth rates [56], though this can be avoided
using higher (or lower) seeding densities of the individual cells. Growing cells on the basolateral side of
the Transwell, either on the membrane or in the medium, allows for the addition of a different cell type
such as immune cells or blood vessel cells such as HMVEC-d to the intestinal Transwell model. This allows
for expansion of the model to include the interaction between the different cells type themselves or upon
stimulation with xenobiotics and or bacteria.

1.5.5 Stem cell based models

The third type of cell models available for in vitro studies on intestinal function are stem cell based models.
Stem cells have nowadays been observed in most if not all tissues in our body and have the ability to
differentiate into multiple different cell types. Undifferentiated they can proliferate for a longer period
compared to differentiated cells, even when cultured outside the body. In toxicology the presence of
multiple cell types and lack of mutations associated with cell lines means that the model better mimics
certain aspects of the in vivo organ. The first example of exploiting intestinal stem cells was the
establishment of 3D organoids derived from stem cells obtained from the intestine of mice in 2009 [57].
Since then the same has been done with stem cells obtained from human intestinal tissue that was left
over after surgery [58].

Stem cells obtained from the organ itself are called adult stem cells, they are derived from maturate
organs and can only differentiate into the cell types associated with that organ. The other type of stem
cells are called induced pluripotent stem cells (iPSC), these can be derived from any cell type in the body
and are de-differentiated towards stem cells that have the potential to differentiate into any cell type
including the cell types present in the intestine. The differentiation of iPSC into intestinal cells is often
done in multiple steps, to properly direct the differentiation [59-61]. As they first need to be
differentiated into intestinal stem cells followed by differentiation into the various intestinal cells more
time is needed to perform experiments than when using adult stem cells. Therefore, models based on
adult stem cells only require a culture time of approximately seven or ten days, depending on whether
they are grown as 3D organoid or as a cell layer, compared to approximately 42 and 24 days for iPSC based
models. Also, the medium composition differs between the two types of stem cells, but media for both
type of stem cells contain a selection of growth factors that can change over time to allow for gradual
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differentiation. The advantage of (both) stem cell based models is that they can be derived from patient
material, and are thus interesting in the field of personalized medicine and as disease models in
toxicology. At the same time this allows for comparison of donor variability, giving insight into the
interspecies differences. Stem cell derived intestinal models also contain most of the cell types found in
the human intestine, the exact composition depending on stem cell source and culturing protocol used.
Adult stem cell based organoids have been reported to differentiate better than iPSC derived organoids
[17, 62]. The adult stem cells do require permission of patients and access to a hospital for material, the
iPSC cells are commercially available and only require such permissions when material is needed from a
specific patient. The same iPSCs once bought can also be used to generate other organ types, reducing
donors and connections needed since each organ often comes from a different surgeon when obtaining
patient material. A disadvantage of 3D (organoid) models is that exposure to compounds at the luminal
side is technically challenging, which is especially problematic for transport studies. There is also an
accumulation of cell debris on the luminal side, which can limit the time the organoids can be maintained
before they need to be sub-cultured. A solution to this is growing stem cell derived cells on a Transwell
coated with the extracellular matrix enabling the formation of a cell layer, and in this way forming a barrier
similar to the Transwell models with Caco-2 cells [63]. These intestinal epithelial cell (IEC) layers can then
be exposed in the same way as Caco-2 cell based models. At present, there is a large ongoing development
in the methods for and application of these stem cell based models.

1.5.6 Dynamic culturing of in vitro models

Next to the potential use of different cell types in in vitro models, the way cells are grown can also be
varied. As mentioned, intestinal cell models are frequently created on Transwell membranes. A recent
and rapidly developing field is the use of microfluidic technology for growth of intestinal models to make
so-called gut-on-a-chip devices. Depending on the chip design, these models generally include a flow of
medium through two chambers that are separated by a porous membrane or barrier on which the
intestinal cells are attached and grow. This allows for both a constant refreshing of the medium and for
the cells to experience shear stress due to the medium flow. As described before, in the human intestine
there is constant peristalsis that slowly pushes the bolus through the Gl-tract. This means that the cells
experience multiple forces, with the force induced by the bolus motion in the lumen being shear stress.
Initial experiments with gut-on-a-chip devices showed that this shear stress caused cells to differentiate
differently from cells grown on Transwells under static conditions [64, 65].

There are a number of designs currently in use for (micro)fluidic systems. The most basic design adjusts
existing Transwells to include flow while maintaining the large cell culture area and volume, and relative
ease of use. More advanced designs are made of parallel channels often made by pouring a plastic like
PDMS into a mould to form the different parts of the chip [65, 66]. These chips allow for more directed
flow over the cells enabling generation of higher shear stresses, but they often have a smaller cell culture
area. The number of channels can differ per design with some designs introducing extra channels, for
instance to allow incorporation of a separate microbiome compartment. The introduction of the
microbiota in the system is one of the advantages of the presence of flow. In traditional static models
bacteria tend to quickly overgrow the cells, whereas the introduced flow in gut-on-a-chip devices can
remove excess bacteria. This allows for the study on the interaction between a living microbiome and the
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intestinal cells [67, 68]. Given that the gut microbiota prefer to operate under anaerobic conditions
multiple designs have been developed which include anaerobic compartments [68, 69]. The ability to
include the microbiota is an added advantage of these microfluidic models while transport and effect
studies are also still possible [70, 71].

Despite many advantages, these gut-on-a-chip models also come with their own disadvantages. Academic
laboratories are often utilizing their own design and methodology, whereas in companies more often
commercial devices are being used. There are some commercially available systems but these come with
a high cost and require a highly-skilled and trained technicians technician and are generally low
throughput [72]. There is currently a push to introduce a standardized design for these chips which would
make comparison between studies easier [73]. At the same time this would pave the way for robust
benchmarking of the system to change it into a well-defined model that can help replace animal studies.

1.6 Important compounds used in this thesis

In this thesis intestinal cell models have been exposed to several compounds that are known to interact
with the intestinal epithelium. Compounds were selected to have a relation with the intestinal
microbiome and/or the local intestinal immune system. The following sections provide some background
information on the model compounds included in the studies, and the endpoints measured to study their
effects in the selected in vitro models.

1.6.1 TLR agonists

As previously introduced this thesis focusses on the innate immune response initiated by compounds
containing PAMPS. Specifically compounds containing PAMPs that activate the innate immune system via
the Toll-like receptors (TLRs) which are a subset of the PRRs. Therefore, instead of using the more general
term adjuvants or TLR ligand which only focusses on binding to the receptor, throughout this thesis
compounds studied are called TLR agonists since we focus on compounds that activate the receptor. TLR
agonists were selected because of their role in the interaction between the microbiota and the (host)
intestinal epithelium, specifically because of the important role of TLR agonists as mediators of
inflammatory pathways. TLR agonists are an important indicator for the human body of the presence of
bacteria and serve to initiate the innate immune response. The large number of bacteria in the intestine
means that there is a large presence of TLR agonists so it is important for an intestinal model to be able

to recapitulate this interaction.

Similarly to how PAMPs are conserved between microorganisms TLRs are also conserved between many
organisms, fulfilling the role of pattern recognition. There are ten functional TLRs in humans. To bind TLR
agonists they form pairs with either the same TLR or one of the other TLRs [74, 75]. After binding the TLR
agonists they activate the innate immune system, mostly via the myeloid differentiation primary response
protein 88 (MyD88) dependent pathway [76]. Lipopeptides represent an important type of bacterial TLR
agonists, being cell wall components found in both gram-positive and gram-negative bacteria. Pam3CSK4
is a synthetic triacetylated lipopeptide that is bound by a combination of TLR1 and TLR2 [77], and was
tested in cell line-, stem cell- and primary cell based models in chapter 2 and 3 of this thesis. The second
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TLR agonist used in the thesis was double stranded RNA (dsRNA), which is a hallmark for a group of viruses
that use dsRNA as their genome. Most RNA such as that present in humans is single stranded, so all dsSRNA
is non-self and an indication of viral infection. Instead of a naturally occurring dsRNA a synthetic dsRNA
Poly(1:C) was used which, like all dsRNA, is bound by TLR3 [78]. Poly(l:C) was tested in cell line and stem
cell based models in chapter 2 and 3 respectively. The third TLR agonist used were lipopolysaccharides
(LPS), large molecules that are present in the outer membrane of gram-negative bacteria that bind to TLR4
[79, 80]. LPS are important for the integrity of the outer membrane and most gram-negative bacteria
without them are not viable [81]. LPS was tested in cell line, stem cell and primary cell based models in
chapter 2 and 3. The fourth TLR agonist used was flagellin, which is part of the bacterial flagellum. The
flagellum extrudes from the exterior of cells and is important for motility of bacteria, though some
bacteria have incorporated it in a sensory organ [82]. Due to the importance of motility, flagellin is present
in many bacteria and is thus recognized by the innate immune system, in this case via TLR5. Flagellin was
tested in cell line, stem cell and primary cell based models in chapter 2 and 3. The last TLR agonist used in
this thesis was single stranded RNA (ssRNA), which is similar to human RNA. The difference is that viral
ssRNA, such as the ssRNA40 that was used, contains GU-rich sequences which are bound by TLR8 [83].
ssRNA40 was tested in cell line and stem cell based models in chapter 2 and 3 respectively.

1.6.2 Cytokines

Cytokines are signaling molecules involved in TLR mediated responses. As stated above, when TLR agonists
bind to the TLRs they may activate the MyD88 pathway. Depending on the TLR, the TLR agonist and its
position compared to the cell the exact response can differ but, there are always signaling molecules
involved in the TLR response. These signaling molecules mostly are cytokines. The site of exposure of cells
(apical or basolateral: i.e. the lumen side or the body side of an intestinal cell) to the TLR agonist is
important because some TLRs are expressed more on one side or the other or inside the cell [84]. There
are many different cytokines in the human body with each having its own role. It is important to
understand that most of these cytokines have many effects, and those mentioned are often only the most
important or well-known ones. In both chapter 2 and 3 of this thesis the production of the cytokines was
measured to assess the capability of the tested TLR agonists to initiate an immune response in the
different in vitro intestinal models. This was done to see if the models can be used to model this aspect of
the interaction with the microbial TLR agonists. Excretion of Interleukin-8 (IL-8) by cell line, stem cell and
primary cell models in response to a selection of TLR agonists was measured in both chapter 2 and 3.
There are many different receptors that can bind IL-8 leading to different effects but its most common
role is as a cytokine that attracts leukocytes, mostly neutrophils. These neutrophils then phagocytize
infected cells, so the production, location and concentration of IL-8 is important to attract the
neutrophiles to the correct cells [85, 86]. In chapter 3 the production of the chemokine (C-C) ligand 20
(CCL20) upon exposure of stem cell and primary cell based models to a selection of TLR agonists was
measured. Similar to IL-8, CCL20 attracts leukocytes but, in this case, mostly lymphocytes such as natural
killer cells that can distinguish infected from non-infected cells [87]. The third cytokine studied in the stem
cell and primary cell based model of chapter 3 of this thesis is C-X-C motif chemokine ligand 10 (CXCL10),
which similarly to CCL20 activates lymphocytes [88]. The last cytokine reported on in chapter 3 is
interleukin-6, which moves to the liver and stimulates acute phase responses, stimulates antibody
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production and can promote differentiation of some cell types [89, 90]. All four cytokines are considered
pro-inflammatory cytokines and can cause further activation of the immune system, so their production
in the cell lines, stem cell or primary cell based models upon exposure to Pam3CSK4, Poly(l:C), LPS, flagellin
or ssRNA reflects an immune pathway activation.

1.6.3 Short chain fatty acids

While activation of the immune system mostly represents a negative interaction with the microbiota it is
also known for its positive interactions. This happens via other signaling molecules and a model aiming to
combine the intestinal epithelium and microbiota should also be able to recapitulate these interactions.
One group of such signaling molecules are short chain fatty acids (SCFA). As already mentioned above
SCFAs are produced by the microbiome upon the metabolism of dietary fibers. SCFAs are defined by
having six or fewer carbon atoms. In chapter 4 three different SCFAs are exposed, acetate (2 carbon
atoms), propionate (3 carbon atoms) and butyrate (4 carbon atoms), which are the three most common
SCFAs [21, 91]. These compounds have many different effects in the human body, with the most basic
one being a source of energy for many cell types. Furthermore, they have been shown to affect immune
related signaling pathways, influence the barrier function of the intestinal epithelium, adjust proliferation
and differentiation of intestinal epithelial cells and induce histone modification [92, 93]. A proper balance
of SCFAs is important because a disbalance has been associated with diseases such as Inflammatory Bowel
Disease (IBD) [94], Alzheimer’s disease [95] and Parkinson’s disease [96, 97]. Early studies on the effect of
SCFAs using cell lines showed the induction of cell death which turned out to be specific to cancer cells
like Caco-2 cells. It was found that due to mutations these cells can no longer use butyrate as a source of
energy which causes intracellular accumulation and ultimately apoptosis [98-100]. More advanced
models such as adult stem cell derived organoids were used to give improved insights in the actual effect
of these SCFAs in the human intestine as they support the study of more benign effects such as changes
in expression and production of selected differentiation markers and on barrier function [101].

1.7 Aim and outline of the thesis

There are currently large developments in improving intestinal models both in terms of the cell used and
in terms of technology of devices to grow cells in. These developments include the definition of
alternatives to both the traditional Caco-2 cells and to the Transwell model system. The advances create
opportunities for exciting new studies. The aim of the research in this thesis was to explore the use,
advantages and disadvantages of intestinal models available to study interactions of intestinal cells with
the microbiota and to fill in some of the gaps in available knowledge needed for future studies in this
direction.

In chapter 2 the ability of cell lines to induce an immune response via TLR interactions after exposure to
a selection of TLR agonists was assessed. This was used to see if these models can be used to study the
interaction of the microbiota with the innate immune system of the intestinal epithelium. To this end
Caco-2 and HT29-p monocultures, Caco-2/HT29-MTX co-cultures and Caco-2/HT29-MTX/HMVEC-d co-
cultures were exposed to Pam3CSK4, Poly(l:C), LPS, flagellin and ssRNA. IL-8, a pro-inflammatory cytokine,
was measured to assess the response of the cells. Since the cell lines showed limited responses to the
agonists, in chapter 3 the ability of two more advanced models, iPSC derived organoids and PHSIE, to
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induce an immune response via TLR interactions after exposure to a selection of TLR agonists was
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assessed. To this end iPSC derived organoids and PHSIE were exposed to Pam3CSK4, Poly(l:C), LPS, flagellin
and ssRNA. The induced production of multiple cytokines was measured, including CCL20, CXCL10, IL-6

and IL-8. In chapter 4 the focus switched to interactions of the microbiota and intestinal epithelium via
signaling molecules, in this case SCFAs produced by the microbiota via the metabolism of dietary fibers.
To this end iPSC derived intestinal epithelial cell layers were exposed to three SCFAs, butyrate, propionate
and acetate and RNA-sequencing was performed to characterize the response of all processes on a gene
expression level. In chapter 5 existing gene expression data sets of intestinal models that can be used for
transport studies were extracted from literature and checked for the effects of selected in vitro
experimental variables on gene expression. This was done to see how these variables influence the
intestinal models and their reproducibility and to check certain claims made in relation to these variables,
all in order to define how use of the intestinal models can be improved in the future. Lastly, in chapter 6
a general discussion is presented on the results obtained along with future perspectives.
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Chapter 2

Abstract

The intestine fulfills roles in the uptake of nutrients and water regulation and acts as a gatekeeper for the
intestinal microbiome. For the latter, the intestinal gut barrier system is able to respond to a broad range
of bacterial adjuvants, generally through Toll-like receptor (TLR) signaling pathways. To test the capacity
of various in vitro intestinal models, we studied IL-8 secretion, as a marker of pro-inflammatory response
through the TLR pathway, in a Caco-2 monoculture, Caco-2/HT29-MTX di-culture, Caco-2/HT29-
MTX/HMVEC-d tri-culture and in a HT29-p monoculture in response to exposure to various TLR agonists.
Twenty-one-day-old differentiated cells in Transwells were exposed to Pam3CSK4 (TLR1/2),
lipopolysaccharide (TLR4), single-stranded RNA (TLR7/8), Poly(l:C) (TLR3) and flagellin (TLR5) for 24 hours.
In all systems IL-8 secretion was increased in response to flagellin exposure, with HT29-p cells also
responding to Poly(l:C) exposure. All other agonists did not induce an IL-8 response in the tested in vitro
models, indicating that the specific TLRs are either not present or not functional in these models. This
highlights the need for careful selection of in vitro models when studying intestinal immune responses
and the need for improved in vitro models that better recapitulate intestinal immune responses.

Keywords: Intestine, complex in vitro models, Toll-like receptors, Toll-like receptor pathways, IL-8
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TLR receptor responses to TLR agonists in increasingly complex cell line based models

2.1 Introduction

The intestine fulfills many roles such as digestion of food, nutrient uptake, water regulation and it acts as
a gatekeeper for the intestinal microbiome [1]. Specifically, the intestinal epithelium fulfills many of these
roles and contains different cell types supporting these different functions of the intestine. In vitro
systems that can emulate these different functions of the intestinal epithelium are important for the acute
toxicological assessment of chemicals. Current intestinal epithelium in vitro systems heavily rely on
immortalized cell lines like Caco-2. Although Caco-2 cells originate from a large intestinal source, in culture
they differentiate into cells with a functionality resembling that of small intestinal enterocytes.
Monolayers of differentiated Caco-2 cells are commonly used as a model to assess the potential transport
of compounds from the intestine into the systemic blood circulation. This Caco-2 cell-layer model has
shown a high predictability towards intestinal transport in vivo for certain compounds [2]. In addition, this
model has also been used to study direct effects of chemicals on the intestinal epithelium and to study
interactions between the epithelium and bacteria residing in the human intestine [3, 4].

Interactions between commensal bacteria and the intestinal epithelium influence many aspects of the
intestinal functionality, including immune responses, metabolism of exogenous substances and barrier
integrity [5]. Interactions of commensal bacteria and pathogenic bacteria with the intestinal epithelium
can activate immune responses. Toll-like receptors (TLRs), expressed on intestinal epithelial cells, play a
crucial role in the recognition of the different bacteria. TLRs can be activated by pathogen associated
molecular patterns (PAMPs), which are structurally conserved molecular components located
intracellularly and on the surface of bacteria [6]. Different TLRs recognize specific PAMPs and the various
cell types in the human intestinal epithelium display different TLR expression patterns, so not every
intestinal epithelial cell type has the same TLRs [7]. Binding of a bacterial TLR agonist to a specific TLR
activates an innate immune response. Intracellularly, the TLR signal transduction initiates the myeloid
differentiation primary response protein 88 (MyD88) pathway, which leads to the production of pro-
inflammatory cytokines such as IL-8 [8]. The recruitment of neutrophils from the blood and lymphatic
system caused by the IL-8 secretion initiates the next steps in the intestinal innate immune response. [9—
11].

The TLR1/2 heterodimer recognizes, amongst others, bacterial triacyl lipopeptides, TLR3 recognizes
dsRNA, TLR4 recognizes lipopolysaccharides (LPS), TLR5 is well-known for recognizing flagellin, and lastly
TLR7 and 8 both recognize ssRNA. The most commonly used in vitro intestinal epithelial model, Caco-2
cells, is an obvious choice to develop an intestinal model combining the intestinal barrier with the
microbiome. Current knowledge however, indicates the presence of TLR3 and TLR5, but absence of TLR2
and TLR4 in Caco-2 cells [12]. The presence of the other TLRs in Caco-2 cells is largely unknown. Absence
of TLRs leads to an inability to respond to microbial TLR agonists like LPS. Therefore, to obtain the full
range of TLR agonist responsiveness co-culturing of Caco-2 cells with other intestinal cell-types needs to
be explored.

HT29-parental (HT29-p) cells were isolated from a colorectal adenocarcinoma and were shown to behave
differently depending on the culture method. In glucose containing medium they mostly form a multilayer
of undifferentiated intestinal cells. Exposure of the HT29-p cells to methotrexate results in cells with an
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increased mucus production (the so-called HT29-MTX cells). Therefore these cells, are considered an in
vitro model for goblet cells [13]. Mucus is an important intestinal barrier and energy source for intestinal
bacteria and is thus an important feature to enable coculture of intestinal epithelial cells with a
microbiome in future experiments [14, 15].

Lastly, vascular endothelial cells have an important function in the intestinal mucosa[16, 17], not so much
in terms of barrier properties, but mainly for signaling and communication between epithelial cells.
HMVEC-d cells are human dermal microvascular cells isolated from small vessels within the skin and are
commonly used as an endothelial cell model[18, 19]. Models combining microvascular cells and Caco-2
cells have previously been used to study interactions between the cells and the microbiome[20, 21]. They
have been shown to express most TLRs except for TLR7, 8 and 10 [22]. It has been shown that TLR agonists,
like LPS, can be transported through the intestinal epithelium, so endothelial cells can also play a role in
the intestinal immune responses [23]. There are multiple studies that show that different intestinal
epithelial cells and HMVEC-d cells that show different immune responses and TLR expression patterns
compared to Caco-2 cells [24, 25]. Combining all these different cells into one model may potentially result
in a model that is able to respond to a larger variety of bacterial TLR agonists [26].

We aim to create an in vitro gut barrier system that is able to respond to a broad range of bacterial TLR
agonists. To do this, we expand on the traditional Caco-2 monolayer cultured in Transwells by the addition
of different cell types and we evaluated the contribution of the different cells on the immuno-
responsiveness of the model by exposure to a panel of TLR agonists. As an immune response readout we
measured the production of IL-8 [8]. The selected agonists and their targets were Pam3CSK4 (TLR1/2),
poly(1:C) (TLR3), lipopolysaccharide (TLR2/4), flagellin (TLR5) and single-stranded RNA (TLR7/8).

2.2 Materials and methods
2.2.1 Celllines

The human intestinal epithelial Caco-2 (ATCC HTB-37) cell line was used from passage 5 to 30 and HT29-p
(ATCC HTB38) cells, used from passage 5 to 30, were obtained from ATCC (United Kingdom). The mucus
secreting HT29-MTX-E12 (ECACC 12040401) cell line (further referred to as HT29-MTX) was used from
passage 5 to 30 and was obtained from the HPA culture collections (Sigma-Aldrich, Germany). The human
dermal microvascular cell line HMVEC-d used until passage 10 was obtained from Lonza (Bazel
Switzerland). Caco-2, HT29-MTX and HT29-p were cultured in Dulbecco’s modified Eagle’s medium +
GlutaMAX (DMEM+GlutaMAX, Life technologies, Belgium) with 10% FCS (Sigma-Aldrich, The
Netherlands), 1% non-essential amino acids (Invitrogen, Breda, The Netherlands) and 1%
penicillin/streptomycin (Invitrogen, The Netherlands), further referred to as complete medium. HMVEC-
d was grown in Microvascular Endothelial Basal Medium (Sigma-Aldrich, The Netherlands) with
Microvascular Endothelial Cell Growth Supplements (Sigma-Aldrich, The Netherlands). The cells were
grown in 75 cm? flasks (Greiner, The Netherlands) at 37°C 5% CO; in an incubator and passaged by
trypsinization at 70-90% confluence.
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2.2.2 TLR agonists

TLR1/2 agonist Pam3CSK4, TLR3 agonist Poly(l:C) high molecular weight, TLR2 and 4 agonist standard LPS
from E. coli 0111:B4, TLR5 agonist flagellin from S. typhimurium Ultrapure and TLR8 agonist
ssRNA40/LyoVec were obtained from InvivoGen (France).

2.2.3 Transwell culture

Cells were grown in 12-well Transwell permeable supports, with an 0.4 um polycarbonate membrane of
Corning costar (VWR, the Netherlands). These were coated with a Collagen-1 solution from human
fibroblasts (Sigma-Aldrich, The Netherlands) at 10 pg/cm? by dissolving the Collagen-1 in 0.25 acetic acid
and incubating the solution at 37°C for at least three hours in the Transwell inserts before removing the
liquid. All Transwells were seeded apically at 4x10* cells per insert. For the di-culture of Caco-2/HT29-MTX
cells were seeded at a 3:1 ratio. Cells were maintained in complete medium for 21 days which is required
for the differentiation of Caco-2 cells [27], the medium was replaced three times per week.

For the tri-culture model, HMVEC-d cells were seeded on the basolateral side of the Transwells on day 0
before seeding the epithelial cells on the apical side. To do this, the Transwell inserts were inverted and
placed on the lid of a 6-well plate placing sterile caps of Eppendorf tubes on the corners to avoid contact
between the lid and the drops [28]. HMIVEC-d cells were seeded at 2x10* cells per Transwell by pipetting
a droplet onto the inverted inserts. After putting the lid on top of the caps 3M micropore tape was used
to cover the gap between the lid and the plate. The plates were placed in an incubator at 37°C and 5%
CO; for 2 hours to allow the cells to attach to the membrane. The Transwells inserts were then inverted
back to their original configuration and placed in a 12 wells-plate with HMVEC-d medium in each well.
Following, the Caco-2 and HT29-MTX cells were seeded at 4x10* cells per insert at a 3:1 ratio. Cells were
maintained for three weeks with complete medium apically and HMVEC-d medium basolaterally, medium
on both sides was replaced three times per week.

TEER was measured three times per week using a Millicell ERS-2 (Merck Millipore, USA) after refreshing
the medium. Washing is needed to remove old medium that might have a changed pH and contain
breakdown products that can affect the TEER measurements. The Transwells were allowed to rest for at
least three hours between changing the medium and the TEER measurement, as also recommended by
[27]. We also checked paracellular fluorescein translocation after 21 days to further assess the monolayer
integrity. Fluorescein was diluted in HBSS without Phenol red at 10 uM and 500 pL was added to the apical
compartment. After one hour 150 plL was taken from both compartments. Fluorescence was measured
using a spectramax spectrophotometer (Molecular Devices, USA) at 494/512 nm.

2.2.4 Transwell exposure

After 21 days of growth and differentiation of the cells, the Transwells were exposed to the TLR agonists
for 24 hours (Table 1). The final concentrations, LPS (20 pug/mL), Pam3CSK4 (300 ng/mL), Poly(I:C) (20
ug/mL), flagellin (100 ng/mL) or ssRNA (5 pug/mL), were achieved by dissolving stock solutions in complete
medium and afterwards added to the apical compartment[7, 29-31]. These concentrations are regarded
as non-cytotoxic because they are lower than used in previous studies (see table 2). Reported cytotoxicity
following exposure to LPS for instance was in the mg/ml concentration range [32]. Complete medium
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without agonists was added to the basolateral compartment. The Transwells were then either processed
for confocal microscopy or cells were collected for protein content determination. All experiments were
done in technical and biological triplicates.

Table 2. Agonists and their associated TLRs.

Compound Concentrations TLR
used

Pam3CSK4 300 ng/mL 1/2

Poly(I:C) 20 pg/mL 3

LPS 20 pg/mL 4

Flagellin 100 ng/mL 5

ssRNA 5 ug/mL 7+8

2.2.5 IL-8 measurement

The IL-8 concentration in the apical and basolateral medium was measured separately using an ELISA
(Enzo life sciences, Belgium) according to the manufacturers protocol. Medium was collected directly after
exposure and stored at -80 °C before analysis. The concentration was calculated using a 4-parameter
logistic curve. The results are presented as amount secreted (pg) and thus corrected for the different
volumes in the apical and basolateral compartments of the Transwells. Statistical significance was
analyzed using a one-way ANOVA to compare the effects of the exposures to their relative controls.

2.2.6 Confocal microscopy

The Transwells were fixated with 4% formaldehyde in PBS for 10 minutes followed by three wash steps
with PBS, permeabilization with 0.25% Triton x-100 and blocking with 1% acetylated-BSA in PBS. Samples
were first incubated with ZO-1/TJP1 Antibody Rabbit (polyclonal) - Alexa Fluor 594 (Invitrogen, The
Netherlands) at 10 pg/mL for 1 hour to stain the tight junctions followed by three washing steps with PBS.
Then with Phalloidin Alexa Fluor 488 diluted 1:50 (Life technologies, Belgium) at 6 units/well for 30
minutes to stain the actin followed by three washing steps with PBS and finally with DRAQS5 (Abcam,
United Kingdom) at 10 uM for 30 minutes to stain the nuclei. The membranes were then cut from the
Transwell inserts using a scalpel and tweezers, the mono- and di-cultures were placed on a microscope
slide while the tri-culture was placed on a coverslip. SecureSeal Imaging Spacers (Sigma-Aldrich, The
Netherlands) were used to avoid crushing of the cells, ProLong Diamond Antifade mountant (life
technologies, Belgium) was added to reduce fading. The slides were analyzed using a Leica TCS SP8 laser
scanning microscope using an Apochromatic 63x/1.20 water immersion objective with a white light laser
and 440 pulsed laser. EX488/EM525 (Phalloidin) EX594/EM617 (ZO-1) and EX594/EM725 (DRAQS5) with
pinhole 122.7 uM.
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2.3 Results
2.3.1 Barrier integrity

To assess monolayer integrity TEER was measured on the same days as the medium was refreshed. During
cell differentiation the TEER steadily increased over time, in some cases a slight decline was seen during
the last few days. Between day 18 and 20 the final TEER measurement was performed to determine
whether the Transwells could be used. Of the studied cell models, the final TEER measurement showed
the highest TEER values for the Caco-2 cell-layers, i.e. >500 Q-cm? (data not shown). The TEER values were
lowest for the HT29-p cells, i.e. <100 Q-cm?, and TEER values of the Caco-2/HT29-MTX and Caco-2/HT29-
MTX/HMVEC-d di-and tri-culture were >400 Q-cm? (data not shown).

For all models, except HT29-p, only Transwells with a TEER value >300 were used in the experiments (in
accordance with [27]). For the HT29-p Transwells the lack of TEER has to be taken into account as it
indicates that there is no proper barrier so the direction of the response cannot be assessed.

Besides TEER measurements, also fluorescein translocation experiments (Fig. 1) were performed to
evaluate the barrier integrity. Fluorescein translocation was measured on day 21, before the exposure.
The Caco-2 monoculture showed an average of 3.3% translocation. The Caco-2/HT29-MTX di-culture and
the Caco-2/HT29-MTX/HMVEC-d tri-culture showed an average of 2.2% and 3.8% translocation,
respectively, and did not significantly differ from the Caco-2 monoculture. However, at 11.9%, the HT29-
p monoculture showed a significantly higher translocation than the Caco-2 cells, again indicating improper
barrier function in this model.
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Figure 3. Percentage of fluorescein translocation from the apical to basolateral side in the different cell systems after one hour
of incubation with 10 uM fluorescein. * Statistical significance compared to the Caco-2 monoculture (p <0.05%).

2.3.2 Cellular morphology

We assessed the cellular morphology of the different models using confocal microscopy. Representative
images are shown in Fig. 2. The cells on the apical side of the membrane in the Caco-2 monolayer (Fig. 2A)
and in the Caco-2/HT29-MTX di-culture (Fig. 2B) strongly expressed the zonula occludens 1 (ZO-1) protein,
also known as tight junction protein 1, between the cells. In all three models confluent cell-layers were
observed and no overlapping cells could be noted. For the HT29-p model (Fig. 2D and E) we observed
overlapping cells indicating that these cells formed a multilayer.

Lastly, the HMVEC-d cells, grown on the basolateral side of the membranes in the tri-culture model, are
shown in Fig. 2C. HMVEC-d cells displayed a pronounced actin skeleton and had a wider flattened
morphology compared with the intestinal cells. As can be observed from Fig. 2C there were gaps in the
cell coverage of the basolateral side of the membrane, indicating that the HMVEC-d cells did not form a
confluent monolayer.
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Figure 2. Confocal images of a horizontal cross-section of the Caco-2 monoculture (A), the Caco-2/HT29-MTX di-culture (B) on the
apical side, and of the HMVEC-d cells in the Caco-2/HT29-MTX/HMVEC-d tri-culture on the basolateral side (C). Confocal image of
a horizontal cross-section on the apical side (D) and a vertical cross-section (E) of the HT29-p monoculture. Used stainings were
for actin (blue C, D and E), DNA (red) and ZO-1 (green, due to the co-localization of action and Zo-1 the green color is only visible
at the crossings of cells (see arrowheads in A and B). Image A and B separated per staining and all images of the apical side of
Caco-2/HT29-MTX/HMVEC-d tri-culture are shown in suppl. Fig. S2.
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2.3.3 IL-8 measurement

We aim to create an in vitro gut barrier system that is able to respond to a broad range of bacterial TLR
agonists, and therefore used models with increasing cellular complexity. We firstly determined the
baseline secretion of IL-8 of each cell model (mono-, di- and tri- cultures) without the addition of TLR
agonists (Fig. 3). Monocultures of Caco-2 cells produced a low amount of IL-8, with values often at or
below the limit of detection at 7.8 pg. No differences were observed between apical and basolateral
secretion of IL-8. The di-culture model, obtained by the addition of HT29-MTX cells to the model resulted
in an increased IL-8 secretion of 38 pg apically and 98 pg basolaterally. The basal IL-8 secretion was further
enhanced, and significantly different from the Caco-2 model, by combining Caco-2 with HT29-MTX cells
on the apical side of the membrane and growing HMVEC-d cells on the basolateral side of the membrane.
In this tri-culture model the amount of IL-8 released was 189 pg IL-8 apically and 336 pg basolaterally. The
highest basal overall IL-8 production, and significantly different from the Caco-2 model, was observed in
the HT29-p cells, which produced an average of 260 pg apically and 321 pg basolaterally (suppl. Fig. S1).

In the next step we exposed our four in vitro models, i.e. the Caco-2 monoculture (Fig. 3), the Caco-
2/HT29-MTX di-culture (Fig. 4), the Caco-2/HT29-MTX/HMVEC-d tri-culture (Fig. 5) and the HT29-p
monoculture (Fig. 6), to five TLR agonists interacting with the TLR1/2 heterodimer, TLR3, 4, 5, 7 or TLR8
(see Table 1). In the Caco-2 monoculture, following exposure to the TLR agonist flagellin, we observed a
significant increase in the apical IL-8 concentration (p<0.01) (Fig. 3). No significant responses were
observed following exposure to LPS, poly(l:C), Pam3CSK4 and ssRNA. The IL-8 concentrations on the
basolateral side were lower as compared to the apical concentrations, but exposure to flagellin also
significantly increased the IL-8 concentration basolaterally (p<0.05).

A significant increase in apical secretion of IL-8 was also observed in the Caco-2/HT29-MTX di-culture
following exposure to flagellin (Fig. 4; p<0.001), while exposure to LPS, Pam3CSK4, poly(l:C) and ssRNA
did not induce an IL-8 response. On the basolateral side none of the compounds induced an increase in
IL-8 secretion.

In the Caco-2/HT29-MTX/HMVEC-d tri-culture (Fig. 4) we observed a significant increase in apical IL-8
secretion after exposure to flagellin (p<0.001), with no IL-8 response following exposure to LPS, poly(l:C),
Pam3CSK4 and ssRNA. On the basolateral side none of the agonists induced an increase in IL-8
concentration in the medium.

In the HT29-p monoculture (Fig. 5) we observed a significant IL-8 increase both apically and basolaterally
following exposure to Poly(l:C) and flagellin (p<0.01). No increase in IL-8 secretion was seen following the
other exposures.
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Figure 3. IL-8 secretion by the Caco-2 monoculture into the apical or basolateral medium after 24 hours
of exposure to Pam3CSK4 (300 ng/mL), LPS (20 pg/mL), ssRNA (5 pug/mL), poly(l:C) (20 ug/mL), or
flagellin (100 ng/mL). Significant differences versus the control (no exposure) samples are indicated

with *=p<0.05 and **=p<0.01
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Figure 4. IL-8 secretion by the Caco-2/HT29-MTX di-culture into the apical or basolateral medium after
24 hours of exposure to Pam3CSK4 (300 ng/mL), LPS (20 pg/mL), ssRNA (5 pug/mL), poly(l:C) (20 pg/mL)
or flagellin (100 ng/mL). Significant differences versus the control (no exposure) samples are indicated

with *** = p<0.001
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Figure 5. IL-8 secretion by the Caco-2/HT29-MTX/HMVEC-d tri-culture into the apical or basolateral
medium after 24 hours of exposure to Pam3CSK4 (300 ng/mL), LPS (20 pg/mL), ssRNA (5 pg/mL),
poly(l:C) (20 ug/mL) or flagellin (100 ng/mL). Significant differences versus the control (no exposure)
samples are indicated with *** = p<0.001
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Figure 6. IL-8 secretion by the HT29-p monoculture into the apical or basolateral medium after 24 hours of to Pam3CSK4 (300
ng/mL), LPS (20 ug/mL), ssRNA (5 pug/mL), poly(l:C) (20 pg/mL) or flagellin (100 ng/mL). Significant differences versus the control
(no exposure) samples are indicated with **=p<0.01 and *** = p<0.001.
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2.3.4 Literature review of present of TLR receptors and IL-8 secretion by intestinal cells in vitro

IL-8 responses of the individual cell types used in this study to TLR agonists have been reported before.
No studies using co-culture models were identified by us. However, there are large differences in study
design and reported effects. Therefore, these studies have been analyzed and summarized in table 2.
From this overview it becomes clear that the direction (i.e. apical or basolateral) of IL-8 secretion has only
been studied to a limited extent. The IL-8 responses of Caco-2 cells exposed to LPS are variable, where
some studies report IL-8 secretion after LPS exposure while others do not observe this, even when
comparable LPS concentrations were used (see Table 2). Pam2CSK4 exposure of Caco-2 cells consistently
resulted in an IL-8 secretion at high exposure concentrations (see Table 2). Only very few studies
investigated the IL-8 responses of Caco-2 cells to poly(l:C) and ssPolyU.

HT29-MTX cells can respond with IL-8 secretion to LPS exposure as observed in some, but not all, studies
(see Table 2), while flagellin triggers the excretion of IL-8 in all studies. No studies were found that exposed
HT29-MTX cells to our other TLR agonists.

HT29-p cells have previously been exposed to LPS and in all studies IL-8 secretion was observed (see Table
2), which was the same for flagellin. Pam3CSK4 exposure did not result in IL-8 secretion by HT29-p cells,
while only one study showed IL-8 secretion by HT29-p cells following exposure to both poly(l:C) and
ssPolyU (see Table 2).

The gene expression of TLRs in the Caco-2, HT29-p and HMVEC-d cells has been studied extensively before.
The overview of the literature data is summarized in Table 3. For Caco-2 cells the TLR expression has been
studied most extensively. In the case of TLR 1, 3, 5 and 7, the available studies unanimously reported the
gene expression of these TLRs. For TLR 2, 4 and 8, the results were contradictory. The latter is likely due
to the different read-outs and methods that were used in the expression studies. Most studies used gene
expression (qPCR on pooled cells) as a read-out, but some studies (e.g. Uehara et al. (2007) and Bocker et
al. (2003)) used protein expression (flow cytometry or western blotting) as an additional read-out. Read-
out on a protein level showed that 9.6% of the cells expressed TLR 2 and 7.7% of the Caco-2 cells expressed
TLR4, but no expression of TLR2 and 4 in Caco-2 cells was shown using western blotting as a read-out by
Bocker et al. (2003). In HT29-p there is largely a consensus in the literature on the presence of all the TLRs,
only for TLR2 some ambiguity is present on the expression of this TLR (See table 2), which is again likely
due to a different read-out. No expression of TLR2 in HT29-p cells was shown on a protein level (i.e.
western blotting) by Bocker et al. (2003), whereas the expression of TLR2 was positive on a gene
expression level ([25, 33]). For HT29-MTX cells there is very limited data on TLR expression, but it is
expected that the TLR expression will not differ from that observed in the parental HT29-p cell line. All 8
TLRs genes are expressed in HMVEC-d cells (Fitzner et al. 2008). For TLR 1-5 expression was present in
resting cells and in cells that were activated by exposure to proinflammatory cytokines. Activated cells
showed a relatively higher expression of TLR 2 and 4 than observed in the resting cells. For TLR 7 and 8
there was no expression under resting conditions, but both TLRs were expressed in activated cells (Fitzner
et al. 2008).
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2.4 Discussion

We aimed to evaluate the potential of in vitro intestinal models with increasing cellular complexity to
study immunomodulation induced by exogenous factors by measuring their IL-8 responses to a broad
range of bacterial TLR agonists. For this, we compared monocultures and combined cultures of
different epithelial cell lines, i.e. Caco-2 and HT29-p cells, a di-culture of Caco-2 and HT29-MTX cells,
and a tri-culture of Caco-2 and HT29-MTX cells with the microvascular cell line HMVEC-d, and
evaluated their responses to five TLR agonists, Pam3CSK4, LPS, ssRNA, poly(l:C) and flagellin. These
agonists represent model compounds for important TLRs that respond to infection in the human
intestine. As no co-culture models studies are available where the following TLR agonist exposure are
reported we compare our observations to results obtained from mono-culture models.

A striking difference between all the cell models evaluated in this study is their secretion of IL-8
without immunological stimulation. Caco-2 cells show a relatively low baseline IL-8 secretion while
the HT29-p cells and the co- and tri-culture models with HT29-MTX and HMVEC-d cells show a higher
baseline secretion. All cell models have been cultured for 21 days, we and others have previously
shown that after 21 days of culturing the intestinal cells are fully differentiated as indicated by the
activity of alkaline phosphatase [51]. Co-culturing of Caco-2 with HT29-MTX results in the secretion
of a mucus layer on top of the cells [52]. Mucus is a porous gel-like material with pore sizes reported
around 200 nm (for porcine and mouse mucus) [53] and will therefore not act as a size exclusion
barrier for the studied agonists. The binding affinity of mucin for bacterial cell wall components like
LPS are also reported to be low [42, 54], so taken together mucus will most likely not pose a barrier
to the compounds used in this study.

A review of the literature, as presented in Table 2, showed the same general trend, for Caco-2 the
baseline IL-8 expression ranged between 10-250 pg, for HT29-MTX cells it ranged between 175-300 pg
and for HT29-p it ranged between 100-1400 pg, while the baseline IL-8 secretion by HMVEC-d cells has
not been reported. Most studies were not performed in a Transwell system, so no information is
available on the direction of IL-8 secretion (i.e. apical or basolateral). Besides the difference in intrinsic
cell line properties the variety in culture methods makes it difficult to pinpoint a specific factor that
contributes to this variation in IL-8 secretion The expression of the TLRs in the individual cell lines has
been studied before, as presented in Table 3, showing general consensus on the presence or absence
of specific TLR expression in Caco-2 and HT29-p cells. Only for HT29-MTX cells has the TLR expression
been limitedly studied. In this study, we focused on the functionality of the models, and thus we
studied both the apical and basolateral secretion of IL-8. When the IL-8 secretion was increased
following TLR agonist exposure, the direction of the IL-8 secretion was in most cases bilateral. This can
be understood from a functional point of view. IL-8 functions as a chemoattractant for neutrophils
[55], therefore secretion from both sides of the intestinal barrier is needed to guide the neutrophils
from the bloodstream to the site of the infection. An extreme situation of this can be seen in ulcerative
colitis patients as they show high levels of IL-8 leading to migration of neutrophils to the mucosa on
the apical side [56, 57]. A similar response can be expected in case of a bacterial infection. The
intestinal microbiome represents a complex system with complex and extensive interactions with the
intestinal epithelium. These interactions can be mediated via a range of signaling molecules and
bacterial metabolites and other bacterial products [58, 59]. In our study we look at the very first step
of interaction between bacteria and the intestinal epithelium via the immune system focusing on the
stimulation of IL-8 by well characterized TLR agonists.
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Flagellin is a part of the bacterial flagellum, which plays a role in the motility, adhesion and invasion of
cells by (certain) bacteria [60]. In literature, concentration ranges between 100 — 500,000 ng/mL were
used for in vitro testing, we used a concentration of 100 ng/mL, as flagellin is known to be a potent
immune activator which acts via TLR5 [61, 62]. Even though we exposed our cells to a relatively low
concentration of flagellin the detected response was as high or higher than that reported in literature
for monocultures of Caco-2 and HT29-p cells (Table 2, [30, 34]). No human in vivo data are available.
The only in vivo data that are available are derived from a rodent study. Exposure to flagellin in mice
resulted in system-wide immune activation, in this study flagellin was administered via injection in the
bloodstream [63, 64].

Poly(l:C) is a synthetic double stranded RNA used to simulate viral infection [65] and is recognized by
TLR3. We observed a significant IL-8 response against Poly(l:C) in the HT29-p culture, but there was no
response in the other cell systems. This corroborates with the results described in literature for Caco-
2 and HT29-p cells, as Poly(l:C) exposure to HT29-P or Caco-2 cells induced a response in HT29-p cells
only. The cause of this difference is unknown as both cell types were shown to express TLR3 protein
where Caco-2 and HT29-p cells expressed TLR3 on 19.3% and 8.1% of the total number of cells,
respectively [25]. The exposure of the di-culture of Caco-2 and HT29-MTX cells to Poly(l:C) did not
induce an IL-8 response, which indicates that the HT29-MTX cells differ from their parental cell line in
their response to Poly(l:C).

Lipopolysaccharides are part of the outer membrane of gram-negative bacteria and are recognized by
TLR4 [66, 67]. In our studies we did not observe a response to LPS in Caco-2 cells, which is in accordance
with most of the existing literature. Reports of responses by Caco-2 cells to LPS vary, some sources
report an increase in IL-8 excretion [36, 37], while most sources report a lack of responses attributed
to low TLR4 expression [12, 38]. Our di-culture model with HT29-MTX cells also did not show a
response to LPS. In the literature, the reported responses of HT29-MTX cells against LPS are variable,
likely because various strains of the cell line have been used [12, 42]. We did not observe an IL-8
response in HT29-p cells following the LPS exposure, while such a response has been reported before
[38]. Lastly, the inclusion of HMVEC-d cells in our model also did not change the response of the model
to LPS. This lack of response can be due a low basolateral LPS concentration upon apical administration
of the agonist as monocultures of HMVEC-d have been reported to respond to LPS stimulation by
secretion of IL-8 [68] and have been shown to express TLR4 mRNA [66].

Pam3CSK4 is a TLR1/2 agonist that has been reported to induce an IL-8 response in Caco-2 cells [41],
while this response has not been reported for HT29-p cells [33]. In our results none of the cell lines
responded to stimulation with Pam3CSK4. In the previously reported studies far higher Pam3CSK4
concentrations were used, which may explain the difference in results. However, the working
concentration of the compound, as recommended by the producer, was between 0.1 — 10 ng/mL. In
order for cells to respond to Pam3CSK4 they need to express both TLR1 and TLR2 [69]. Reports on the
expression of TLR1/2 in intestinal cell lines are ambiguous. Some report expression of both TLR1 and 2
in Caco-2 cells [43], while others report very low expression of TLR1 in Caco-2 cells [24]. For HT29-p
cells the presence of both TLR1 and 2 was reported [24, 70]. The observed absence of an IL-8 response
in our cell models could be due to the absence of TLR1 and/or 2.

ssRNA is recognized by both TLR7 and TLR8. TLR8 is considered the most important of the two in
humans, it is normally present in intracellular compartments like the endosomes [71], so activation of
the immune response requires endocytosis. Therefore, the ssRNA used for exposure was combined
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with LyoVec to facilitate its uptake into the cells. The ssRNA40 we used did not elicit a response in any
of the models. Very little is reported on the immune responses of intestinal epithelial cells to ssRNA. It
has been reported that ssPolyU, a synthetic ssRNA, stimulates IL-8 excretion in HT29-p cells but not in
Caco-2 cells [25]. The concentration of ssPolyU used by Uehara et al. (2017) was five times lower than
the one we used for ssRNA to elicit this response, so potentially a synthetic variant like ssPolyU is more
potent. In a comparison between IBD and healthy patients immunofluorescence microscopy and
immune-EM showed the presence of TLR8 on the luminal epithelial membrane in both groups, which
is in contrast to the expected intracellular localization of the receptor that is generally described in
literature. They also show that TLR8 mediates IL-8 secretion [72]. Therefore, the lack of an IL-8
response in our system could indicate the absence of a functional TLR8 in the cells used in this study.

We set out to study which cell model could best be used for future studies focusing on
immunomodulation in the human gut. Firstly, we conclude that a di-culture model of Caco-2 and HT29-
MTX does not deliver an additional value for this purpose, as both the Caco-2 mono- and di-cultures
showed similar responses. The HT29-p monoculture even showed an advantage by additionally
responding to Poly(l:C), but does not grow a monolayer. Overall, the monocultures will make
interpretation of results easier due to the differences in basal excretion of IL-8 between the cell lines.
The addition of the human microvascular cell line HMVEC-d also did not result in a different response
pattern but did induce the baseline IL-8 concentrations as well as the IL-8 concentration after exposure
to flagellin, thus HMVEC-d cells participate in propagating the immune response, and therefore add to
the physiological relevance of the model. Secondly, we conclude that epithelial cell lines cannot
capture all the immunomodulatory responses seen in human gut epithelial cells in vivo. While the use
of cell lines have important practical advantages in the laboratory in terms of reproducibility in
comparison with the use of primary cells or stem cell-derived models, exploration of these models
needs to be considered in the future. TLR1 through 9, with the exception of TLR10, has for instance
been shown to be expressed in freshly isolated intestinal epithelium [73]. Therefore a careful selection
of the in vitro model remains needed in future studies and should be based on the research question.
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Supplementary Figure 1. Baseline IL-8 secretion of the Caco-2 monoculture, Caco-2/HT29-MTX di- and Caco-2/HT29-
MTX/HMVEC-d tri-culture into the apical or basolateral medium. *Statistical significance (p<0.05) compared to the Caco-2
culture on the respective side.
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Supplementary Figure 2. Confocal images of a horizontal cross-section of the Caco-2 monoculture (A, B, C) and the Caco-
2/HT29-MTX di-culture (D, E, F) and the apical side of the Caco-2/HT29-MTX/HMVEC-d tri-culture (G-J). Used stainings were for
DNA (red, A, D, G, J), actin (blue, B, E, H, J), and ZO-1 (green, C, F, I, J).
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Chapter 3

Abstract

The human intestine fulfils many roles such as digestion of food, nutrient uptake and water balance
regulation. In addition, the intestinal epithelium is an important protective barrier and plays a critical role
in immune responses. Toll-like receptors (TLRs) that are expressed on and in intestinal epithelial cells,
recognize and respond to various stimuli, including those present on intestinal bacteria. We studied the
immunomodulatory capacity of two advanced intestinal models, human induced pluripotent stem cell
(iPSC) derived intestinal organoids and primary human small intestinal epithelial (PHSIE) cells, that aim to
mimic the complex human intestinal epithelium. Both models were exposed for 24 hours to the bacterial
related TLR agonists Pam3CSK4 (TLR1/2), lipopolysaccharide (TLR4) and flagellin (TLR5), while the iPSC
derived organoids were additionally exposed to the viral related agonists single-stranded RNA (TLR7/8)
and Poly(l:C) (TLR3). We measured changes in TLR gene expression and cytokine excretion after exposure
in both cell models. Firstly, the baselevel TLR gene expression in the PHSIE cell model was lower than that
of the iPSC derived organoids. Secondly, upon stimulation with the TLR agonists, the iPSC derived
organoids excreted four cytokines while the PHSIE cell model only excreted IL-8. We also showed that
effects on TLR gene expression are an important response to TLR agonists. In conclusion, the iPSC derived
organoids were able to respond to a range of bacterial and viral TLR agonists, while the PHSIE cell model,
like previously studied cell line based models, only displayed a limited ability to respond to the bacterial
TLR agonists. Therefore, it is concluded that the iPSC derived organoids are a promising model to further
study intestinal immune responses.

Keywords: Intestine; Advanced in vitro models, iPSC, organoids, primary cells, Toll-like Receptors

56



TLR receptor expression and responses to TLR agonists in PHSIE and iPSC derived models

3.1 Introduction

The human intestine fulfils many important roles such as digestion of food, nutrient uptake and water
balance regulation [1]. Selecting an in vitro intestinal model that emulates one or all of these functions is
important for the toxicological assessment of chemicals with minimal (or no) reliance on animal derived
data [2]. The last decades great progress has been made in the development of advanced in-vitro systems
that allow for such an animal data free toxicological assessment [3]. A powerful approach is the use of
cells that more closely mimic the complex cellular biology of the human intestinal epithelium. One
approach is to use intestinal cells obtained from healthy (adult) donors that are expanded into
monolayers. This results in a model that contains enterocytes, Paneth cells, M cells, tuft cells and stem
cells that form villi-crypt structures [4]. Another approach is using induced pluripotent stem cells to
generate intestinal organoids containing enterocytes, stem cells, goblet cells, Paneth cells,
enteroendocrine cells and mesenchymal cells [5-8]. Also, this model mimics the crypt-villi
microarchitecture as seen in the intestinal tissue in vivo. Both models are promising in-vitro models to
assess the consequences of chemical and microbiological exposure.

Many aspects such as metabolism of xenobiotics, barrier function and transport of chemicals have already
been assessed in such systems [9-11]. However, also interactions between pathogens or metabolites
thereof and the intestinal epithelium influence many aspects of the intestinal functionality and therefore
need to be assessed. Toll-like receptors (TLRs) that are expressed by intestinal epithelial cells, play a crucial
role in the recognition of different pathogens and in the subsequent epithelial responses following the
initial interactions [12]. Pathogen associated molecular patterns (PAMPs) are structurally conserved
molecular components of bacteria which can be recognized by TLRs. Each TLR recognizes a specific set of
PAMPs and the expression of TLRs differs per cell type and compartment of the human intestine [13]. In
somewhat more detail, the TLR1/2 heterodimer recognizes, amongst others, bacterial triacyl lipopeptides,
TLR3 recognizes dsRNA, TLR4 recognizes lipopolysaccharides (LPS), TLR5 is well-known for recognizing
flagellin, and lastly TLR7 and 8 both recognize ssRNA [14]. Binding of an agonist, a compound containing
a PAMP, to TLRs induces an innate immune response via the myeloid differentiation primary response
protein 88 (MyD88) pathway. This leads to multiple effects in the epithelial cell such as changes in
expression of TLRs in the cells and the excretion of cytokines that regulate further activation of immune
cells present in the intestinal mucosal layers that are involved in innate immune responses [12, 15].

The general suggestion from human studies using biopsies taken from different parts of the intestine and
stem cell-based intestinal models is that 8 types of TLRs are expressed in the human intestine, while there
is some ambiguity on the level of expression of the different TLRs [16—-24]. Previously we studied the
expression of TLRs in cell-lines and we studied the IL-8 excretion following TLR agonist stimulation in cell
models of increasing complexity based on cell-lines [25]. We concluded that cell lines only show a limited
response to TLR agonists with only flagellin and poly(I:C) inducing IL-8 excretion in one or more of the cell
lines used.

In the present study we aimed to investigate the capability of advanced in vitro models to express a range
of TLRs and to respond to a broad range of TLR agonists to evaluate how well they emulate the in vivo
intestinal responses. Therefore we studied the gene expression of TLRs and the cytokine excretion profile,
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at baseline level and following TLR agonist induction, in a human induced pluripotent stem cell (iPSC)
derived intestinal epithelial model [10] and a primary human small intestinal epithelial (PHSIE) cell model
[4]. We evaluated the immuno-responsiveness of both models following exposure to a panel of TLRs (i.e.
Pam3CSK4 (TLR1/2), poly(I:C) (TLR3), lipopolysaccharide (LPS) (TLR2/4), flagellin (TLR5) and single-
stranded RNA (TLR7/8) as used before (Grouls et al., 2021). As an immune response readout we measured
an array of cytokines, CCL20, IL-8, CXCL10, TNF-q, IL-10 and IL-12p40, IL-6 and the gene expression of TLRs
1,2,3,4,5,7,8and 9 (qPCR).

3.2 Materials & Methods
3.2.1 Epilntestinal culture

The PHSIE cell model (MatTek Life Sciences, Bratislava, Slovak Republic) consists of enterocytes, Paneth
cells, M cells, tuft cells and intestinal stem cells cultured in permeable cell culture inserts [4]. Cell culture
inserts (inner diameter of 8.8 mm) were placed in 12-well plates and cells were maintained in 100 pl
maintenance medium (MatTek Life Sciences) in the apical compartment and 5 ml maintenance medium
in the basolateral compartment upon arrival. After 24 hours of recovery all medium was removed and 50
uL of exposure medium containing LPS, PAM3CSK4 or flagellin (only bacterial TLR agonists were used for
this model) at the concentrations described in Table 1 was added to the apical side, 5 mL maintenance
medium was added to the basolateral side.

3.2.2 hiPSC culture

The hiPSC cell line (CS83iCTR-33n1) was provided by the Cedars-Sinai Medical Center’s David and Janet
Polak Foundation Stem Cell Core Laboratory. These cells have been generated through episomal
reprogramming of fibroblasts of a 31-year-old healthy female. The cell line has been fully characterized
and no karyotype abnormalities have been found [26]. hiPSCs were cultured on growth factor-reduced
matrigel-coated (Corning) cell culture plates in mTeSR1 medium (Stem Cell Technologies, Vancouver,
Canada) and were passaged using gentle cell dissociation reagent (Stem Cell Technologies).

3.2.3 hiPSC differentiation into intestinal organoids

For differentiation, hiPSCs were dissociated into single cells using accutase (Stem Cell Technologies) and
cultured on human embryonic stem cell qualified matrigel-coated 24-well plates in mTeSR1 supplemented
with 10 uM Y-27632 (Stem Cell Technologies) for 1 day. hiPSCs were subsequently differentiated into
definitive endoderm (DE) by incubation in RPMI1640 medium containing 1% non-essential amino acids
(Gibco, Waltham, USA), 100 ng/ml Activin A (Cell Guidance Systems, Cambridge, UK) with increasing
concentrations of fetal bovine serum (0%, 0.2% and 2% on day 1, 2 and 3, respectively). 15 ng/ml BMP4
(R&D Systems, Minneapolis, USA) was also added during the first day of definitive endoderm formation.
After three days hindgut endoderm formation was induced by changing the medium to RPMI1640
medium containing 1% non-essential amino acids (Gibco), 2% fetal bovine serum, 500 ng/ml FGF4 (R&D
Systems) and 3 uM Chiron99021 (Stemgent, Cambridge, USA). After 4 days, free-floating spheroids were
collected and embedded into domes of Matrigel (Corning, Corning, USA). Spheroids were cultured in
Advanced DMEM/F-12 containing 1 x B27 (Gibco), 1 x N2 (Gibco), 15 mM HEPES (Gibco), 1%
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penicillin/streptomycin (Gibco), 2 mM I-glutamine (Gibco), 50 ng/ml EGF (R&D Systems), 100 ng/ml
Noggin (R&D Systems) and 500 ng/ml RSpondin-1 (R&D Systems). Medium was refreshed every 2-3 days
and iPSC derived organoids were passaged every 10—14 days. Organoids used for experiments were grown
in Matrigel for 28 days prior to exposure. To promote intestinal differentiation, 0.5 uM A-83-01 (Sigma,
Saint Louis, USA), 20 uM PD98059 (Stem Cell Technologies), 5 mM 5-aza-2'-deoxycytidine (Sigma), and 5
UM DAPT (Sigma) were added to the medium after day 28 for a period of 7 days. After 35 days cells were
exposed to the TLR agonists LPS, Pam3CSK4, flagellin, Poly(l:C) or ssRNA on the apical side at the
concentrations in Table 1.

Table 1. Selected agonists their concentration used in the experiments and the associated TLRs.

Compound Concentrations used | TLR
Pam3CSK4 300 ng/mL 1/2
Poly(1:C) 20 pg/mL 3

LPS 20 pg/mL

Flagellin 100 ng/mL 5

ssRNA 3.24 pg/mL 7 +

3.2.4 Cytokine measurement

In the PHSIE cell model medium was harvested at the basolateral side, in the iPSC model medium was
harvested from the wells. For both models medium was harvested after 24 hours of exposure and stored
at -80°C until cytokine measurement. The concentrations of macrophage inflammatory protein-3 (CCL-
20/MIP3A), IFN-Gamma-Inducible Protein 10 (IP-10/CXCL10), Interleukin-8 (IL-8/CXCL8), Interleukin-6 (IL-
6), Interleukin-10 (IL-10), Interleukin-1-beta (IL-1B), Interleukin-12p40 (IL-12p40) and Tumor Necrosis
Factor alpha (TNF-a) were quantified using two human multiplex assay (Thermo Fischer, Waltham, MA,
USA) on a Luminex FlexMap 3D (Merck Millipore, Burlington, MA, USA) according to manufacturer’s
protocol. Statistical significance was analyzed using a one-way ANOVA with a Dunnett’s post-test to
compare the effects of the exposures to their relative controls when comparing within models, when
comparing the controls of the two models a t-test was used.

3.2.5 RNAisolation and qPCR

Following collection of the medium the cells were washed with 100 uL DMEM®*. After that, 350 uL RA1
lysis buffer (Macherey-Nagel, Duren, Germany) was added and incubated for 5 min. The entire volume of
RA1 solution was collected as cell lysate and kept on ice until extraction. Total RNA was extracted from
these samples using the NucleoSpin RNA isolation kit (Macherey-Nagel) according to manufacturer’s
instructions. Quality of the RNA was checked using a NanoDrop One (ratio absorbance at 260/280 > 1.8)
(ThermoFisher, Wilmington, Delaware, USA). Then 300 ng of RNA was reverse transcribed to cDNA using
the QuantiTect Reverse Transcription Kit (Qiagen, Venlo, The Netherlands). Expression of RPL27
(housekeeping gene) and genes coding for TLR1, TLR2, TLR 3, TLR4, TLR5, TLR7, TLR8 and TLR9 were
quantified by RT-qPCR using the Rotor-Gene SYBR® Green Kit (Qiagen) and the Rotor-Gene 6000 cycler

59

(2]
—
[
-
Q
©
<
O




Chapter 3

(Qiagen) following the manufacturer’s protocol. Primers were ordered at eurogentec (Seraing, Belgium)
using the sequences in Table 2. Statistical significance was analyzed using a one-way ANOVA with a
Dunnett’s post-test to compare the effects of the exposures to their relative controls.

Table 2. gPCR primer sequences used for measurements of the housekeeping gene (hRPL27) and the TLRs.

Primer Direction |Sequence

hRPL27_f |Forward ATCGCCAAGAGATCAAAGATAA
hRPL27_r |Reverse TCTGAAGACATCCTTATTGACG
hTLR1_f Forward TTCAAACGTGAAGCTACAGGG
hTLR1_r Reverse CCGAACACATCGCTGACAACT
hTLR2_f Forward ATCCTCCAATCAGGCTTCTCT
hTLR2_r Reverse GGACAGGTCAAGGCTTTTTACA
hTLR3_f Forward CAAACACAAGCATTCGGAATCTG
hTLR3_r Reverse AAGGAATCGTTACCAACCACATT
hTLR4_f Forward AGTTGATCTACCAAGCCTTGAGT
hTLR4 _r Reverse GCTGGTTGTCCCAAAATCACTTT
hTLR5_f Forward CCGGGTTTGGCTTCCATAACA
hTLR5_r Reverse TGTGAAAGATCCAGGTGTCTCA
hTLR7_f Forward CACATACCAGACATCTCCCCA
hTLR7_r Reverse CCCAGTGGAATAGGTACACAGTT
hTLR8_f Forward ATGTTCCTTCAGTCGTCAATGC
hTLR8_r Reverse TTGCTGCACTCTGCAATAACT
hTLR9_f Forward AATCCCTCATATCCCTGTCCC
hTLR9_r Reverse GTTGCCGTCCATGAATAGGAAG

3.2.6 Analysis

The relative fold gene expression of the samples was calculated using the Delta-Delta Ct method (2722%
method), in which each sample is corrected using the average of the three controls. This was also done
for each control sample separately to show the deviation in the controls, as correction with the average
ACt of the controls is done before conversion to 2722% the average of the resulting values is not necessarily
equal to one for the controls. For the baselevel gene expression of TLR2, 3, 4, 5, 7, 8 and 9 the relative
gene expression was calculated relative to the gene expression of TLR1 of each model.

In addition the relative gene expression of each TLR in the iPSC model was calculated relative to the gene
expression of the same TLR in the PHSIE model. Following the exposure to the agonists, the relative gene
expression of the TLRs was compared to the control. For the cytokine excretion baselevel excretion of
each cytokine was compared between the controls of the iPSC and PHSIE model. Following exposure to
agonists the cytokine excretion was compared to the controls of their respective model.
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3.3 Results
3.3.1 Baselevel gene expression of TLRs in both models

The cytokine excretion by the cells following exposure to the TLR agonists is dependent on the presence
of TLRs. Therefore, we first studied the baselevel gene expression of TLR genes in the two cell models. In
the control samples of the iPSC derived organoids the highest relative gene expression levels were
observed for TLR3 and TLR9 being 29.1-fold and 49.5 fold higher than the TLR1 gene expression. Gene
expression of TLR2 was also higher than that of TLR1 with a 5.8 fold difference in the relative expression
level. For TLR4, TLR7 and TLR8 a relatively low gene expression was observed in the iPSC derived
organoids, with a fold difference of 0.2, 0.04 and 0.01 respectively versus TLR1 (Fig. 1). In the iPSC derived
organoids TLR5 was expressed at a level not significantly different from that of TRL1. In the control
samples of the PHSIE cell model TLR 2, TLR3, and especially TLR9 were expressed at relatively higher levels
than TLR1 with a fold difference relative to the expression of TLR1 of 22.2, 14.3, and 72.1 respectively.
Low relative gene expression was observed for TLR 4, TLR7 and TLR8 with a fold difference of 0.001, 0.02
and 0.03 respectively versus TLR1 expression in the PHSIE cell model (Fig. 2). Also, in the PHSIE model
TLR5 was expressed at a level not significantly different from that of TRL1.

When comparing the two models using the expression of the corresponding TLR in the PHSIE cells as the
reference (Fig. 3) the iPSC derived organoids had a significantly higher relative gene expression of TLR1,
TLR4 and TLR5 compared to their expression in the PHSIE model. In qualitative terms the TLR patterns in
both cell models showed comparable trends with in both models TLR2, TLR3 and especially TLR9 being
expressed at a higher level than TLR1, and TLR4, TLR7 and TLR8 being expressed to a relatively lower
extent than TR1, while TLR5 was expressed at a similar level as TLR1.
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Figure 4. Gene expression of TLRs in the iPSC derived organoids relative to the expression of TLR1. Significant differences versus
TLR1 expression are indicated with * = p < 0.05, ** = p < 0.01 and **** = p < 0.0001.
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Figure 5. Gene expression of in the PHSIE cell model TLRs relative to the expression of TLR1. Significant differences versus TLR1
expression are indicated with ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001.
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Figure 6. Relative gene expression of TLRs in the iPSC model when compared to the corresponding TLR in PHSIE cell model.
Significant differences are expressed with * = p < 0.05 and *** = p < 0.001.

3.3.2 Gene expression of TLRs in both models after exposure to TLR agonists

Next, we studied the gene expression of the TLRs following exposure to the selected TLR agonists by
measuring relative gene expression compared to the average expression of the same TLR in the control
to investigate whether agonist exposure would affect the basal levels of TLR expression, since that could
potentially influence the agonist response to be quantified in subsequent experiments. The results
obtained are presented in Fig. 4 and 5 for the iPSC derived organoids and PHSIE cell model respectively.
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The changes in the iPSC derived organoids were limited to some moderate changes in expression levels
compared to the levels in untreated control cells (Fig. 4), with the only significant effects being a 3.38 fold
induction of TLR2 by the TLR1/2 agonist Pam3CSK4, a 3.13, 3.31 and 3.28 fold induction of TLR4, TLR5
and TLR7 by the TLR3 agonist Poly(l:C), a 2.63, 2.33 and 2.33 fold reduction of respectively TLR2, TLR4 and
TLR7 by the TLR4 agonist LPS, and a 2.28 fold induction of TLR4 by the TLR5 agonist flagellin. In the iPSC
derived organoids especially expression levels of TLR9 showed high variability. Overall, the increases in
expression levels were moderate, and not pointing at a systematic induction of the TLR receptor
expression levels by the respective corresponding agonists, except for the TLR4 induction by LPS and the
TLR2 induction by Pam3CSK4. The three bacterial TLR agonists tested in the PHSIE cell model, PAM3CSK4,
LPS and flagellin, did not modify the TLR expression levels as compared to the untreated controls, except
for the level of TLR9 that was significantly induced by the TLR1/2 agonist Pam3CSK4. A high
interexperimental variability in TLR9 was observed also in the PHSIE cell model following exposure to the
other two bacterial TLR agonists, hampering detection of significant changes (Fig. 5).
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Figure 7. Relative gene expression of TLRs by the iPSC derived organoids after 24 h of exposure to Pam3CSK4 (300 ng/mL), LPS
(20 ug/mL), ssRNA (5 ug/mL), poly(1:C) (20 ug/mL), or flagellin (100 ng/mL) relative to the average expression in the control of the
same TLR. For the control gene expression is calculated per sample and corrected by the average before conversion to 2724, as
correction with the average ACt of the controls is done before conversion to 2-AACt, the average of the resulting values is not
necessarily equal to one (see materials and methods). Significant differences versus control expression are indicated with *
=p<0.05and **=p <0.01.

64



TLR receptor expression and responses to TLR agonists in PHSIE and iPSC derived models

PHSIE
Pam3CSK4 LPS
s 50 e 10 _
] . S
0 40 — 2 8
5% 53
32 30 52 s
o g o g
25 23
&z 20 5z 4
S g€
Z 10 £ 2 — _
K ]
e 9 9
N D > o5 A > 2 N > > o0 A > O
FFLF SIS FIFITSESS
Flagellin Control

o
«»

s

°
©w

[y

o
(fold difference)

-

Relative gene expression
(fold change)
Relative gene expression

[
N el > o A > >
& /\\9’}0@ FEE S S

o

N > > 5L A D 2
&\39 FELLLE

24

Figure 8. Relative gene expression of TLRs by the PHSIE cell model after 24 h of exposure to Pam3CSk4 (300 ng/mL), LPS
(20 ug/mL), ssRNA (5 ug/mL), poly(1:C) (20 ug/mL), or flagellin (100 ng/mL) relative to the average expression of the control of the
same TLR. For the control gene expression is calculated per sample and corrected by the average before conversion to 27%4%, as
correction with the average ACt of the controls is done before conversion to 2-AACt, the average of the resulting values is not
necessarily equal to one (see materials and methods) Significant differences versus control expression are indicated with *
=p<0.05.

3.3.3 Excretion of cytokines after exposure to selected TLR agonists

Following characterizing of the two cell models with respect to the TLR expression levels and the effect of
TLR agonists on these expression levels, the effect of the selected TLR agonists on the excretion of a series
of cytokines was quantified. This was done to characterize whether the model systems provide a suitable
model to mimic an in vitro gut barrier system that is able to respond to a broad range of TLR agonists and
that has a cytokine excretion pattern comparable to the in vivo situation. To this end we determined the
excretion in the cell models of seven cytokines being the macrophage inflammatory protein-3 (CCL-
20/MIP3A), IFN-Gamma-Inducible Protein 10 (IP-10/CXCL10), Interleukin-8 (IL-8/CXCL8), Interleukin-6 (IL-
6), Interleukin-10 (IL-10), Interleukin-1-beta (IL-1PB), Interleukin-12p40 (IL-12p40) and Tumor Necrosis
Factor alpha (TNF-a) both under control conditions and following TLR agonist exposure. In both cell
models no excretion of IL-12p40, TNF-a and IL-10 was detected in the control exposure (< LOD; LOD =
1.81 pg/mL, 8.54 pg/mL and 2.44 pg/mL respectively) nor upon exposure to the panel of TLR agonists
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(data not shown). Four cytokines (i.e. CCL20, CXCL10, IL-6 and IL-8) were excreted by one or both of the
cell models following exposure to some of the TLR agonists. We converted all concentrations to pg
excreted in 24 h to correct for the difference in volume between the two systems. Fig. 6 presents the
cytokine excretions as detected under control conditions. It can be observed that four cytokines (i.e.
CCL20, CXCL10, IL-6 and IL-8) were excreted by the iPSC derived organoids while in the PHSIE model only
IL-8 was detectable. Fig. 7 and 8 present the responses of the two cell models with respect to cytokine
excretion upon 24 h exposure to the selected TLR agonists.

In the iPSC derived organoids several TLR agonists induced cytokine excretion. This included: i) a 2.67-fold
increased (p < 0.05) excretion of IL-6 following exposure to ssRNA, ii) a 1.65-fold increase (p < 0.05) and a
1.91 fold increase (p<0.05) for excretion of respectively CXCL10 and IL-8 after 24 h exposure to the TLR5
agonist flagellin, while iii) exposure to Poly(l:C) resulted in a significant 4.62-fold decrease (p < 0.05) in the
excretion of IL-8 (Fig. 6).

In the PHSIE cell model again the three bacterial TLR agonists PAM3CSK4, LPS and flagellin, were tested.
Upon exposure of the PHSIE cells to these bacterial TLR agonists no induction in excretion of cytokines
was observed except for i) the excretion of IL-8 upon exposure to the TLR4 agonist LPS at a level that was
1.5-fold higher (p<0.01) than what was already observed in the control cells without TLR agonist exposure,
ii) excretion of CXCL10 and IL-6, not observed in the control, but detected at 2.8 pg and 7.1 pg upon 24 h
exposure to the TLR4 agonist LPS, iii) excretion of CXCL10, that was not detectable in the control, but
observed at 66 pg upon 24 hour exposure to the TLR5 agonist flagellin, while iv) excretion of IL-8 was
significantly reduced compared to the control and was no longer detectable upon 24 h exposure to
flagellin (Fig. 7).

Comparison of the effects in the two cell models indicates that both models showed an increased
excretion of CXCL10 upon exposure to flagellin, and in both models IL-8 excretion was affected by the
exposure to some of the TLR agonists.

66



TLR receptor expression and responses to TLR agonists in PHSIE and iPSC derived models

% Control
2500
2000+
T
9
3]
X
© 1000 * %k
o
500
nd nd nd e
0- T T T * T I?I 'g'_
©
NP RPN A A A N
oovo\:b+ovo\> A\4 R4 A\4 RS
(SN ¢) C;\"

Figure 9. Excretion of cytokines by the control iPSC derived organoids and PHSIE cell model into the medium after 24 h. Significant
differences between models are indicated with **= p < 0.01. nd = not detected.
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Figure 10. Excretion of cytokines by the iPSC derived organoids into the medium after 24 h exposure to Pam3CSK4 (300 ng/mL),

poly(I:C) (20 ug/mL), LPS (20 ug/mL), flagellin (100 ng/mL), or ssRNA (5 ug/mL). Significant differences versus control excretion
are indicated with * = p < 0.05.
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Figure 11. Excretion of cytokines by the PHSIE cell model into the medium after 24 h exposure to Pam3CSK4 (300 ng/mL), poly(I:C)
(20 ug/mL), LPS (20 ug/mL), flagellin (100 ng/mL), or ssSRNA (5 ug/mL). Significant differences versus control excretion are

indicated with **=p < 0.01.

3.3.4 Literature review of presence of TLR receptors in human biopsies or organoids

To allow comparison of the expression levels of the TLRs in the two in vitro models, the presence and
expression levels of TLRs in intestinal biopsies from humans and human iPSC or adult stem cell derived
organoids as reported in the literature is summarized in Table 3. TLR gene expression data have been
reported for fetal ileal epithelial, and adult colon biopsies. Gene expression of TLR1 in the colon biopsies
was only reported in a single study [16]. For TLR2 several studies confirmed the expression in different
intestinal epithelial segments and also in both iPSC and adult stem cell derived in-vitro models [16-22].
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For TLR3 three studies reported expression in colonic biopsies and one in adult stem cell derived organoids
from both the colon and small intestine [16, 17, 19, 21]. For TLR4 expression in different intestinal
segments was reported in several studies, though two reported a relatively low expression [16—-19, 21—
23]. One study reported an absence of TLR4 expression in both fetal explants and biopsies from small
bowel restrictions [20]. For TLR5 four studies reported expression in colonic biopsies, fetal colonic
xenografts and adult stem cell derived organoids from both the colon and small intestine [16, 17, 22, 24].
For TLR7 expression was reported in two studies using colonic biopsies and iPSC derived organoids [16,
21]. For TLR8 and 9 expression was reported in one study using colon biopsies [16]. The TLR gene
expression in the PHSIE cell model as used in this study has not been reported in the literature before.
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Table 3 Overview of the presence of TLR in human biopsies or organoids according to literature.

TLR Origin of cells Intestinal segment Expression | TLR expression detection method Ref
1 Biopsies Colon + RT-PCR [16]
Biopsies Colon + RT-PCR [16]
Biopsies Colon + Immunohistochemistry [17]
Biopsies Fetal ileal + RT-PCR + Western Blot [18]
) Biopsies Colon + Immunohistochemistry [19]
Biopsies Fetal explants + adult small
) + RT-PCR [20]
bowel resection
In vitroinduced SC | General + gPCR [21]
In vitro adult SC Colon + small intestine + rnaSEQ [22]
Biopsies Colon + RT-PCR [16]
3 Biopsies Colon + Immunohistochemistry [17]
Biopsies Colon + Immunohistochemistry [19]
In vitro induced SC | General + gPCR [21]
Biopsies Colon + RT-PCR [16]
Biopsies Colon + Immunohistochemistry [17]
Biopsies Fetal ileal + RT-PCR + Western Blot [18]
Biopsies Colon + Immunohistochemistry [19]
Biopsies Fetal explants + adult small
4 ) - RT-PCR [20]
bowel resection
Biopsies Infant small intestine + gPCR + SDS-PAGE [23]
In vitroinduced SC | General + gPCR [21]
In vitro adult SC Colon + rnaSEQ (22]
In vitro adult SC Small intestine + rnaSEQ
Biopsies Colon + RT-PCR [16]
Biopsies Colon + Immunohistochemistry [17]
5 Biopsies Colon R gPCR + Immunohistochemistry [24]
Xenograft Fetal colon Immunohistochemistry
In vitro adult SC Colon + small intestine rnaSEQ [22]
; Biopsies Colon + RT-PCR [16]
In vitro induced SC | General + gPCR [21]
8 Biopsies Colon + RT-PCR [16]
9 Biopsies Colon + RT-PCR [16]

SC = stem cell; TLR = Toll-Like Receptor; SEQ = Sequencing

3.4 Discussion

We aimed to identify an in vitro gut barrier system that is able to respond to a broad range of TLR agonists

similar to the in vivo situation. For this, we characterized the basal and TLR agonist induced levels of the

TLR receptors in iPSC derived organoids and a primary human small intestinal epithelial (PHSIE) cell model

and subsequently challenged these model barrier systems to a panel of TLR-agonists measuring the effects

on the excretion of a number of cytokines. We also collected available data on TLR gene expression in ex

vivo and advanced intestinal in vitro models for comparison. We evaluated responses following exposure
to bacterial agonists; flagellin, LPS and PAM3CSK4 in both models and in the iPSC derived organoids and
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we additionally evaluated responses following exposure to viral mimicking agonists ssRNA and Poly(l:C).
These agonists represent model compounds for important TLRs that respond to TLR agonist exposure in
the human intestine.

We compared two systems that use a different approach to achieve the same goal, to create an intestinal
model that closely mimics the in vivo gut. The difference in approaches used does create a number of
uncertainties when comparing the two models. Characterization of both models has revealed the
presence of different cell types with both models containing enterocytes, Paneth cells and stem cells but
the PHSIE cell model also contains M cells and tuft cells while iPSC derived organoids also contain goblet
cells, enteroendocrine cells and mesenchymal cells [4-8]. It has been reported that various cell types in
the human intestinal epithelium display different TLR expression patterns [13], so this can influence the
ability of the systems to respond to TLR agonist exposure. The PHSIE cell model forms a layer but due to
the small apical volume cytokines could only be measured in the basolateral compartment. The iPSC
derived organoids form spherical organoids with the internal compartment of the organoid representing
the intestinal lumen. We measured the cytokines in the medium on the outside of the organoid which
represents the basolateral side. The difference in structure also means that the number of cells in the two
systems is not directly comparable, so besides the difference in cellular makeup also a potential difference
in cell number, makes comparison of basal cytokine levels difficult. Measurement of total protein content
could correct for the cell number but not for differences in cellular makeup. However, both models include
extracellular matrices consisting of proteins that interfere with a total protein measurement. Total RNA
content could be used as an indication for difference in cell number, which in our case is about four times
higher in the PHSIE control samples compared to the iPSC derived organoid control samples (Table S1).
This means the differences between the two systems might be even bigger than shown by the cytokine
excretion levels. The gPCR expression levels can be compared more easily as this measures copy number
in a specific amount of mRNA and thus is independent of cell number.

When looking at the TLR gene expression before the agonist exposure we observed that the TLR9 gene is
significantly higher expressed than the TLR1 gene in both models. Similarly, TLR2, 3 and 5 gene expression
levels were relatively high in both models. Comparatively, TLR 4, 7 gene expression was lower than TLR1
gene expression in both models. In the PHSIE cell model TLR8 could not be detected in two out of the
three samples. Based on our review of literature we concluded that all TLRs can be expected to be
expressed in all compartments of the human intestine, with only TLR4 being reported as absent in one
study [20]. Except for the variable presence of a detectable level of TLR8 in the PHSIE cell model our results
match with these literature data.

In spite of the overall qualitative similarities in the TLR patterns of both cell models there were substantial
differences both in basal TLR expression levels, and in the effects of TLR agonist exposures on these levels.
We observed a clear difference in TLR4 gene expression between both models with the iPSC derived
organoids expressing the TLR4 gene 600 times higher compared to the PHSIE cell model, though
expression of the TLR4 gene in both models is low compared to the gene expression of the other TLRs.
We found one study in the literature that also studied TLR expression levels in iPSC derived organoids [21].
The authors detected five out of the eight TLRs that we analyzed, comparatively they report that TLR4 has
the highest level of expression while TLR7 had the lowest and TLR 2, 3 and 9 were similar in expression.
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So even though they used a similar model, iPSC derived organoids, they observed different relative
expression levels. This can be partially attributed to donor variation of the iPSC cells but it is also of interest
to note that the TLR expression in their lung organoids derived from the same iPSC cells is twenty times
lower than that in their intestinal organoids indicating that the expression is also influenced by the
differentiation protocol [21].

Exposure of the PHSIE cell model to the three bacterial TLR agonists generally did not result in significant
increases in TLR gene expression, with the exception of TLR9, that was significantly induced by the TLR1/2
agonist Pam3CSK4, while showing high interexperimental variability hampering detection of significant
changes in this TLR9 expression by the other two bacterial TLR agonists. Also the iPSC derived organoids
showed limited, albeit some significant, changes in TLR expression levels upon exposure to some of the
TLR agonists. This implies that the two in vitro model systems did not show a comparable response of
their TLR expression levels upon exposure to the TLR agonists. In addition literature also reports effects,
in both in vitro and ex vivo models, that are different from what was observed in our in vitro models. In
literature for example, colon xenografts are reported to show a large increase in TLR5 gene expression
after exposure to the TLR5 agonist flagellin [24]. For LPS, no effect on TLR gene expression was previously
observed in intestinal biopsies while a decrease in TLR4 expression was reported in fetal ileal biopsies
similar to our results in the PHSIE cell model [16, 18]. The results of the present study confirm that there
is not a systematic induction of the TLR receptor expression level by the respective corresponding
agonists, except for the TLR4 induction by LPS and the TLR2 induction by Pam3CSK4 in the iPSC derived
organoids.

The production of the cytokines in the control samples also showed differences between the two in vitro
models. While the PHSIE cell model under standard culture conditions only produced a detectable level
of IL-8, the iPSC derived organoids produced four cytokines, CCL20, CXCL10, IL6 and IL8. Furthermore, we
were unable to detect IL-12p40, TNF-a and IL-10 in the models, while these have been reported in other
in vitro cell models [21, 27]. Upon exposure to the different TLR agonists further differences in cytokine
production between the two models and between the two in vitro models and literature reported in vitro
and in vivo data were noted.

Pam3CSK4 is a potent synthetic TLR1/2 agonist, this TLR1/2 dimer normally recognizes bacterial
lipoproteins and lipopeptides [28]. The iPSC derived organoid exposure to Pam3CSK4 did not induce the
excretion of any of the cytokines while it decreased the IL-6 excretion. The exposure to Pam3CSK4 in PHSIE
cell model did not result in detectable levels of any of the cytokines in the medium, for IL-8 this implies a
decreased excretion compared to the control. In adult stem cell derived organoids from all parts of the
colon a low increase in IL-8 expression after exposure to Pam3CSK4 was observed which matched with
the low gene expression of TLR2 in those colon parts compared to the organoids derived from the stomach
[22]. Also in colonic adult stem cell derived organoids increased IL-6 expression after exposure to
Pam3CSK4 using was observed [29]. So, our results show that the most important response to Pam3CSK4
might be a change in TLR gene expression and not cytokine production. Overall, neither model showed a
significant response in cytokine excretion after exposure with Pam3CSK4.

Poly(I:C) is a synthetic double stranded RNA used to simulate viral infection [30] and is recognized by TLR3.
In the present study only the iPSC derived organoids were exposed to viral TLR agonists. We observed a
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decrease in IL-8 excretion after exposure to Poly(l:C) in iPSC derived organoids. This differs from literature
where an increase in excretion of IL-6 and IL-8 after exposure to Poly(l:C) was reported for colonic adult
stem cell derived organoids, with an accompanying increase in all other measured cytokines [21].

Lipopolysaccharides are part of the outer membrane of gram-negative bacteria and are recognized by
TLR4 [31, 32]. Only the PHSIE model showed a significant response to LPS with an increased excretion of
IL-8. This effect of LPS is not consistent with the results following MAPK activation in human biopsies [16]
and the observed increased gene expression and excretion of IL-1B, IL-6, IL-8, MCP-1 and TNF-a but not
IL-12p40 expression in adult stem cell derived intestinal organoids exposed to LPS [21]. The lack of
significant response in the iPSC derived organoids exposed to LPS was also seen before following LPS
exposure of adult stem cell derived organoids [22].

Flagellin is a part of the bacterial flagellum, which plays a role in the motility, adhesion and invasion of
cells by (certain) bacteria [33]. Flagellin is known to be a potent immune activator which acts via TLR5 [34,
35]. In the iPSC derived organoids we observed an increase in CXCL10 and IL-8 excretion upon flagellin
exposure. In the PHSIE cell model only the excretion of CXCL10 was significantly increased upon exposure
to flagellin, while, similar to the unexposed control, the other three cytokines could not be detected in
the medium. In the PHSIE cell model excretion of IL-8 was significantly reduced compared to the control
situation. In literature human adult stem cell derived organoids displayed an increase in IL-8 gene
expression after exposure to flagellin in jejunum and colon but not the duodenum and ileum derived
organoids [22], pointing at a difference between the in vivo situation and the PHSIE cell model while the
iPSC derived organoids adequately mimicked the results. All together the iPSC organoids appeared to
reflect the multitude of effects of flagellin, which is considered a potent immunomodulatory agent [36],
better than the PHSIE cell model.

ssRNA is recognized by both TLR7 and TLR8 in intracellular compartments like the endosomes [14] so
activation requires endocytosis of the agonist. In our experiments we assured internalization of ssSRNA by
the addition of LyoVec during the exposure. The PHSIE cell model was only exposed to the bacterial
agonists, so for this cell model no data are available for the viral TLR agonist ssRNA and poly(l:C). The iPSC
derived organoids showed a significantly increased excretion of IL-6 upon exposure to ssRNA. Previously
it was shown that exposure of colonic adult stem cell derived organoids to another TLR 7/8 agonist, R848,
increased the IL-6 expression [29].

We set out to study which cell model could best be used for future studies focusing on immunomodulation
in the human gut. Firstly, we conclude that TLR gene expression in the PHSIE cell model was lower than
that of the iPSC derived organoids, with for example TLR8 gene expression only being detectable in one
of the PHSIE cell model samples. Previous studies indicated that all TLRs are expressed in the human
intestine or advanced intestinal models, so the iPSC derived organoids better emulate the in vivo intestinal
situation. Secondly, cytokine production in the control samples of the PHSIE cell model was below
detectable levels except for IL-8, and only CXCL10 and IL-8 showed a significant response to one TLR
agonist tested. Comparatively, the iPSC derived organoids showed measurable levels of four cytokines in
the control samples and a wider range of responses against the TLR agonists. Importantly the results show
the importance of measuring more than one endpoint with none of the cytokines showing the same
response to all agonists. Thirdly, we also observed differences in the level of gene expression between the
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different TLRs after exposure to agonists. Measuring one singular TLR does not give the full overview of
effects so measuring a wide array like performed here is the best approach. Lastly, effects on cytokines
and TLRs can be opposite, as observed for Poly(l:C) where IL-8 excretion decreased but TLR expression
increased, showing the importance of measuring both endpoints. Overall, the PHSIE cell model, like
previously studied cell line based models [25], only displayed a limited ability to respond to the bacterial
TLR agonists. While the iPSC derived organoids were able to respond to a range of bacterial and viral TLR
agonists. Therefore, it is concluded that the iPSC derived organoids are a promising model to further study
intestinal immune responses.
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Table S3 RNA concentration in control samples of the iPSC derived organoids and PHSIE model. Same elution volume was used in

both models.

Control ng/ul RNA iPSC derived organoids ng/ul RNA PHSIE
1 201.2 547

2 111.7 637

3 131 643.5

77






Chapter 4

Differential gene expression in
IPSC-derived human intestinal
epithelial cell layers following
exposure to two concentrations of
pbutyrate, propionate and acetate

Based on: Grouls, M., Janssen, A\W.F., Duivenvoorde, L.PM. et al. Differential gene
expression in iPSCderived human intestinal epithelial cell layers following exposure
to two concentrations of butyrate, propionate and acetate. Sci Rep 12, 13988
(2022). hitps://doi.org/10.1038/s41598-022-17296-8.

Menno Grouls', Aafke W.F. Janssen?, Loes PM. Duivenvoorde?,
Guido J.E.J. Hooiveld?, Hans Bouwmeester', and Meike van der Zande?
N

! Division of Toxicology, Wageningen University, Wageningen University &
Research, Postbus 8000, 6700 EA, Wageningen, The Netherlands

2 Wageningen Food Safety Research, Wageningen University & Research,
Wageningen, The Netherlands

3 Division of Human Nuftrition, Wageningen University, Wogenlngen University &
Research, Wageningen, The Netherlands .




Chapter 4

Abstract

Intestinal epithelial cells and the intestinal microbiota are in a mutualistic relationship that is dependent
on communication. This communication is multifaceted, but one aspect is communication through
compounds produced by the microbiota such as the short-chain fatty acids (SCFAs) butyrate, propionate
and acetate. Studying the effects of SCFAs and especially butyrate in intestinal epithelial cell lines like
Caco-2 cells has been proven problematic. In contrast to the in vivo intestinal epithelium, Caco-2 cells do
not use butyrate as an energy source, leading to a build-up of butyrate. Therefore, we used human
induced pluripotent stem cell derived intestinal epithelial cells, grown as a cell layer, to study the effects
of butyrate, propionate and acetate on whole genome gene expression in the cells. For this, cells were
exposed to concentrations of 1 and 10 mM of the individual short-chain fatty acids for 24 hours. Unique
gene expression profiles were observed for each of the SCFAs in a concentration-dependent manner.
Evaluation on both an individual gene level and pathway level showed that butyrate induced the biggest
effects followed by propionate and then acetate. Several known effects of SCFAs on intestinal cells were
confirmed, such as effects on metabolism and immune responses. The changes in metabolic pathways in
the intestinal epithelial cell layers in this study demonstrate that there is a switch in energy homeostasis,
this is likely associated with the use of SCFAs as an energy source by the induced pluripotent stem cell
derived intestinal epithelial cells similar to in vivo intestinal tissues where butyrate is an important energy
source.

Keywords: SCFA, butyrate, propionate, acetate, intestine, intestinal epithelial cells, iPSC, RNA
sequencing, Complex in vitro models
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4.1 Introduction

The interactions between the host intestinal mucosa and the intestinal microbiota is a mutualistic
relationship that is important for maintaining the host’s health. The human intestine offers a niche for
many bacteria to live in, and in turn these bacteria fulfil an important role in metabolism of drugs and
food related chemicals, and synthesis of beneficial chemicals like vitamins [1]. Upon microbial
fermentation of dietary fibers, the intestinal microbiota produces short chain fatty acids (SCFAs) which
are fatty acids with fewer than six carbon atoms [2, 3]. The total concentration of SCFAs in the intestinal
tract ranges from ~11-13 mM in the distal small intestine to 50-100 mM in the colon [3].

Butyrate, acetate and propionate are three of the most abundantly produced intestinal SCFAs. These
SCFAs serve as a prominent energy source in various cell types, and have been shown to regulate immune
responses in the gut by affecting immune related signaling pathways in epithelial cells [4, 5], which in turn
affect immune cells residing in the lamina propria such as monocytes (i.e. reduction in migration) and
macrophages (i.e. reduction of IL-12 excretion and induction of IL-10 excretion) [6, 7]. These SCFAs have
also been shown to affect the barrier function of the intestinal epithelium by modulating tight junction
formation [8] and by adjusting proliferation and differentiation of intestinal epithelial cells [9, 10].
Butyrate is the most studied SCFA, it maintains gastrointestinal health by serving as the main energy
source for enterocytes, enhancing epithelial barrier integrity and by inhibiting inflammation [11].

A disbalance in intestinal SCFA levels has been associated with a dysbiosis in the intestinal microbiota and
has been linked to a still increasing number of diseases such as Inflammatory Bowel Disease (IBD) [12],
Alzheimer’s disease [13] and Parkinson’s disease [14, 15]. In IBD patients, the concentrations of SCFAs in
the intestine are decreased due to a decrease in the number of butyrate producing bacteria that make up
the microbiota [12, 16, 17]. The relation of SCFAs with Alzheimer’s disease is multifactorial encompassing
five aspects; epigenetic regulation, modulation of neuroinflammation, maintenance of the blood-brain
barrier, regulation of brain metabolism and interference in amyloid protein formation with butyrate being
the most impactful SCFA [13]. For Parkinson’s disease it has been observed that changes in the makeup
of the gut microbiota, in particular a decrease in SCFA producing fiber degrading bacterial strains,
correlate with disease progression [14].

Several human intestinal cell models have been used to study the mode of action of SCFAs. Initially, well-
characterized conventional cell-line based models like Caco-2 cells and their coculture variants (i.e. Caco-
2 and HT29 cells) were exposed to SCFAs to study their effects [18, 19]. However, these are cancer cells
and the effects of SCFAs on these cells cannot be easily extrapolated to human in vivo conditions as cancer
cells do not use butyrate as their energy source. This leads to a build-up of butyrate and is referred to as
the butyrate paradox [20-23]. Novel directions in research have been made possible after the hallmark
success of culturing primary intestinal tissues and adult stem cell-based 3D human intestinal organoids
(H10s) in vitro. Subsequently, induced pluripotent stem cell (iPSC) based 3D HIOs were developed [24].
iPSCs can be differentiated into a large variety of cells in the human body by applying growth factors
during their development. Using a protocol for differentiation into HIOs resulted in a microarchitecture
and cell type composition similar to the human intestine. iPSC derived HIOs consist of enterocytes, goblet
cells, mesenchymal and enteroendocrine cells [25-28]. Furthermore, iPSC derived HIOs have shown
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improved cytochrome P450 and transporter expression in comparison with Caco-2 cells [29, 30]. More
recently, iPSCs have been used to create 2D intestinal epithelial cell (IEC) layers that emulate the full
cellular complexity of the 3D HIOs, but have an easily accessible apical and basolateral side in comparison
with their 3D HIO variants which are closed spheres. This difference makes it easier to perform relevant
experiments as compounds can be added to the apical side which represents the lumen, there is no build-
up of cellular debris near the cells, cells are not encompassed in extracellular matrix providing free access
and samples opportunities.

3D HIOs and 2D IEC layers have yet been used very limitedly to study the effect of SCFAs and predict
potential responses in vivo. An early study in 2014 reported effects of SCFAs and products generated by
two abundant microbiota species Akkermansia muciniphila and Faecalibacterium prausnitzii on adult
stem cell derived mouse intestinal organoids. The authors showed that exposure induced cellular lipid
metabolism, cell growth and cell survival pathways [31]. More recently, a limited gene expression study
using qPCR analysis was performed on mouse and human adult stem cell based intestinal organoids and
IEC layers, which were exposed to butyrate, propionate or acetate (at 1 and 10 mM for 24 hours). It was
shown that propionate and butyrate affected cell differentiation and expression of selected genes [32].

In this study, we aimed to assess the effects of the SCFAs butyrate, propionate and acetate on human iPSC
derived 2D IEC layers on a whole genome gene expression level. To this end, IEC layers were exposed to
butyrate, propionate, and acetate at 1 and 10 mM for 24 h. To study the effects on a whole genome gene
expression level, RNA was extracted after exposure and sequenced using next-generation sequencing.
Data analysis was done at an individual gene level and at a pathway level using Gene Set Enrichment
Analysis (GSEA). The present study provides novel insights into the effects of butyrate, acetate and
propionate on whole genome gene expression profiles and their differences, and on the applicability of
human iPSC derived IEC layers for SCFA research.

4.2 Materials and Methods
4.2.1 Human induced pluripotent stem cell culture

The human iPSC cell line (CS83iCTR-33n1) was provided by the Cedars-Sinai Medical Center’s David and
Janet Polak Foundation Stem Cell Core Laboratory. These cells were established through episomal
reprogramming of fibroblasts of a 31-year-old healthy female. The cell line has been fully characterized
and no karyotype abnormalities have been found. Undifferentiated human iPSCs were cultured in feeder
free conditions using mTeSR1 medium (Stem Cell Technologies, Vancouver, Canada) on human embryonic
stem cell qualified matrigel (Corning, New York, NY). For passage, iPSC colonies were dissociated using
gentle cell dissociation reagent (Stem Cell Technologies).

4.2.2 Human induced pluripotent stem cell differentiation into intestinal epithelial cell layers

For differentiation, human iPSCs were dissociated into single cells using accutase (Stem Cell Technologies)
and cultured on human embryonic stem cell qualified matrigel-coated 24-well plates in mTeSR1
supplemented with 10 uM Y-27632 (Stem Cell Technologies) for 1 day. Human iPSCs were subsequently
differentiated into definitive endoderm (DE) by incubation in RPMI1640 medium containing 1% non-
essential amino acids (Gibco) and 100 ng/ml Activin A (Cell Guidance Systems, Cambridge, UK), with
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increasing concentrations of fetal bovine serum (0%, 0.2% and 2% on day 1, 2 and 3, respectively). 15
ng/ml BMP4 (R&D Systems, Minneapolis, MN) was also added during the first day of definitive endoderm
formation. Differentiation into intestinal stem cells was subsequently induced by changing medium into
DMEM/F12 containing 2% fetal bovine serum, 1% GlutaMAX (Gibco) and 250 ng/ml FGF2 (R&D Systems).
After 4 days, cells were dissociated using Accutase and seeded onto polyester transwell inserts (0.4 pum,
Corning) coated with Growth Factor Reduced matrigel. Cells were cultured for 7 days in intestinal
differentiation medium (DMEM/F-12 containing 2% fetal bovine serum, 1% non-essential amino acids
(Gibco), 1 x B27 (Gibco), 1 x N2 (Gibco), 1% penicillin/streptomycin (Gibco) and 2 mM L-glutamine (Gibco))
supplemented with 20 ng/ml EGF (R&D Systems) and 1 mM 8-Br-cAMP (Sigma). The ROCK inhibitor, y-
27632 (final concentration 10 uM; Stem Cell Technologies), was added during the initial 24 hours after
seeding to reduce cell death. The cells were subsequently cultured for 12 days in intestinal differentiation
medium supplemented with 20 ng/ml EGF, 500 uM IBMX (Sigma), 5 uM 5-aza-2'-deoxycytidine (Sigma),
20 uM PD98059 (Stem Cell Technologies), and 0.5 uM A-83-01 (Sigma). Medium was refreshed every 2—
3 days.

4.2.3 RNA solation and sequencing

After the last day of differentiation cells were exposed to sodium-butyrate, sodium-propionate and
sodium-acetate (Sigma-Aldrich, Steinheim, Germany) at 1 and 10mM in triplicate (n=3). After the 24h
incubation the cells were washed with 100uL DMEM®. After that, 350uL RA1 lysis buffer was added and
incubated for 5 min. The entire volume of RA1 solution was collected as cell lysate and total RNA. Total
RNA from the iPSC derived IECs was extracted using the NucleoSpin RNA isolation kit (Macherey-Nagel,
Duren, Germany) according to manufacturer’s instructions. Quality of the RNA was checked using a
NanoDrop One (ThermoFisher, Wilmington, Delaware, USA) and bioanalyzer (Agilent). Samples (n=3 per
treatment) were sent to BGI (Hong Kong) for transcriptome sequencing using the DNBSEQ Technology
Platform with 20M reads per sample. All the generated raw sequencing reads were filtered, by removing
reads with adaptors, reads with more than 10% of unknown bases, and low quality reads. Clean reads
were then obtained and stored as FASTQ format.

4.2.4 Raw data processing

The RNA-seq reads were used to quantify transcript abundances. To this end the tool Salmon [33] (version
1.3.0) was used to map the sequencing reads to the GRCh38.p13 human genome assembly-based
transcriptome sequences as annotated by the GENCODE consortium (release 35) [34]. The obtained
transcript abundance estimates and lengths were then imported in R using the package tximport (version
1.18.0) [35], scaled by average transcript length and library size, and summarized on the gene-level. Such
scaling corrects for bias due to correlation across samples and transcript length and has been reported to
improve the accuracy of differential gene expression analysis [35]. Differential gene expression was
determined using the package limma (version 3.46.0) [36] using the obtained scaled gene-level counts.
Briefly, before statistical analyses, counts for only protein-coding genes were retained, whereafter
nonspecific filtering of the count table was performed to increase detection power [37], based on the
requirement that a gene should have an expression level greater than 10 counts, that is, 0.5 count per
million reads (cpm) mapped, for at least three libraries across all 21 samples. These three libraries did not
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have to be within a single treatment group. Differences in library size were adjusted by the trimmed mean
of M-values normalization method [38]. Counts were then transformed to log-cpm values and associated
precision weights, and entered into the limma analysis pipeline [39]. GEO accession number:
“GSE200309”.

4.2.5 Data analysis at the individual gene level

Differentially expressed genes were identified by using generalized linear models that incorporate
empirical Bayes methods to shrink the standard errors towards a common value, thereby improving
testing power [36, 40]. Genes were defined as significantly changed when FDR < 0.05. Venn diagrams,
showing the differentially expressed genes were made using Venny 2.1 [41]. The top 500 genes with the
most variation were selected by using the interquartile range (IQR) as a measure, which is the difference
between the 25th and 75th percentile. The coefficient of variation, which measures how much the values
differ within a treatment, was set to 0.5 to select for differential gene expression that was related to the
treatment instead of at random. Data was standardized by converting values to a z-score which sets the
average to 0 and scales the other values from -2 to 2. A principle component analysis (PCA) was performed
using the library PCAtools on the top 500 differentially expressed genes (see selection process of the genes
below) [42]. Subsequently, all individual samples were hierarchically clustered based on of the top 500
differentially expressed genes and presented in a heatmap using heatmapper [43].

4.2.6 Characterization of cellular makeup of IEC layers

To characterize the cellular makeup of the IEC layers and to evaluate the effects of the SCFAs on
differentiation of the IECs, gene expression data of cell type specific markers and differentiation markers
was analyzed. For characterization of the cellular makeup, markers were obtained from studies using
single cell surveys looking for cell type specific markers. In the two enterocyte sets the proximal set
represents the duodenum and jejunum while the distal set represents the ileum [44]. The gene expression
data of the individual control samples was pooled and gene expression was given in log2(cpm) values. For
evaluation of the effects of the SCFAs on differentiation of the IECs, markers were selected from literature
performing single-cell surveys on cells extracted from the intestine [44, 45] and Kyoto Encyclopedia of
Genes and Genomes (KEGG) cell type signature sets. Log2(cpm) values of individual samples were
averaged per exposure group and compared with the control group.

4.2.7 Data analysis at the biological pathway level

Changes in gene expression were related to biologically meaningful changes using gene set enrichment
analysis (GSEA). It is well accepted that GSEA has multiple advantages over analyses performed on the
level of individual genes [46—48]. GSEA evaluates gene expression on the level of gene sets that are based
on prior biological knowledge, GSEA is unbiased, because no gene selection step (fold change and/or p-
value cut-off) is used. A GSEA score is computed based on expression of all genes in the gene set and
allows for the detection of affected biological processes that are due to only subtle changes in expression
of individual genes. Gene sets were retrieved from the expert-curated KEGG database [48] (BRITE
Functional Hierarchy level 1). Six level-1 KEGG categories were included in the analysis, metabolism,
genetic information processing, environmental information processing, cellular processes, organismal
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system and human diseases Moreover, only gene sets comprising more than 15 and fewer than 500 genes
were taken into account. For each comparison, genes were ranked based on their t-value that was
calculated by the moderated t-test. Statistical significance of GSEA results was determined using 10.000
permutations.

4.3 Results
4.3.1 Presence of different cell types in IEC layers

The cellular makeup of the IEC layers was characterized by evaluating the expression of known cell type
specific gene markers in the control samples. This was done to determine the similarities in cellular
makeup between the IEC layers and the in vivo gut. Table 1 summarizes the expression of these marker
genes and indicated that enterocytes, goblet cells, Paneth cells, tuft cells, enteroendocrine cells, and stem
cells were present in our IEC layers. In the total RNA pool, 13 out of 14 goblet cell markers were expressed,
13 out of 14 enterocyte (proximal) cell markers, 13 out of 14 enterocyte (distal) cell markers, 8 out of 14
Paneth cell markers, 12 out of 14 tuft cell markers, 8 out of 14 enteroendocrine cell markers and 11 out
of 14 stem cell markers.

4.3.2 Differential gene expression

Gene expression profiles of IEC layers exposed to the three individual SCFAs at two concentrations were
evaluated by a PCA. A PCA scatterplot representing the first two principle components based on the
transcriptome profiles of the six exposure groups and the controls is shown in Fig. 1. PC1 and PC2 explain
54.71% and 5.64% of the total variation, respectively. The control samples and samples exposed to 1mM
and 10mM acetate, and 1mM propionate clustered together, indicating little variation in gene expression
between the groups. Based on the first component (PC1), samples exposed to 10 mM butyrate differed
most from the control samples, as shown by the largest distance between the two groups. Also, samples
exposed to 10 mM propionate and to a lesser extent samples exposed to 1 mM butyrate differed from
the control samples and these groups were located between the control and butyrate 10 mM samples.
Based on the second component (PC2), samples exposed to 10 mM propionate and 1mM butyrate
differed most from the control samples.

4.3.3 Gene expression data analysis at the individual gene level

The original dataset consisted of 60,237 genes in 21 samples, after filtering for low count genes this was
reduced to 19,654 genes. Of these genes, 3,534 were not protein coding resulting in a data set containing
16,120 genes. For comparison of exposure conditions a False Discovery Rate (FDR) cut-off value of <0.05
was used resulting in 1,636 down- and 1,665 upregulated genes for butyrate 1 mM, 5,093 down- and
5,103 upregulated genes for butyrate 10 mM, 15 down- and 28 upregulated genes for propionate 1 mM,
2,741 down- and 2,681 upregulated genes for propionate 10 mM, 2 down- and 11 upregulated genes for
acetate 1 mM, and 24 down- and 18 upregulated genes for acetate 10 mM. At 1 mM there were no shared
genes between all three compounds, at 10 mM there were 15 down- and 13 upregulated shared genes.
Between butyrate and propionate there were 14 down- and 27- upregulated shared genes at 1 mM and
2,271 down- and 2,138 upregulated shared genes at 10 mM. Between butyrate and acetate there were 1
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down- and 5- upregulated shared genes at 1 mM and 2 down- and O upregulated shared genes at 10 mM.
Between acetate and propionate there was only 1 shared upregulated gene at 1 mM and 2 down- and 4
upregulated genes at 10 mM (Fig. 2). To obtain a visual overview of differential gene expression at the
individual gene level all samples were hierarchically clustered based on the top 500 highest differentially

expressed genes and presented in a heatmap (Fig.3).

Proprionate 10mM
[
Proprionate 10mM
Proprionate 10mMg, Butyrate 1mM
10 Butyrate 1mM
Butyrgte 1mM
7 Control
Acetate TmM
Acetate 10mM @ Acetate 10mM
[ ]

Proprionate 1mM
0 A Proprionate 10mM
Butyrate 1mM

Acetate 10mM
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5 Control ’Afe?att‘e 1mM
-— L . e
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-10 = eButy

-60 -40 -20 0 20
PC1, 54.71% variation

Figure 12. PCA plot of induced pluripotent stem cell derived intestinal epithelial cell layers exposed to 1 or 10 mM butyrate,
propionate, acetate or control for 24 hours.
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Downregulated
Butyrate 1 mM  Propionate 1 mM Butyrate 10 mM  Propionate 10 mM

Acetate 1 mM Acetate 10 mM
Upregulated
Butyrate ] mM  Propionate 1 mM Butyrate 10 mM  Propionate 10 mM

C D

2138
(37.9%)

&

Acetate 1 mM Acetate 10 mM

Figure 2. Venn diagrams showing the differentially expressed genes (FDR<0.05) in induced pluripotent stem cell derived intestinal
epithelial cell layers exposed to 1 or 10 mM butyrate, propionate or acetate for 24 hours versus the control. A downregulated
genes in IEC layers exposed to 1 mM butyrate, propionate or acetate, B downregulated genes in IEC layers exposed to 10 mM
butyrate, propionate or acetate, C upregulated genes in IEC layers exposed to 1 mM butyrate, propionate or acetate, D

upregulated genes in IEC layers exposed to 10 mM butyrate, propionate or acetate.
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Figure 3. Heatmap of the top 500 differentially expressed genes in induced pluripotent stem cell derived intestinal epithelial cell
layers exposed to 1 or 10 mM butyrate (Buty), propionate (Prop) or acetate (Ace) and in the control samples (C) with 3 samples

per condition. Blue indicates below average expression and yellow indicates above average expression. Made using heatmapper,
http://www.heatmapper.ca [43, 49].
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4.3.4 SCFAs effects on IEC differentiation

To evaluate the effects of the SCFAs on differentiation of IECs, gene expression of specific differentiation
and cell type markers was analyzed in all exposure groups versus the control group. Table 2 summarizes
the expression of these marker genes. The stem cell marker LGR5 was significantly reduced after acetate
1 and 10 mM, propionate 10 mM and butyrate 10 mM exposure. The enterocyte marker Alkaline
Phosphatase intestinal (ALPi) was significantly increased after acetate 1 mM and butyrate 1 mM exposure,
but reduced after butyrate 10 mM exposure. The goblet cell marker Mucin 2 (MUC2) was significantly
increased after exposure of the cells to 1 mM acetate, but significantly reduced after propionate 10mM
and butyrate 10mM exposure. The enteroendocrine marker chromogranin A (CHGA) was significantly
increased after butyrate 10mM exposure. The Paneth cell marker lysozyme (LYZ) was significantly
increased after acetate 1mM exposure, but significantly reduced after butyrate 10 mM exposure. The
tight junction marker claudin-3 (CLDN3) was significantly increased after butyrate 1 mM exposure, but
significantly reduced after butyrate 10 mM exposure. Another tight junction marker, occludin (OCLN), was
also significantly reduced after butyrate 10 mM exposure. A third tight junction marker, zona-occludens
1(TJP1), was significantly reduced after acetate 10 mM, propionate 1 mM and 10 mM and butyrate 1 mM
and 10 mM exposure. Finally, the tuft cell marker Doublecortin Like Kinase 1 (DCLK1) was significantly
increased after butyrate 10 mM exposure. In general, exposure to butyrate 10 mM had most pronounced
effects on the selected differentiation markers.
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Table 2. Gene expression data of specific differentiation and cell type markers.

Acetate Propionate Butyrate

Gene 1mM 10 mM 1mM 10 mM 1mM 10 mM

LGR5 0.78 0.72 0.83 0.30 0.83 0.15
ALPi 1.38 | 0.999437 1.08 1.02 1.46 0.68
muc2 1.46 1.08045 1.00 0.60 0.98 0.39
CHGA 1.26 | 0.839668 0.93 0.68 1.23 4.66
LYz 1.24 | 1.133515 1.20 0.97 1.06 0.53
CLDN3 1.02 | 1.006666 1.15 1.12 1.40 0.36
OCLN 1.06 | 0.971462 1.09 1.04 1.02 0.36
TJP1 0.98 0.85 0.90 0.77 0.81 0.72
DCLK1 1.29 | 1.007723 0.99 0.93 0.78 1.97

Gene expression ratios in induced pluripotent stem cell derived intestinal epithelial cell layers exposed to 1 or 10 mM butyrate,
propionate or acetate for 24 hours compared with the control. Each ratio is based on the average expression data of 3 samples.
Blue cells are significantly downregulated and yellow cells are significantly upregulated (p<0.05). The markers represent stem cells
(LGR5), enterocytes (Alkaline Phosphatase intestinal; ALPi), goblet cells (Mucin 2; Muc2), enteroendocrine cells (chromogranin A;
CHGA), Paneth cells (Lysozyme; LYZ), tight junction proteins (Claudin-3; CLDN3, Occludin; OCLN and Zonule-occludens 1; TJP1),
and tuft cells (Doublecortin Like Kinase 1; DLK1).

4.3.5 Gene set enrichment analysis of gene expression data from iPSC derived IECs exposed to 1 and
10 mM butyrate or 10 mM propionate.

GSEA was performed for an in-depth evaluation of the effects of exposure to SCFAs on a biological
pathway level. Six KEGG categories were included in the analysis; metabolism, genetic information
processing, environmental information processing, cellular processes, organismal system and human
diseases (BRITE Functional Hierarchy level 1). Gene sets were ranked based on the Normalized Enrichment
Score (NES) to select the most enriched pathways. Cut-off values p<0.05 and FDR<0.25 were applied to
select statistically significant pathways based on standard GSEA practice. Propionate at 1 mM exposure
resulted in a total of 56 upregulated gene sets and a total of 0 downregulated gene sets. Acetate exposure
at both 1 mM and 10 mM, resulted in a total of 95 and 2 upregulated gene sets and a total of 13 and 98
downregulated gene sets, respectively. Due to these relatively low numbers of enriched pathways and
because they grouped together with the controls in previous analyses, propionate at 1 mM and acetate
at both concentrations were excluded from this analysis, leaving the exposure groups butyrate 1 mM and
10 mM, and propionate 10 mM. Exposure to butyrate 1 mM resulted in a total of 8 downregulated gene
sets divided over the metabolism, genetic information processing, cellular processes and human diseases
categories and 74 upregulated gene sets divided over the metabolism, environmental information
processing, organismal systems, human diseases and general categories (Fig. 4A). Butyrate 10 mM
exposure resulted in a total of 89 downregulated gene sets divided over all 6 categories (Metabolism,
Genetic Information Processing, Environmental Information Processing, Cellular Processes, Organismal
Systems and Human Diseases) and 18 upregulated gene sets divided over the metabolism, genetic
information processing, organismal systems, and human diseases categories (Fig. 4A). Propionate 10 mM
exposure resulted in a total of 16 downregulated gene sets divided over all 6 categories and 32
upregulated gene sets which were also divided over all 6 categories (Fig.4A). When comparing the three
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exposure groups there were 7 shared upregulated gene sets and 2 shared downregulated gene sets for
all three exposures. There were no additional shared gene sets between the butyrate 10 and 1 mM
exposure groups. The butyrate 10 mM and propionate 10 mM exposure groups shared 3 upregulated and
8 downregulated gene sets, while the butyrate 1mM and propionate 10mM exposure groups shared 18
upregulated and 5 downregulated gene sets (Fig. 4B+C).

For further analysis on the pathway level, pathways related to the intestine were selected based on expert
judgement. The top 10 of this selection, is given in Tables 3-5 for butyrate, propionate and acetate
exposure induced pathways, respectively. Following butyrate 10 mM exposure the most upregulated gene
set was DNA replication in the KEGG category Genetic Information Processing and the KEGG category
subgroup Replication and repair (NES=2.43), the most downregulated gene set was the p53 signaling
pathway in the KEGG category Human Diseases and the KEGG category subgroup Cell growth and death
(NES=-1.99) (Table 3). Following butyrate 1 mM exposure the most upregulated gene set was chemical
carcinogenesis in the KEGG category Human Diseases and KEGG category subgroup Cancer: overview
(NES=2.26), the most downregulated gene set was the proteasome set in the KEGG category Genetic
Information Processing and the KEGG category subgroup Folding, sorting and degradation (NES=-2.17)
(Table 4). Following propionate 10 mM exposure the most upregulated gene set was circadian
entrainment in the KEGG category Organismal Systems and KEGG category subgroup Environmental
adaptation (NES=1.83), the most downregulated gene set was the p53 signaling pathway in the KEGG
category Human Diseases and the KEGG category subgroup Cell growth and death (NES=-2.08) (Table 5).
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A Down Up Down Up
Total=89 Total=18 Total=16 Total=32
Butyrate Propionate
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Figure 4. Differentially regulated pathways (p<0.05, FDR<0.25) in induced pluripotent stem cell derived intestinal epithelial cell
layers exposed to 1 or 10 mM butyrate or 10 mM Propionate for 24 hours. A vertical slice graphs showing the distribution of the
up- or downregulated pathways over six KEGG categories. B Venn diagram showing the upregulated pathways, and C Venn

diagram showing the downregulated pathways versus the control.
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4.4 Discussion

The aim of the current study was to investigate the effects of three short chain fatty acids on gene
expression profiles of human induced pluripotent stem cell (iPSC) derived intestinal epithelial cell (IEC)
layers by whole genome analysis. The IEC layers were exposed to acetate, propionate and butyrate at 1
and 10 mM for 24 hours. Analysis of RNA-sequencing data revealed differential gene expression of 16,120
unique protein coding genes when comparing the treatments to their controls, where exposure to
butyrate resulted in the strongest responses, followed by propionate, while acetate only marginally
affected the gene expression profile of the IEC layers.

Human iPSCs that are differentiated into IEC layers have previously been shown to differentiate into
multiple cell types (i.e. enterocytes, goblet cells, Paneth cells, tuft cells, and enteroendocrine cells) that
are commonly present in the human intestinal epithelium in vivo [50-53]. To confirm the presence of
these cell types in our IEC model we evaluated the expression of a panel of cell specific marker genes. We
selected 14 marker genes for each important intestinal cell type by searching literature and KEGG cell type
signature sets [44, 45] (Table 1). Enterocytes are the most abundantly present cell type in the intestinal
epithelium (in vivo), which were divided into proximal (i.e. duodenum/jejunum) and distal (i.e. ileum)
enterocytes. Of the marker gene sets for both the proximal and distal enterocytes, 13 of the marker genes
were expressed, indicating that the model is not specific for one of these two regions. The IEC layers
clearly contained enterocytes with a small intestinal gene expression footprint, but due to a lack of
markers specific for colonic cells we cannot confirm that the model only contains small intestinal cells.
Similarly, expression of 13 markers for goblet cells was observed, indicating the presence of goblet cells
in the IEC layers. For Paneth and enteroendocrine cells, expression of several of the marker genes was not
detectable. Each of the cell types makes up for <5% of the total amount of cells in the intestinal epithelium
in vivo [44, 54, 55]. Therefore, a low signal may be expected as pooled RNA from all IECs was analyzed.
The expression of tuft cell markers in our IEC layer was the lowest, which again is likely due to a low
abundance of the cells in the IEC layers. Literature reported a very low abundance of tuft cells in the
human intestine and in adult mouse intestinal epithelium they only represented 0.4% of the total amount
of cells [45, 56]. Lastly, we also observed expression of gene markers for stem cells, most importantly the
well-known marker LGR5, which had high expression values indicating an abundance of stem cells as
observed in mammalian crypts in vivo [57]. In summary, based on gene expression evaluation, the human
iPSC derived IEC layers used in this study contained all important cell types found in the human intestine
thus representing the cellular complexity as seen in vivo. However, based on the present data we were
not able to identify whether the iPSC derived IECs are more resembling the small or large intestine.

The used exposure concentrations of butyrate, propionate and acetate (1 mM and 10 mM) were based
on a recent study in adult stem cell derived IECs [32], and selected to represent human in vivo intestinal
concentrations. Regional differences in SCFA concentrations in the human intestine have been reported.
Total SCFA concentrations typically range from 50 to 100 mM in the colonic lumen depending on the diet,
whereas in the (distal) small intestine the concentrations are lower at around 11-13mM [3]. Higher
concentrations of 98.2 mM acetate, 3.4 mM propionate and 17.4 mM butyrate have also been reported
in the small intestine, but these were measured in ileostomy patients and the increased concentration
was likely due to the high microbial activity in the small intestine in these patients [58]. Acetate represents

97

<
-
[]
-
Q.
©
=
(&)




Chapter 4

approximately 60% of the total concentration of SCFAs in the intestine with butyrate and propionate each
constituting ~20% [3]. This means that the used concentrations of butyrate and propionate in the present
study were relatively close to in vivo concentrations in both parts of the gut. For acetate, the highest
concentration that was used was within the small intestine concentration range, but was below the
concentration range reported for the colon. This may explain the low number of differentially expressed
genes following acetate exposure. Alternatively human IECs might be less sensitive to exogenous acetate
exposure as they have been described to produce acetate themselves where intracellular concentrations
can reach micromolar concentrations, although this mostly happens in nutrient-deprived situations [59].
The timepoint of 24 hours was chosen as SCFAs are chronically exposed in the human intestine, there will
likely be different effects at earlier timepoints but these will be less relevant for comparison to the in vivo
situation.

Exposure to butyrate, propionate and acetate at two concentrations resulted in varying numbers of genes
with acetate only inducing a low number of genes compared to butyrate and propionate. This
corroborates previously reported observations in IEC layers derived from adult human (and mouse) stem
cells, where acetate at 1 and 10 mM also induced differential gene expression to a lesser extent than
propionate and butyrate at 1mM and 10mM, albeit only a select number of genes was examined [32]. It
is known that SCFAs have an effect on cell differentiation [32, 60, 61]. Therefore, the effects of the SCFAs
on the expression of selected marker genes for specific intestinal cell types and on marker genes related
to intestinal cell differentiation were evaluated. Again, propionate 10 mM, butyrate 1 mM and butyrate
10 mM exposure had the most pronounced effects on the selected marker genes when compared with
the control samples (Table 2). It is widely known that butyrate reduces the expression of LGR5 in adult
stem cell derived human intestinal organoids, which is a marker gene for stem cells [32, 62], thereby
indicating that differentiation of the cells is induced. In the present study, LGR5 expression is also reduced
after exposure to butyrate 10 mM as were most of the other selected cell markers. The acetate 10mM,
propionate 1 and 10 mM exposure groups showed less pronounced effects on differentiation markers,
but in general the selected markers were mostly downregulated upon exposure. However, exposure to
butyrate 1 mM and acetate 1 mM resulted in more upregulated than downregulated marker genes. When
comparing the gene expression data of the selected marker genes from the current study with those
reported in literature in adult stem cell derived organoids exposed to the same SCFAs under the same
conditions [32], marked differences in gene expression were observed, which were most prominent after
butyrate 10 mM exposure. In this exposure group 4 out of the 9 studied genes (i.e. ALPi, LYZ, CLDN3 and
TJP1) were downregulated in the present study versus upregulated in the study by Pearce et al. (2020)
[32]. Furthermore, the IEC layers in the present study appeared to be less sensitive to acetate 10 mM
exposure compared with the adult stem cell derived organoids as expression of most genes remained
unchanged while they were generally upregulated in the adult stem cell derived organoids [32]. In
contrast, acetate 1 mM exposure induced expression of several of the marker genes in the present study,
which remained unchanged in the adult stem cell derived organoids [32]. The results show that gene
expression, and the potential subsequent effects on cell differentiation, is highly concentration-
dependent, but also that the responses are model dependent. Variability in gene expression profiles
between different cell models is well-known for cell-line based models, and it appears to be true as well
for (adult or induced pluripotent) stem cell derived IEC models. Likely explanations are the differences in
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origin of the stem cells (human iPSC versus human adult stem cells), differences between donors and the
methodology that is used to differentiate the stem cells, which is often optimized for specific cell marker
expression [51-53].

Both the PCA analysis and the hierarchical clustering indicated a distinct effect on gene expression profiles
following exposure to 10 mM butyrate compared with all other exposures, while the gene expression
profiles following butyrate 1 mM and propionate 10 mM clustered together in both the PCA and the
hierarchical clustering. The remaining exposure conditions (i.e. 1 and 10 mM acetate, 1 mM propionate)
clustered together with the control exposure group in both the PCA and the hierarchical clustering
indicating little effect of the exposure. Pathway analysis (i.e. GSEA) on the data from the exposure groups
with a high number of differentially expressed genes (i.e. propionate 10 mM, butyrate 1 mM and butyrate
10 mM) revealed a clear concentration-dependent switch in the differential gene expression in the
butyrate exposure groups from mostly upregulated pathways at 1 mM (8 down- and 72 upregulated
pathways) to mostly downregulated pathways at 10 mM (89 down- and 18 upregulated pathways).
Exposure to the low butyrate concentration appeared to induce metabolism and absorption processes as
indicated by the upregulated pathways (7 pathways out of the top 10). Pathways related to genetic
information processing were mainly downregulated (5 pathways out of the top 7) and were related to
RNA transcription, suggesting that low butyrate concentrations could lead to a downregulation of protein
synthesis. Six of the top 10 induced pathways, following exposure to 10 mM butyrate, were related to
genetic information processing and could be connected to DNA replication and repair, suggesting that
high concentrations can induce DNA damage, but there were no indications of induced apoptosis or cell
death. Four of the top 10 downregulated pathways, following exposure to butyrate 10 mM, were related
to signal transduction. Propionate 10 mM had overall less affected pathways in comparison with butyrate
exposure, 47 pathways in total, and the numbers were less skewed with 16 down- and 31 upregulated
pathways. It appears that propionate 10 mM exposure induced absorption and metabolism processes as
7 of the top 10 upregulated pathways were connected to these processes. In the downregulated pathways
5 out of 10 pathways were in the genetic information processing category and related mostly to RNA and
protein processing processes. Interestingly, many of the up- and downregulated pathways in the top 10
were similar to those of the butyrate 1 mM exposure, indicating that these treatments seem to have
similar effects.

Upregulation of DNA replication and repair pathways, as mainly seen after butyrate 10 mM exposure,
indicates DNA damage, which in turn is associated with HDAC inhibition. Indeed butyrate has been
described to induce HDAC inhibition [63, 64], corroborating our results after exposure to 10 mM butyrate.
This effect appears to be both concentration-dependent and SCFA dependent, as we do not see similarity
in upregulated pathways after butyrate 1 mM or propionate 10 mM exposure. Propionate has been
described to have a lower HDAC inhibitory capacity than butyrate [65], again corroborating the
observations in the current study. Another common finding in literature is that butyrate decreases cell
proliferation, which was not observed in the present study. However, this effect is reported from studies
that used cancer cells like Caco-2 or HT-29 [9, 19, 60, 66]. As mentioned earlier, these cell-lines are not
the most suitable systems to study butyrate effects as cancer cells do not use butyrate as their energy
source, which leads to an intracellular build-up of butyrate and eventually leads to cell death. Therefore,
human IEC and cell-line model differences in energy homeostasis and thus proliferation may be expected.

99

Chapter 4




Chapter 4

A strong downregulation of the p53 pathway was seen in the butyrate 1 mM, 10 mM and propionate 10
mM exposure groups. The p53 pathway is induced in response to stress factors that affect DNA replication
and induces apoptosis and senescence [67, 68]. DNA replication pathways were clearly affected after
butyrate 10 mM exposure, but there were no signs of induced apoptosis, which could be due to this strong
reduction of the p53 pathway. In contrast, in cancer cell lines both p53 dependent and independent
apoptosis pathways have been reported to be induced after exposure to butyrate [18, 69-71], but again
the large differences between model systems, and the build-up of butyrate in cancer cell lines, could
explain these differences in effects.

Some pathways in the category human diseases were strongly regulated after exposure to butyrate 1 mM
and 10 mM, and propionate 10 mM, indicating that the SCFAs appear to induce responses that have been
linked to certain diseases. Examination of the underlying mechanisms of these disease pathways gives
insights in the effects of the SCFAs. The butyrate 10 mM and propionate 10 mM exposure groups
downregulated a number of bacterial disease pathways including E. coli and Shigella infections. Bacterial
infections are known to induce inflammation or other immune responses and inspection of the
downregulated pathways indeed showed many pathways connected to immune responses that were
downregulated, especially after butyrate 10 mM exposure. Commensal bacteria that are known to
produce SCFAs are reported to reduce inflammatory intestinal reactions [6, 12, 72]. In the butyrate 1 mM
exposure group, the chemical carcinogenesis pathway was the most upregulated pathway. This is a very
general pathway including genes of the CYP family, glutathione transferases and sulfotransferases, the
observed upregulation is most likely related to butyrate effects on CYP enzymes in relation to metabolism
[73-76], which is corroborated by the upregulated metabolism of xenobiotics by cytochrome P450
pathway in the butyrate 1 mM exposure group.

Both butyrate and propionate induced many different types of metabolism related pathways, with amino
acid metabolism pathways being regulated the most. Both butyrate and propionate are used as an energy
source by intestinal epithelial cells [77, 78], which is confirmed by the upregulated fatty acid metabolism
biosynthesis pathway after butyrate 10 mM exposure. This pathway encompasses the metabolism of
butyrate and propionate. The alanine, aspartate and glutamate metabolism pathway was also
upregulated after butyrate 10 mM exposure. This pathway is very important in energy household and the
ability to use dietary amino acids for biosynthesis [79] and it was previously linked to butyrate metabolism
via L-glutamate [80]. Lastly, a downregulation of the starch and sucrose metabolism pathway following
exposure to butyrate 1 mM and propionate 10 mM was observed. The end product of this pathway,
glucose, is one of the main energy sources for cells [81, 82]. This is extremely interesting as a lower
dependency of the IEC layers on this pathway suggests that they can switch to SCFAs as an energy source,
something that is described not to occur in cancer cell lines like Caco-2 and is considered a major
disadvantage of cancer cell lines for SCFA studies.

Reviews on the effects of SCFAs on the human intestine report a wide variety of effects [2, 83] where
traditional models were unable to model these due to the butyrate paradox, comparatively the IPSC
derived IEC combined with RNA-seq has been able to capture a wide variety of effects pointing toward
this model being a more suitable in vitro cell model for SCFA studies when compared with cancer cell lines.
This also implies that this IEC model may be better suited for development of more complex in vitro
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intestinal models combining microbes with intestinal cells in for example gut-on-a-chip devices [84—-86].
When building further on this type of model there are other things to consider as well, like how
compounds are exposed to the cells. Results from this study and literature have shown a reduction of
LGR5 expression upon SCFA exposure indicating a reduction of stem cells. When aiming at developing a
cell model for long term studies, a pool of stem cells would be required. In vivo, stem cells are protected
from exposure by their location in the crypts, which could be modelled in vitro for example by recreating
the crypts using 3D scaffolds [62, 83, 87].

4.5 Conclusion

The aim of this study was to evaluate the effects of the SCFAs butyrate, propionate and acetate at two
concentrations in human iPSC derived IEC layers using RNA-seq analysis. This novel model is a biologically
more relevant cell model in comparison to cancer cell lines, but little is known about its performance in
relation to SCFA exposure. Transcriptomics analysis revealed unique gene expression profiles for the three
SCFAs, with expressions profiles that were also dose-dependent. Exposure to butyrate resulted in the
strongest responses, followed by propionate, while acetate only marginally affected the gene expression
profiles of the IECs. Several known effects of SCFAs on intestinal cells were confirmed, such as effects on
metabolism and immune responses. The changes in metabolic pathways in the intestinal epithelial cell
layers in this study demonstrate that there is a switch in energy homeostasis, this is likely associated with
the use of SCFAs as an energy source by the induced pluripotent stem cell derived intestinal epithelial cells
similar to in vivo intestinal tissues where butyrate is an important energy source.
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Supplementary files

Table S1. butyrate 10 mM references indicating their role or relationship to the intestine

KEGG pathway name Reference

Upregulated pathways
DNA replication

Mismatch repair 23

Fanconi anemia pathway a5

Homologous recombination 67

RNA polymerase

Fatty acid biosynthesis
Nucleotide excision repair

11

Endocrine and other factor regulated calcium
reabsorption
Alanine, aspartate and glutamate metabolism

12,13

Mineral absorption 15-18

Downregulated pathways

P53 signaling pathway 19

Pathogenic Escherichia Coli infection 0

Steroid hormone biosynthesis 2

Shigellosis 223
24

ECM receptor interaction

25,26

NF kappa B signaling pathway

Glutathione metabolism 27

Hippo signaling pathway multiple species 8

Regulation of actin cytoskeleton

29

30,31

JAK STAT signaling pathway

Table S2. butyrate 1 mM references indicating their role or relationship to the intestine.

KEGG pathway name References

Upregulated pathways
Chemical carcinogenesis

32

Mineral absorption 15-18
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Fat digestion and absorption

MRNA surveillance pathway

Tryptophan metabolism 34,35
Glycine serine and threonine metabolism 36,37
Circadian entrainment 38,39
Metabolism of xenobiotics by cytochrome P450 | 4°
Ubiquinone and other terpenoid quinone |
biosynthesis
PPAR signaling pathway 42,43
Arachidonic acid metabolism a4
Downregulated pathways
Proteasome 45,46
P53 signaling pathway 19
Spliceosome 47
Ribosome biogenesis in eukaryotes 4849
RNA transport 0
Starch and sucrose metabolism 51,52
53,54

Table S3. propionate 10 mM references indicating their role or relationship to the intestine.

KEGG pathway name References
Upregulated pathways

Circadian entrainment 38,39
Thiamine metabolism 55,56
Mismatch repair 23
Tryptophan metabolism 3435
Fat digestion and absorption 3
Glycine serine and threonine metabolism 36,37
Aldosterone regulated sodium reabsorption 57
Endocrine and other factor regulated sodium | %13
reabsorption

Longevity regulating pathway 58-60
Mineral absorption 15-18
Downregulated pathways

P53 signaling pathway 9
Proteasome 45,46
NF kappa B signaling pathway 2526
Spliceosome 47
Pathogenic Escherichia Coli infection 20
Ribosome biogenesis in eukaryotes 48,49
RNA transport 50
Shigellosis 223
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Protein processing in endoplasmic reticulum 61,62

Starch and sucrose metabolism 51,52
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Chapter 5

Abstract

There is a need for standardized in vitro models emulating the functionalities of the human intestinal tract
to study human intestinal health without the use of laboratory animals. The Caco-2 cell line is a well-
accepted and highly characterized intestinal barrier model, which has been intensively used to study
intestinal (drug) transport, host-microbe interactions and chemical or drug toxicity. This cell line has been
cultured in different in vitro models, ranging from simple static to complex dynamic microfluidic models.
We aimed to investigate the effect of these different in vitro experimental variables on gene expression.
To this end, we systematically collected and extracted data from studies in which transcriptome analyses
were performed on Caco-2 cells grown on permeable membranes. A collection of 13 studies comprising
100 samples revealed a weak association of experimental variables with overall as well as individual gene
expression. This can be explained by the large heterogeneity in cell culture practice, or the lack of
adequate reporting thereof, as suggested by our systematic analysis of experimental parameters not
included in the main analysis. Given the rapidly increasing use of in vitro cell culture models, including
more advanced (micro)fluidic models, our analysis reinforces the need for improved, standardized
reporting protocols. Additionally, our systematic analysis serves as a template for future comparative
studies on in vitro transcriptome and other experimental data.

Keywords

Transcriptome, Caco-2, in vitro, 3R, gut-on-a-chip, Good In Vitro Method Practices
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5.1 Introduction

After (partial) digestion of food and absorption of fluid, nutrients and drugs in the upper part of the human
gastrointestinal tract (GIT), the chyme reaches the colon, where fluid and electrolytes are (re)absorbed.
Whereas the small intestine is most important for the uptake of food related chemicals and nutrients, the
colon has other essential functions related to human health [1]. The colon abundantly contains
microorganisms, estimated to reach a total of ~10*2 microorganisms [2] which aid in the transformation
of food components, e.g. yet undigested complex carbohydrates, to compounds such as short-chain fatty
acids and vitamins, which contribute to host health [3]. Moreover, intestinal microorganisms have
demonstrated a significant impact on drug transformation [4]. The role of the chemical exposure and
human intestinal microbiota in various diseases, ranging from intestine-related diseases, including
Inflammatory Bowel Disease [5—7], neuronal diseases such as Parkinson’s and Alzheimer’s [8, 9], and
cancer [10-12], to metabolic and psychological disorders [13-16], has sparked the interest in human
intestinal health. In this context, there is an increasing need for in vitro and in vivo models reliably
mimicking the human GIT, to investigate intestinal barrier integrity, host-microbe interactions and the
toxicological effects of food related chemicals, food components, bacteria-derived metabolites, and
drugs.

Murine and porcine in vivo models have been commonly used [17—-19] to answer a wide range of scientific
questions related to human intestinal health. Although those models allow for experiments in the context
of the whole organism, they lack translational value in terms of human (intestinal) physiology [20, 21],
anatomy [22, 23], and microbiology [24-26]. This further strengthens the existing ethical concerns about
the use of animals for safety and efficacy testing of compounds of human interest [27]. More than ever,
there is a call for increased insight in existing in vitro models mimicking the human intestinal tract as well
as for improved in vitro models. This may not only help to refine protocols of dedicated animal studies,
but also reduce the number of animals sacrificed for science. Eventually and more importantly, the use of
in vitro models might partially replace the use of animal models [28, 29].

The immortalized cell line Caco-2 is a well-accepted and highly characterized model for the human
intestinal epithelium. This cell line was originally isolated in the 1970s from a colorectal tumor [30]. As
opposed to other isolated colon carcinoma cell lines [31], Caco-2 cells demonstrated spontaneous
differentiation upon long-term culture leading to expression of several morphological and biochemical
characteristics of small intestinal enterocytes [32, 33]. Growth and differentiation of Caco-2 cells on
permeable membranes allows investigation of the transport properties of the cells [34], and this model
has been extensively applied and reported in transport studies for toxicological or pharmaceutical
research [34-39]. Additionally, from the parental Caco-2 cell line, several clones have been generated
over the years and selected based on characteristics of interest (reviewed in Sambuy et al. 2005) [40].
Besides Caco-2 cells, other human intestinal cell lines have also been commonly used as a model of the
human intestinal epithelium, including T84 [41] and HT29(-MTX) cells [42-46].

Despite the extensive use of the Caco-2 cell line in commonly used simple cell culture inserts (e.g.
Transwell, ThinCert), its representativity of the human intestinal epithelium has been debated [47, 48]. In
this respect, advanced in vitro techniques including the use of microfluidic devices [49, 50] and co-culture
with other human cell types or (anaerobic) bacteria [51-53] have been applied to this cell line to mimic
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the intestinal tract more accurately in terms of physiology, cell differentiation, drug transport and/or host-
microbe interactions [49-53]. Simultaneously, primary epithelial cell cultures, including enteroids and
adult and induced pluripotent stem cell derived intestinal models have been developed [54-59] and may
be used as alternative to more complex in vitro intestinal models depending on the research question.
Although these more complex models allow the development of personalized models of the human
intestinal tract, the power of Caco-2 cells grown on permeable membranes lies in their culture simplicity,
reproducibility, and the considerable number of studies available for comparison. Consequently, in
theory, its widespread use should allow systematic comparison of the effects of different culturing
parameters on the intestinal cellular response. Such a comparison would not only help to assess the
reproducibility of in vitro models using Caco-2 cells, but also provide suggestions for adjustments of
current in vitro techniques to improve their functionality and to better conform to the OECD Guidance
Document on Good In Vitro Method Practices (GIVIMP) [60].

In this study, we aimed to compare cellular responses of different Caco-2 cell-based in vitro models based
on gene expression, in which in vitro “model” is specified as “the physical and cellular conditions under
which the cells are cultured”. We focused only on studies in which transcriptome analysis was performed
on Caco-2 grown on permeable membranes, since this outcome allows for a comprehensive description
of the cell response and serves as a starting point for investigating other outcomes. We collected
published studies on Caco-2 cells cultured as cell layers in cell culture inserts or in devices, such as
microfluidic chips, as well as studies with more biologically complex models in which Caco-2 cells were
cultured as spheres, co-cultured with other cell types in a different compartment or exposed to human
intestinal bacteria or their products. Based on the collected studies (2007-2021), we defined eight relevant
experimental variables and utilized a bioinformatics approach to analyze and interpret the effect of these
variables on transcriptomic responses. We followed an unbiased approach to explore the contribution of
the defined variables to the overall transcriptome profiles. Subsequently, we zoomed in on specific genes
and corresponding pathways and biological processes, of which regulation of expression could to a
significant extent be explained by one of the variables. Additionally, to complement transcriptome data,
we carefully extracted other experimental parameters and evaluated several functional experimental
outcomes. Of these, only Trans Epithelial Electrical Resistance (TEER) turned out to be commonly reported
and thus was compared between respective studies. Overall, our study comprises a systematic and critical
data analysis of in vitro models using Caco-2 cells grown on permeable membranes.

5.2 Materials & Methods
5.2.1 Study collection

A schematic overview of the study selection and the corresponding number of series can be found in Fig.
1. The NCBI Gene Expression Omnibus (GEO) was searched for the term “Caco-2 OR Caco2” in May 2021,
which resulted in 330 series with unique GEO Series identifier (GSEid) (Supplementary File 1). Title,
accession display and/or full-text paper of each series were manually screened to select for data series in
which transcriptomic analysis was performed on Caco-2 cells which were cultured in cell culture inserts
and on more advanced in vitro models with an apical and a basolateral compartment, including adapted
inserts that introduce alterations such as flow or an anoxic compartment, gut-on-chips, and 3D spheric
cell models. If in doubt, the full text of publication(s) linked to the series was screened. Series were
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excluded for which (as primary reason) a) no cell culture insert or advanced in vitro model was used; b)
transcriptomics was performed on or including other cell types than Caco-2 cells (i.e. the mRNA would not
only be derived from Caco-2 cells) c) no proper control condition was included (i.e. not commonly used
medium); d) data had been taken from a previously deposited GEO DataSet and/or; e) study details could
not be retrieved (e.g. studies were not published). For series of which the description in the database
pointed towards the use of a cell culture insert or advanced in vitro model, but which were not linked to
a publication in GEO, potential corresponding publications were actively searched using PubMed, Scopus,
and Google. Additional databases (SRA-database from NCBI, as well as Array Express from EMBL-EBI) were
searched using the same strategy but did not retrieve additional studies that were not already present in
GEO. Lastly, we included data series from our own work, which had been submitted to NCBI but were only
released after the date of the database search (GSE158620 and GSE173729). Next, array platforms on
which <15,000 unique genes were analyzed, were excluded from further analysis (Suppl. File 1). Series
were divided per platform manufacturer, distinguishing between Affymetrix, Illumina, Agilent, and
“others”. Because of the low representation of models in the latter three categories (thus resulting in a
low statistical power), only studies performed on Affymetrix platforms were included for further analysis.
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n = series (unique GSE no.)
p = paper/study

“Caco-2 OR Caco2” in
NCBI Geo

Manual scree|

EXCLUDED
- No insert or advanced model for gene
expression (n = 176)
- Transcriptomics not on Caco-2 (only)
(n=64)
- Insert or advanced model, but
unpublished (n = 4 + 2¥)

- Study details not retrievable, not
305 sure if insert or advanced model
(n=53)
- Insert or advanced model, but no
proper control (n = 5)
Own work (published after search) +2 - Other (n = 1): data used from
(n =2, GSE173729 and GSE158620) previous dataset

|

|

+2 =

o—l *Retrieved unpublished studies (n = 2) |
n =29 series
p =27 papers
EXCLUDED
- No. of genes < 15,000 (n = 5)
AFFYMETRIX ILLUMINA AGILENT Others
7 platforms 5 platforms 2 platforms
n=13 n=5 n=5 n=1
p=13 p=5% p=3 p=1
*incl. 1 preprint

Figure 1. Flow chart of study selection process. The NCBI Geo Database was searched for "Caco-2" or "Caco2" in May 2021, which
retrieved 330 data series. Exclusion of 306 data series and inclusion of two (own) data series resulted in a final selection of 29
series linked to 27 unique research papers. After exclusion of five data series because of limited numbers of analyzed genes, studies
were divided per manufacturer, of which the Affymetrix platform comprised the largest group with thirteen data series
corresponding to 13 research papers.

5.2.2 Data extraction

From all selected data series, only data of samples encompassing Caco-2 cells grown under proper control
conditions (i.e. regular cell medium) or Caco-2 cells exposed to non-pathogenic intestinal bacteria, or their
bacterial products were selected and downloaded. Additional data was manually extracted from full-text
papers. Information on experimental set-up was extracted primarily from method-sections or from the
Supplementary Information. Some papers referred to previous publications for the used experimental
procedures, which then were assessed as well. In case the experimental parameter of interest could not
be retrieved, it was considered not reported (“NR”), except for culture temperature and atmosphere
(assuming this was 37 °C at 5% CO,). Additionally, the seeding area of cell culture inserts was based on
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standard sizes, in case number of wells or other information was provided. Coating of membranes was
considered not applicable (“NA”) if not reported, because this was not included in standardized Caco-2
insert protocols [38, 61]. Details for each study can be found in Supplementary File 1. Data on TEER was
manually extracted from the text and/or extracted from figures using a digital, on-screen ruler (Measura
X, Gekar Tech). Values that had been normalized to a control were excluded.

Each model identified was further categorized based on “GSEid” (GEO Series identifier), “Microbiome”
(exposure to non-pathogenic bacteria or their bacterial compounds), “Culture Time” (in which short (< 9
days), medium (= 9, but < 17 days) or long (> 17 days) were distinguished), “Oxygen” status in apical
compartment (anoxic or oxic), “Flow” (static, dynamic or partially dynamic), “Cell System” (Caco-2 only or
co-culture), “Device” (insert or chip) and “Platform” (type of array platform used). Partially dynamic refers
to models where flow was applied for the majority of the entire culture time (i.e. > 80%) and/or only either
to the apical or basolateral side of the cells. In our dataset, co-cultures consisted of Caco-2 cells cultured
in same device with human leukemia monocytic cell line (THP-1), peripheral blood mononuclear or
endothelial cells, of which mRNA was extracted from the Caco-2 cells separately.

5.2.3 Transcriptome analysis

All samples were integrated according to an established workflow described before [62]. Briefly, for each
experiment raw data files were downloaded from GEO, which were then subjected to background
correction and probe-to-probeset (gene) summarization according to the robust multiarray (RMA)
algorithm [63]. Since samples were analyzed on multiple Affymetrix array platforms, only those genes
were kept that were probed for on all array platforms. This resulted in the inclusion of 11,203 unique
shared genes. Per array resulting non-normalized expression estimates of these 11,203 genes were then
transformed into rank percentile values, in which the gene with the highest expression estimate was
assigned the value of 1 and the lowest expression estimate was set to 0. All expression estimates in
between were given a value based on the ranking of expression i.e. 0.01, 0.02 etc. with the steps in
between adjusted to the number of genes, and genes with the same expression level were given the same
value based on the average rank if they were not tied (i.e. tied for the value of 0.01 would give both a
value of 0.015 in case each step was 0.01) [62]. The dataset analyzed in this study consisted of 100
samples, and from each sample expression data of 11,203 genes was extracted. On this shared
transcriptome, three different analyses were performed. 1) A multi-level principal component analysis, in
which array type was used as blocking variable, performed using the Bioconductor package PCAtools
(version 2.6.0) [64]. Based on the EIbow method [65] the relevant number of PCs were determined 2) The
top 10% most variable genes were visualized in a heatmap using the package pheatmap (v1.0.12) 3) To
quantify and interpret sources of variation the package variancePartition (version 1.26.0) was used [66].
This package uses a linear mixed model (LMM) to quantify variation in gene expression attributable to
biological or technical variables. To fit the normality assumption of an LMM, the rank percentile values
were first transformed using the probit function [62]. The genes of which the variance was explained for
at least 40% by one of the variables were related to biologically meaningful changes using gene set
overrepresentation analysis (ORA) applying a one-sided Fisher’s exact test [67]. Gene sets were retrieved
from the expert-curated Kyoto Encyclopedia of Genes and Genomes (KEGG) database [68] or Gene

119

wn
S
[}
-
Q
©
<
(8]




Chapter 5

Ontology: Biological Processes (GOBP) [69, 70]. ORA was performed using the package clusterProfiler
(v4.3.3) [71]. The whole code will be published online after acceptance of the manuscript.

5.3 Results
5.3.1 Study collection pipeline retrieves 27 unique studies, of which 13 used Affymetrix platforms

Our search strategy to identify studies that performed transcriptome analysis on Caco-2 cells retrieved
330 GEO Series (i.e. unique GSEids) (Fig. 1 and Suppl. File 1). Next, 176 series were excluded as in these
studies regular wells were used as these Caco-2 models lack the presence of a basolateral compartment,
which limits the investigation of transport and (anoxic) host-microbe interactions [40, 72]. Other reasons
to exclude series were the following: transcriptomics was performed on or including other cell types, e.g.
immune cells and microbial cells not separated from Caco-2 (n = 64); no proper control condition was
included (n = 5); data had been taken from a previously deposited dataset (n = 1) or data had not been
published (yet) and study details could not be retrieved (n = 59). Of the latter category, the description of
six series in NCBI pointed at the use of inserts or advanced in vitro models, of which two could be retrieved
via other search strategies. We included two series of our own (NCBI-submitted) work (GSE158620 and
GSE173729), resulting in a total number of unique series corresponding to 27 studies or papers. Across
series, different array manufacturers and platforms were used. Five series had to be excluded because of
a small number of unique genes analyzed by the platform used (g < 15,000) (Suppl. File 1). Affymetrix
platforms comprised the largest group, including 13 series across seven different platforms. lllumina and
Agilent platforms were used in five series each (five and two different platforms, resp.) and one series was
analyzed on the Stanford SHCU platform (“Others”). For our analysis, we decided to only continue with
the series analyzed on Affymetrix platforms, because this group comprised a wider range of in vitro
models with multiple conditions per model.
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5.3.2 Data extraction results in 100 samples, of which 75% were derived from inserts

From the collected papers, we manually extracted the experimental set-up of each study (Suppl. File 1).
After selecting only samples encompassing Caco-2 cells grown under proper control conditions (i.e.
regular cell medium) or Caco-2 cells exposed to non-pathogenic intestinal bacteria or their bacterial
products, we ended up with 100 different samples, including replicates (Suppl. File 1). Of all 100 samples,
75% were derived from Caco-2 cells grown on inserts and 25% from Caco-2 grown on chips (Fig. 2). Note
that the model used in GSE8187 (a 96-wells insert with flow) was classified as insert, as opposed to the
semantics used by the authors [78]. None of the studies that used an Affymetrix platform cultured Caco-
2 as spheres. Across all 100 samples different culture times were applied, ranging from 4-21 days (Suppl.
File 2 for full experimental set-up per study), which were further divided into short, medium, or long. One
study on inserts did not report the timepoint of analysis. Samples were further categorized based on
“GSEid”, “Microbiome”, “Oxygen”, “Flow”, “Cell system”, “Device” and “Platform” (Table 1).

O Chip

Olnsert

Flow Cell system Oxygen Culture time Treatment Platform
Flow Cell system Oxygen Culture time Treatment Platform
[ Dynamic [ caco2 [ oxic [ Short & No [ hgu133a2
[ Part. dynamic [0 Co-culture @ Anoxic O Medium O Yes [ hgu133plus2
[ Static [l Long [l nugohs1a520180
W \R [ hugene10
[ hugenet1
[ hugene21
W hta20

Figure 2. Overview of samples per model. Pie chart and bar chart represent no. of samples as percentage of total samples (s =
100) analyzed on an Affymetrix platform. For simplicity, the variable “Microbiome” is only divided into “Yes” and “No”. NR = not
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reported; hta20 = Human Transcriptome Array 2.0; hugene21 = Human Gene 2.1 ST Array; hugenell = Human Gene 1.1 ST Array;
hugenel0 = Human Gene 1.0 ST Array; nugohs1a520180 = NuGO array (human) NuGO_Hs1a520180; hgul33plus2 = Human
Genome U133 Plus 2.0 Array; hgul33a2 = Human Genome U133A 2.0 Array.

5.3.3 Multi-level PCA reveals weak correlation of experimental variables with shared transcriptome

First, we looked at the contribution of the eight pre-defined experimental variables to gene expression
profiles, after controlling for the different Affymetrix array platforms. A multi-level PCA was performed
(Fig. 3) on the maximum number of genes shared by all array platforms (g = 11,203 genes), referred to as
the “shared transcriptome”. Based on the Elbow method [65], we only considered the first 13 principal
components (PCs) (Fig. 3a-b, Suppl. File 3), of which PC1 accounted for 31% and PC2 explained 15% of the
variation in the dataset. Overall, correlation coefficients were low, indicating weak to moderate
correlation [82]. We report all variables separately below, starting with the highest correlations on PC1, 2
and 3.
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Figure 3. Multilevel principal component analysis at model level. After correction for platform, a principal component analysis was
performed on a total of 11,203 shared genes, distinguishing eight experimental variables. a) Scree Plot visualizing the variation
explained by 18 PCs. b) Spearman correlation p2 per model variable for the first 13 PCs. PCA plots of the first two components are
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provided and labelled by c) microbiome (further defined in Table 1), d) culture time, e) device, f) model, g) array platform and h)
GSEid. PCA plots of oxygen and cell system can be found in Online Resource 3. * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
B# = Bacterium #; BC# = Bacterial Community #; SN = supernatant; NR = not reported; hta20 = Human Transcriptome Array 2.0;
hugene21 = Human Gene 2.1 ST Array; hugenell = Human Gene 1.1 ST Array; hugenel0 = Human Gene 1.0 ST Array;
nugohs1a520180 = NuGO array (human) NuGO_Hs1a520180; hgu133plus2 = Human Genome U133 Plus 2.0 Array; hgul33a2 =
Human Genome U133A 2.0 Array.

“Microbiome” was the variable that contributed most significantly to the variation explained by PC1 (p =
0.20, p < 0.0001, Fig. 3b). Visualization of PC1 against PC2 demonstrated a separate cluster formed by
three different bacterial species and their supernatant on PC1. These microbial exposures (See Table 1 for
specifications) were all applied within one study [73], but also clustered together with the control
condition of that respective study (Fig. 3c, see GSE15636 in Fig. 3h). The variable “Device” contributed
significantly to the variation explained by PC2 and PC3 (p? = 0.28 and 0.28, resp., p < 0.0001, Fig. 3b).
Visualization of PC1 against PC2 demonstrated a grouping of the chips, while the inserts were less
congruent (Fig. 3d). Additionally, within the cluster of chips, a separation was observed between the short-
and long-term cultured Caco-2 cells on chip (Fig. 3b and e), whereas in general, the variable “Culture Time”
contributed significantly, but relatively weakly to the variation explained by PC1 and PC3 (p? = 0.09 and p?
=0.08, p < 0.05). Co-culture with other cell types contributed significantly to multiple PCs, mostly to PC2
(p? = 0.18, p < 0.001) (Fig. 3b, Suppl. File 3). The (partial) presence or absence of flow contributed
significantly to the variation explained by multiple PCs, with a similar contribution to PC2, PC3 and PC5 (p?
=0.15,0.14 and 0.15 resp., p <0.01). Visualization of the first two principal components, showed that the
(partially) dynamic conditions clustered together, except for one study using Semi-Wet interface with
Mechanical Stimulation (Fig. 3f, see GSE173729 in (Fig. 3h). Interestingly, none of the PCs were
significantly associated with the variable “Oxygen” (Fig. 3b, Suppl. File 3). Array platform did not
contribute significantly to any principal component (Fig. 3b and g), demonstrating the successful
correction of inter-platform differences (Suppl. File 3 for uncorrected data). Finally, GSEid contributed
significantly but weakly to the variation explained by PC1 (Fig. 3b and 3h).

Complementary to the multi-level PCA, a clustered heatmap was generated based on the 10% most
variable genes of the shared transcriptome (Fig. 4). This analysis did not show clear groupings according
to one of the variables. The clustered heatmap shows that the samples from two comparative studies
between inserts and chips from Kulthong et al. (“GSEid”: GSE156269 and GSE158620) [80, 81] clustered
based on the device, in line with what was found by PCA. Moreover, the clustered heatmap confirmed
separate clustering of the long- from the short-term cultured cells on chip.
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Figure 4. Clustering of samples (s = 100) based on the expression of the top 10% most variable genes shared between samples (g
= 1122). Gene names are left out for readability. Heatmap represents relative gene expression varying from low (blue) to high
(red). B# = Bacterium #; BC# = Bacterial Community #; SN = supernatant; hta20 = Human Transcriptome Array 2.0; hugene21 =
Human Gene 2.1 ST Array; hugenell = Human Gene 1.1 ST Array; hugenel0 = Human Gene 1.0 ST Array; nugohs1a520180 =
NuGO array (human) NuGO_Hs1a520180; hgul33plus2 = Human Genome U133 Plus 2.0 Array; hgul33a2 = Human Genome
U133A 2.0 Array.

5.3.4 Variance partition analysis reveals high contribution of “GSEid” to individual gene expression

Next, we focused specifically on the genes of which variance of expression was explained by one of the
eight specified experimental variables, by variance partition analysis [66]. Without correction for
“Platform”, the analysis revealed that the variance per gene was explained to the largest extent by
“Platform” with an average of 43% across all genes (g = 11,203) (Suppl. File 4). After correction for
“Platform”, the variance of genes was explained mostly by “GSEid” (average of 38%), followed by residual,
undefined parameters (25%) and “Device” (8%, Fig. 5a). Because of the relatively high contribution of
“GSEid”, a technical parameter, we decided to focus only on genes of which variance was explained by
one of the variables for more than 40%. The number of genes fulfilling this criterium varied from 0 (for
“Oxygen”) to 5,198 (for “GSEid”) (Fig. 5b). The variance in the relatively high number of genes explained
by residual parameters, can be explained by other model parameters that we extracted from the
respective studies, but could not be included in the variance partition analyses, for instance used cell
passages, membrane on which cells were seeded, membrane pore size, seeding area and seeding density.
Overall, these model parameters were heterogenous across and within in vitro models or were not
reported at all by studies (Suppl. File 4).
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Figure 5. Variance partition analysis of all genes shared between samples (s = 100, g = 11,203). a) Violin plot shown the percentage
contribution of each variable to the expression of all genes. Based on the uncorrected data (Online Resource 4), a cut-off of 40%
was chosen. b) Number of genes of which contribution of respective variable was more than 40%. The overrepresentation of
pathways within these genes in ¢) KEGG Pathways and d) GO-BP are displayed per variable.

Next, we checked per variable which biological processes were enriched among the identified genes, i.e.
to which pathway(s) these genes were mapped more often than would be expected by chance. We used
the KEGG and GOBP databases to retrieve the enriched pathways and biological processes, respectively.
Only four variables resulted in significant overrepresentation of KEGG pathways, i.e. "GSEid”, “Culture
Time”, “Microbiome” and “Flow”. Overrepresentation analysis of genes of which variance was explained
for more than 40% by “GSEid”, resulted in a heterogenous mix of non-intestine related KEGG pathways,
which was the same for “Culture time” (Fig. 5c). Although the microbial exposures included in our dataset
concerned non-pathogenic bacteria, overrepresentation analysis of the genes of which the variance was
explained to a considerable extent by “Microbiome” revealed pathways related to host-pathogen
interactions, such as Kaposi sarcoma-associated herpesvirus infection, COVID-19, hepatitis B and C,
Influenza A and IL-17 signaling pathway. Genes of which the variance was explained mainly by “Flow”
were enriched in the pathways involved in steroid and terpenoid backbone biosynthesis, but also in the
breakdown and absorption of carbohydrates indicating an effect on energy homeostasis.
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A similar approach was taken for Gene Ontology Biological Process (GO-BP) categories (Fig. 5d), which
resulted in overrepresentation of categories for six variables (“GSEid”, “Device”, “Culture time”,
“Microbiome”, “Flow” and “Cell system”). Biological processes overrepresented in "GSEid" included a
wide variety of processes, with some clearly unrelated to the intestine as they pertain to the development
of other organs. Among the rest there was a focus on stress and adjustments in the cell via for example
"histone modification" and “regulation of apoptotic signaling pathway” and two immune-related
processes, “viral process” and “leukocyte migration”. Among "Device", "Microbiome", and "Flow" a range
of different metabolic and biosynthetic processes showed up, many related to lipid metabolism. Process
overrepresentation analysis for "Culture time" and “Cell System” resulted in several processes unrelated
to the intestine or expected effects.

5.3.5 Comparison of TEER values reveals heterogeneity in values and reporting quality

Complementary to the transcriptome data, we collected additional functional experimental data from the
identified studies to further characterize the used Caco-2 cell models. Among the identified studies, TEER
was the only commonly reported outcome, which is a common measure of epithelial barrier integrity in
in vitro studies using epithelial cell layers. TEER was reported in six Affymetrix studies comprising eight
different models, of which one only reported the percentage of change in TEER, disabling comparison with
other studies. Another study did not report seeding area, limiting calculations from Ohms/cm? to Ohms *
cm? We extracted TEER values from six different models from four different studies across time points
ranging from 2-12 days (Fig. 6), demonstrating a wide range of values.
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Figure 6. Trans Epithelial Electrical Resistance across models. Only studies have been included which reported absolute TEER values (n = 4).
Model conditions are presented individually, including initial seeding density. All conditions are oxic. Values were extracted from graphs
using a digital ruler. Each data point represents the mean of 2-4 technical or biological replicates.
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5.4 Discussion

In this study, we systematically compared transcriptomes of Caco-2 cells grown on permeable membranes
using different in vitro systems modelling the human intestinal tract. We used the most frequently applied
model, Caco-2 grown on inserts, as baseline for the comparison to other models incorporating an apical
and basolateral compartment, allowing transport. Our shared transcriptome analysis indicated that of the
studied parameters, the following had a significant, albeit relatively weak, influence on gene expression:
the device in which Caco-2 cells were cultured; the presence of flow; and the exposure to non-pathogenic
bacteria or their bacterial compounds. When looking at the individual gene level, however, variance in
expression was mostly determined by the study (i.e. GSEid). This points at a large heterogeneity in cell
culture practices in in vitro models, which is supported by our analysis of experimental parameters from
the respective studies (Online Resource 1), including variables such as passage number, Caco-2 sub-clone
and protocol used, all of which can influence the results [40, 83—85]. Because these variables cannot be
expressed as a number or concern an ambiguous range without a common starting point (e.g. for cell
culture passage), these could not be included in the analysis. Additionally, we demonstrated a lack of
proper reporting of experimental variables, which has been stressed previously [60]. Our systematic
analysis sets the scene for similar future analyses of (-omics) data between in vitro models, and therefore
is a next step towards transparent reporting of in vitro studies to achieve an increased acceptance of non-
laboratory animal study-derived data in life sciences.

Our multi-level PCA demonstrated that the variables “Flow” and “Device” had a similar effect. This is
probably because dynamic samples were often derived from chips, except for three samples derived from
inserts. These three concerned Caco-2 cells grown under Semi-Wet interface with Mechanical Stimulation,
in which the cells are cultured under minimal liquid in the apical compartment and put on an orbital shaker
[86]. Interestingly, visualization of PC1 against PC2 revealed that these samples clustered separately from
the other dynamic samples (chips), but the same was true for the static control (insert) of this study [42],
indicating that other factors explain the separate clustering of these samples. Overall, differences in
(micro)fluidic design of included dynamic samples complicated inter-model comparison. Although most
of the samples still clustered together, it would be informative to quantify shear stress or the resulting
shear stress on the cells, as opposed to distinguishing only between static, dynamic and partially dynamic.
Shear stress values were, however, not reported for all studies (except three [53, 80, 81] or could, in some
cases, not be calculated with the available information.

“Microbiome” was relatively strongly associated with (shared) gene expression, despite the heterogeneity
in bacterial treatments tested in the included studies. For microbiome-specific effects of the tested
bacteria, we refer to the individual papers corresponding to the studies (Species and corresponding
references in Table 1). To facilitate co-culture of Caco-2 with intestinal (anaerobic) bacteria an in vitro
model that is (at least) partially anoxic is required. Remarkably, our analyses demonstrated that the partial
lack of oxygen did not seem to influence Caco-2 gene expression in the included in vitro models at all. For
the studies that included microbes, the actual concentration of oxygen in the apical compartment was not
always quantified. Therefore, the question remains whether the lack of association of oxygen with gene
expression is due to failure of the respective studies to create an anoxic atmosphere in the apical
compartment or that the absence of oxygen on one side simply does not affect gene expression of Caco-
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2 cells (e.g. because oxygen supply via the other side is sufficient). It would be advantageous for future
studies to monitor and report O, concentrations, as has been done already in inserts [87] as well as more
advanced in vitro models [51].

Because we observed a large heterogeneity in culture time between studies, we decided to define three
groups based on cell culture time ranges. The definition of total culture time varied between studies. For
instance, Dihal et al. accounted for the preconfluent phase of cells once seeded, by starting to count from
day 2 after seeding [12], whereas other studies considered the time of seeding as the starting point. In
the case of “Culture time” there is a consensus in literature that there is a direct relation with
differentiation and thus, gene expression. Although the exact time until a plateau is reached differs for
each differentiation marker, the generally accepted culture time for full differentiation is 21 days [38, 40,
61, 88]. In our dataset, total culture times differed between studies using inserts, which could depend on
the study aim. For instance, for studying barrier properties, fifteen days of culture was shown to be
sufficient [84]. However, we observed no strong influence of the variable “Culture time” on gene
expression in our PCA. This could be due to the inclusion of chips and studies with adjusted protocols,
both reported to change the relationship between culture time and differentiation [49, 89, 90]. Amongst
others, the shear stress that cell experience on chips have been described to enhance differentiation of
intestinal cell lines thereby reducing the total culturing time [49, 89]. This became apparent within the
group of chips, where the short-cultured cells were separated from the long-term cultured cells in both
the PCA (PC1 against PC2) and the heatmap cluster analysis. Within inserts the lack of association between
“Culture time” and gene expression is likely due to the inclusion of studies such as GSE30292, in which
cells were maintained at low density by subpassaging cells at 50% confluence, instead of the density
prescribed by ATCC (between 80-90%) [76, 91] Subsequently, these cells were cultured for a long period
on inserts, e.g. three weeks showing a profound effect on gene expression over time. Interestingly, both
our PCA and heatmap cluster analysis demonstrated that these samples clustered together with medium-
term cultured cells, and not with other long-term cultured cells (all maintained at normal density before
seeding). It was already shown previously that low-density cells, although expressing the same level of
differentiation markers as high-density (90%) grown cells, have a slower exit from cell cycle, including a
delay in downregulation of cyclin A and increase of differentiation marker sucrase [90]. Although low-
density grown cells should have differentiated to the same extent as high-density grown cells after three
weeks [90, 91], our data suggests that low-density maintained cells grown for a long period on inserts
demonstrate a transcriptome profile more similar to high-density maintained cells grown for a medium
period on inserts. This reinforces the need for clear reporting on cell maintenance practice. Overall, the
effects of, a.o., flow and seeding density on the interaction between culture time and gene expression,
have potentially obscured the expected effect of culture time on gene expression. For future analyses,
these interactions could be included as a separate variable in the PCA. This, however, requires proper
quantification of these interactions, which is now hampered by model heterogeneity and incomplete
reporting.

Our variance partition analysis provided an overview of which pathways or biological processes were
associated with each of the selected variables. In the case of the KEGG pathways only four variables
contributed to pathways. The pathways associated with "Microbiome" were immune system-related,
though the microorganisms included in our study are non-pathogenic bacteria, while the pathways are
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associated with infectious diseases. This is likely because both groups of microbiota act on Toll-like and
other pattern recognition receptors [92, 93], but with probably opposing downstream effects. We did not
find similar processes associated in the GOBP analysis, where “Microbiome” was mostly associated with
RNA and translation processes, which are rather broad. The parameter “Flow” was only associated with
two pathways, i.e. steroid and terpenoid backbone synthesis, and these were supported by the GOBP
analysis, where “Flow” associated with many processes related to these pathways. Similar GOBPs were
enriched in the genes mainly determined by “Device”, which is likely due to the overlap between these
two variables, as discussed previously. Both the variable “Culture time” and “Cell System” were associated
with several RNA related processes but did not show a clear direction of effect in the other processes.
Better harmonization of in vitro models or more accurate categorization of models (including more
variables, see below), would probably point at more specific categories of pathways and processes, with
a higher overlap between the KEGG and GOBP analysis.

The relatively low correlation coefficients in the PCA, as well as the high number of genes of which
variance was explained to a substantial extent by residual variables, indicated that a substantial number
of variables is still missing in our analysis. Future analyses would be stronger by including other
experimental variables like passage number, seeding density, and seeding membrane. Our systematic
extraction of these parameters revealed a large heterogeneity between studies, making it impossible to
reach significant outcomes when these parameters are used as input. We extracted other parameters as
well, such as cell medium composition in terms of fetal calf serum, antibiotics, and other supplements;
specific clones used and medium refreshment frequency, demonstrating similar heterogeneity. All these
parameters have been reported to affect Caco-2 cell behavior [40], and therefore should be reported
when publishing data, as also suggested by the MIAME- and MINSEQE guidelines (outlining the Minimum
Information About a Microarray Experiment or Minimum Information About a Next-generation
Sequencing Experiment that should be included when describing a microarray or sequencing study) [94,
95]. In general, the degree to which data was deposited in MIAME- or MINSEQE-compliant public data
repositories, like NCBI Geo and ArrayExpress, limited the availability of our transcriptome-centered
approach. For instance, we encountered studies that had not deposited their data in these repositories
[89, 96] and vice versa, data series which had not been linked to the correct study (see number of retrieved
studies Fig. 1). We cannot determine how many relevant, unpublished studies we missed, since the
description in NCBI on the exact in vitro model used was not always complete. In the context of the
increasing global interest in Open Science, the importance of depositing open data in public repositories
was recently stressed [97]. Specifically for microarray gene expression analyses, researchers
demonstrated limited repeatability of published microarray studies, which was due to inadequate
reporting on the used methods and other factors like software unavailability, or unclear reporting of the
results [98]. The quality and ability to reuse data from other end points has been complicated by reporting
issues as well. This is exemplified by TEER measurements, the most reported outcome in our dataset
(other than gene expression). We concluded, however, that even the reporting quality of TEER was low,
i.e. in terms of number of replicates used; culture area; normalization to blank inserts and temperature
at which the measurement was performed. Note that in a few studies [94] TEER was solely monitored as
a quality measure of the monolayer, although the reported required minimum varied between studies
(150-330 Q cm?) or was not defined. Similarly, a standardized method to measure TEER on chip devices
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has not been established yet [77, 79]. Our data reinforces the need for standardized TEER protocols and
reporting guidelines for inserts, chips and other devices that are currently being developed.

All variables taken together, the data used for this study reiterates the need for a universally accepted
Caco-2 cell culturing method, which also includes proper reporting of all variables and read-outs. The lack
of adequate reporting is a commonly known problem in in vitro research [99], which limits the
reproducibility and translatability of animal-free methods. Moreover, our study demonstrates that poor
reporting quality of (meta)data also limits integration of existing in vitro data in systematic analyses across
models or studies, re-emphasizing the need for Findable, Accessible, Interoperable, Reusable (FAIR) data
guiding principles [100]. Additionally, the need to apply novel-approach methods in, for instance, chemical
risk assessment as well as in fundamental and clinical research is increasing. In this context, the
development of an in vitro critical appraisal (IV-CAT) tool to improve the peer-review as well as the quality
of published in vitro research, as proposed by De Vries and Whaley [101] is highly appreciated.

In summary, our study aimed to compare transcriptome responses of Caco-2 cells in different in vitro
models as systematically as possible. Our analysis comprised both a transcriptome-wide and gene-specific
approach, has the potential to find associations of predefined experimental variables with gene
expression and uncover biological pathways associated with these variables. We complemented this
analysis with manual extraction of other data, including model parameters and functional outcomes such
as TEER. In this way, this paper can serve as an example for future comparison to in vitro models. Currently,
controls are designed with only their own experiment in mind, failing to consider variables that are
important to allow for comparison to other studies. More importantly, the results show the need for
standardization and benchmarking of both current and future in vitro models. This should start with
proper reporting of model parameters [102], as only in this way research can be reproduced and
compared. We acknowledge that benchmarking of an in vitro model depends largely on the research
question, e.g. whether the in vitro model is used for risk assessment, drug development or uncovering
fundamental biological knowledge. Current approaches might still function in cases where you compare
a potent exposure to controls across studies, but it fails to allow for extraction of more subtle effects of
(underreported) model and experimental variables, reducing potential value of data. For current in vitro
methods, the OECD is already working towards improving models via GIVIMP, setting standards on models
and reporting [60]. At the same time, there the is also a push to apply (part of) this knowledge in organ-
on-chip technology in (to-be-) developed models [103, 104] by standardizing chip design. But application
in the development of these models should go further than just technical design. A continued push in this
direction is key and responsibility lies with not only the researchers that should execute experiments
according to existing guidelines [99], but also the funding agents deciding to invest in the application or
development of in vitro models as well as journal editors and peer reviewers critically evaluating the work.
Only in this way, researchers will be able to unlock the full potential of in vitro models, to eventually
reduce, refine, and replace the need for animal testing.
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This excel file can be found as part of the Online Resources of the publication at: 10.1007/s00204-022-
03430-y direct link to the file: https://static-content.springer.com/esm/art%3A10.1007%2Fs00204-022-
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Supplementary file 1. Summary of data regarding study collection and data extraction, including a) Retrieved 330 GEO Series (n
=330) in the GEO Database, including excluding criteria b) number of genes analyzed per array platform, including excluded
platforms c) data extraction from all studies using Affymetrix platforms, including model specifications and experimental set-up
d) sample overview of all samples (n = 100) analyzed on Affymetrix platforms
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Supplementary file 3. Multilevel principal component analysis at model level. After correction for platform, a principal
component analysis was performed on a total of 11,203 shared genes, distinguishing eight experimental variables. a) Spearman
correlation PC per model variable for the first 13 PCs. PCA plots of the first two components are provided and labelled by b)
oxygen c) cells system. d) Spearman correlation p? per model variable for the first 13 PCs without correction for platform. * p
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<0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Supplementary file 4. Variance partition analysis of all genes shared between samples (s = 100, g = 11,203). a) Violin plot shown
the percentage contribution of each variable to the expression of all genes without correction for platform. Additional data was
extracted per model, including b) membrane on which the cells were seeded, c) pore size of the membrane, d) membrane
coating, e) seeding density, f) seeding area and g) passage number used.
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Chapter 6

6.1 Research in this thesis

An overview of the current state of human intestinal in vitro models was provided in Chapter 1. These in
vitro models are constantly improved by the incorporation of new scientific insights and the use of novel
methodologies. In addition, also in Chapter 1, the compounds tested and measured to evaluate responses
throughout the research described in this thesis were introduced to give insight in their origin and role in
the human intestine. In the following part a short overview is given of the results obtained. The aim of the
research in this thesis was to explore the use, advantages and disadvantages of available intestinal models
to study interactions of intestinal cells with TLR agonists and metabolites from the intestinal microbiota
and to fill in some of the gaps in available knowledge needed for future studies in this direction.

In Chapter 2 cell lines were assessed for their ability to respond to five toll-like receptor (TLR) agonists
encompassing a wide range of TLRs and TLR agonists that originate from representative intestinal bacterial
and viral species. A comparison is made between four different cell models, each with varying complexity,
that aim to in vitro mimic the in vivo intestinal epithelium. The first and most basic model consisted of a
cell layer of differentiated Caco-2 cells grown on the apical side of a membrane in a Transwell format.
Caco-2 cells emulate enterocytes, and this basic model is most commonly used for in vitro studies on the
transport of compounds in the small intestine [1, 2]. The second model combined Caco-2 cells with mucus
secreting HT29-MTX cells grown in a 3:1 ratio as cell layers, and as such this model emulated both
enterocytes and goblet cells. For future studies this model is promising due to the inclusion of mucus
produced normally by the goblet cells. The mucus layer is both a barrier for compounds and intestinal
microbiota before reaching the cellular intestinal epithelium, while mucus also is a food source for part of
the intestinal microbiota. The third model combined the previous two cell lines grown on the apical side
of a membrane in a Transwell format with HMVEC-d cells grown on the basolateral side of the membrane,
thus also including a cell model for the blood vessel endothelial cells that need to be passed by compounds
absorbed by the intestine. This increased model complexity helps to account for the potential role of all
these cells in the response to bacterial TLR agonists, either after transport of these TLR agonists to the
TLRs that are present on the basolateral side of the in vitro model on the intestinal or endothelial cells, or
for instance by propagation of immune signals from the epithelial cells from the apical to the basolateral
side of the Transwell. The last model used in Chapter 2 consisted of HT29-p cells, the parental line of
HT29-MTX, that can differentiate into enterocytes or potentially other cell types depending on the used
culturing method. In the study the HT29-p cell line remained mostly undifferentiated but did show
epithelial morphology such as microvilli.

Following exposure of all the above mentioned cell models to the TLR agonists the IL-8 release was
analyzed in both the apical and basolateral compartment. II-8 excretion was selected as the readout
because this cytokine is widely used as a marker for pro-inflammatory signaling. The levels of excreted IL-
8 were higher on the basolateral side in all models except for the HT29-p cell model. This corresponds to
the biological function of IL-8 in vivo, as it serves as a chemoattractant for neutrophils from the lamina
propria and blood or lymphatic vessels. Of the five agonists, only flagellin, which binds to TLR5, induced a
response in all four models. The HT29-p model was the only cell model that additionally responded to
Poly(I:C) that binds to TLR3. This has important implications when using cell lines to test interactions with
microbiota. Likely only flagellated bacteria can properly induce an immune response in vitro using the
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tested cell models upon exposure. Inversely, bacteria that do not produce flagellin might be labeled as
not causing inflammation in the human intestine when tested using these models though that might not
be representative of the in vivo situation. Thus, the results obtained show the importance of knowing the
limitations of the used in vitro models. Though HT29-p showed slightly broader immunomodulatory
capacity this was only observed for the viral agonist, which could be important when using these cell
systems in a disease model but may be of less influence when studying interactions with the microbiota.

In Chapter 3 advanced intestinal cell models were exposed to the same TLR agonists as used in Chapter
2, to see if these models display a more pronounced immunomodulatory capacity. Both induced
pluripotent stem cell (iPSC) derived organoids and cells from the primary human small intestinal epithelial
(PHSIE) cell model are known to display a wide variety of cell types in a single intestinal epithelial model.
Both cell models are reported to contain enterocytes, Paneth cells and stem cells. The PHSIE model has
also been described to contain M cells and tuft cells, while the iPSC derived organoids were described to
contain enteroendocrine and mesenchymal cells. Both models are derived from healthy donors and lack
the mutations and other cellular modification that have been associated with cell lines because of their
cancerous cell origin.

In these experiments the TLR expression and secretion of multiple cytokines was measured. The (basal)
TLR expression showed a large difference between both models, with the iPSC derived organoids having
a higher gene expression for six out of the eight analyzed TLRs. Under non-stimulated conditions the iPSC
derived organoids secreted measurable levels of four different cytokines (CCL20, CXCL10, IL-6 and IL-8)
while the PHSIE cell model under non-stimulated conditions, only secreted IL-8. Flagellin exposure induced
a response in both models, the exposure resulted in a secretion of CXCL10 by both models, while
additionally increased levels of IL-8 were secreted by the iPSC derived organoids. The induction of pro-
inflammatory IL-8 responses by flagellin in the iPSC derived organoids matched with what was observed
for the cell models in Chapter 2, while the lack of IL-8 induction upon flagellin exposure in the PHSIE
deviates from what is observed in the other models. The iPSC derived organoids actually showed an
inverse response to Poly(l:C) with a decrease in IL-8 secretion compared with the control. The iPSC derived
organoids did show a response to ssRNA while the PHSIE cell model showed a response to LPS via IL-6 and
IL-8 secretion. The TLR expression in iPSC derived organoids was modified upon exposures to most of the
agonists, only ssRNA exposure did not significantly affect the TLR gene expression. In the PHSIE model TLR
gene expression was only changed for TLR9 after Pam3CSK4 exposure.

Compared to results presented in Chapter 2 the expanded cytokine readouts applied in Chapter 3 allowed
for a better overview of effects, resulting in detection of induced expression of two additional cytokines;
CXCL10 and IL-6. Looking at the immunomodulatory capacity of both models the iPSC derived organoids
show a wider variety of responses to the range of TLR agonists. Though when looking at the goal of
combining the cell models with microbiota the cytokine response to LPS of the PHSIE cell model does offer
a potential advantage as that constitutes an extra response to a bacterial TLR agonist.

In Chapter 4 the focus switched from the interaction of microbiota derived TLR agonists with the intestinal
epithelium to the interaction with and via short chain fatty acids (SCFAs), which are important signaling
molecules produced by intestinal microbiota. SCFAs have been attributed with many different (intestinal)
effects; SCFAs are being used as an energy source by intestinal cells and are even claimed to play a role in
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neuronal diseases [3—5]. Butyrate, propionate and acetate account for the majority of SCFAs in the human
intestine and were used in Chapter 4. In cell lines (i.e. Caco-2 cells) butyrate has been shown to be
cytotoxic due to the inability of the cells to metabolize butyrate leading to intracellular butyrate
accumulation. Advanced cell models, like iPSC derived cell layers, do not suffer from this drawback and
can be applied as a model to study the interaction between SCFAs and the human intestinal epithelium
as done in the experiments performed in Chapter 4. To get a complete overview of the effects on gene
expression of the exposure to the three SCFAs a transcriptome analysis was performed using RNA-
sequencing. Each SCFA induced its own unique gene expression profile, showing that they each have a
different effect on the intestinal epithelium. Butyrate exposure resulted in the most pronounced effect
matching with previous findings in adult stem cell derived organoids, followed by propionate showing less
effects and acetate showing comparatively little effects. Importantly, multiple known effects of the SCFAs
were confirmed in the iPSC derived cell model when checking the changes in pathways using Gene Set
Enrichment Analysis. The effects encompassed the immune system, metabolic pathways, DNA replication
and multiple other processes showing the power of RNA-sequencing as a readout. The absence of
apoptosis related pathways showed that using iPSC derived cell layers solves some of the problems
observed when using cell lines to study effects of SCFAs. Thus, the iPSC model provides a better in vitro
model to further elucidate the interaction between SCFAs and the human intestine.

In Chapter 5, the potential consequences of different cell culturing methods used for growing intestinal
epithelial cells was explored. This was done because recent technological advances on microfluidic
systems as advanced cell culturing devices have come with a lot of promise on the effects that these
culturing devices have on the cells grown in them. Chapter 5 aimed to elucidate how the culturing
conditions in such devices influence the cell biological effects. In this chapter the effect of different
culturing conditions on the basal gene expression in the transcriptome was studied. To this end, existing
data sets were collected from the literature encompassing data sets from cells cultured in both traditional
Transwell and advanced cell culturing devices. Data sets were extracted from publications and eight
variables were defined for analysis, "Culture Time", “GSEid”, “Microbiome”, “Oxygen”, “Flow”, “Cell
system”, “Device” and “Platform”. The variables that have been reported previously to affect genes
associated with cell differentiation, i.e. flow and device, appeared not to substantially affect the gene
expression based on the analysis. Overall, most of the variables did not show strong effects on the
transcriptome, with only “Microbiome” showing effects that matched with expected effects related to
influencing immune related pathways.

The extraction of information from the selected studies showed the importance of proper reporting and
design of studies. Some factors that are known to have a large effect on cell lines such as passage number
could not be properly analyzed because they were often not reported. Absence of such details does not
necessarily impair the study on its own but weakens its value for the scientific field as it becomes more
difficult to compare the outcome of a study with other studies. As for this analysis gene expression in
control (i.e. non-exposed cells) was studied the observed effects appeared not very strong albeit highly
sensitive to minor changes in culturing conditions. In toxicological experiments, where cells are exposed
to compounds, much stronger effects on the transcriptome are to be expected, likely overwhelming the
minor influences of changes in culture conditions.
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6.2 General discussion and future perspectives

There is a need for robust in vitro models with good predictivity towards expected in vivo responses for
both safety and efficacy testing of chemicals and drugs. Only in this way will these models become the
new golden standard in the field of chemical risk assessment and drug development. The use of animal
models is under increasing pressure due to a scientific need for models that better predict human
toxicological safety, and societal opposition. This development is in line with the so-called 3R principles,
replacement, reduction and refinement of animal experiments, aiming to step by step improve welfare
conditions of animals still used in toxicological risk assessment and work towards complete replacement
of data derived from animal studies by data derived from in vitro and in silico models. Below several
aspects needed to make this transition, with a focus on intestinal cell models, will be discussed and a
future outlook will be provided.

First of all, it will be discussed how the ability to use human cells or tissues allows for models that better
reflect human biology, reducing the uncertainty that comes from the difference between experimental
animals and humans. Secondly, it will be discussed how advances in culturing devices can better
recapitulate the human physiology and thus support the transition towards in vitro models, and how these
devices are combined with advanced cell models. Lastly, the applicability of these novel in vitro models in
toxicological sciences, especially regulatory toxicology in a societal context will be discussed.

6.3 Improving the human relevance of intestinal models

Existing intestinal epithelial models based on Caco-2 and other cell-lines are constantly improved by
modifying culturing methods, such as exploring different cell culture medium compositions [6—8]. This can
be illustrated by the example related to the use of fetal calf serum (FCS). FCS is a commonly used medium
component and it contains a lot of components needed for cell growth. However, it comes with a number
of drawbacks. First of all, it is sourced from animals, with batch to batch variability in the composition
which adds to differences between experiments using different batches of FCS. At the same time there
are ethical concerns since these calves are specifically raised for extraction of FCS, which goes against the
goal of animal-free testing with in vitro experiments [9-11]. Therefore, more studies are needed to
explore novel and animal-free FCS alternatives better. In experiments with intestinal cell models where a
synthetic medium was used instead of animal derived FCS more variation in barrier integrity and
differentiation was reported between laboratories compared to using a traditional medium containing
FCS [8]. In contrast, other articles where traditional FCS containing medium was compared with synthetic
MITO+™ FCS free medium reported improved transport activity of Caco-2 cells grown in the synthetic
medium[12]. More studies are thus needed to define a proper and reliable replacement for FCS in cell
culture medium for intestinal cell models.

Adequate and harmonized parameters to define the differentiation status of the intestinal cells used in
experiments is a next critical factor to improve the quality of the outcome of in vitro studies. There is a
general consensus that there is a direct relationship between culture time and differentiation of cells.
Depending on what endpoint is being measured in an experiment, the exact point at which Caco-2 cells
reach optimal activity differs but the general consensus is that a culturing time of 21 days is sufficient for
full differentiation [1, 13—15]. As such this is the most widely used time point when culturing and using
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Caco-2 cells. This has translated to other intestinal cells being grown for the same period of time since the
initial comparison is often to Caco-2 cells. There have been reports of protocols using short term culturing
that result in Caco-2 cells that perform similarly to Caco-2 cells upon 21 day in cultures in terms of TEER
and transporter activity [16]. But such protocols are not widely embraced due to uncertainty on the
complete cell differentiation status, while the 21 days protocol has been tried and tested elaborately.
Besides culture time the way Caco-2 cells are maintained prior to seeding has also been shown to affect
their functioning after 21 days. When cells are passaged at either high or low density during maintenance
they proliferate differently and respond to exposure of toxic compounds differently [14]. Thus, there is a
need for a number of well-defined end-points to validate the differentiation state of Caco-2 cells, since
use of only TEER measurements as often done may turn out to be too limited. Variations in culture
protocols used by different scientific groups reduce the ease of translation of results between
laboratories, sticking to a single standardized protocol provides the best option to achieve that the
differentiation state will be similar in experiments using Caco-2 cells. Thus, reaching consensus on a
standardized protocol is important, and would help increase the value of the Caco-2 cell model.

There are also other cell lines than the Caco-2 cell line that can be used as intestinal models such as T84
cells that have been shown to better mimic colonocytes [7] or HT29-MTX cells that mimic goblet cells [17].
Having a wider array of cells available allows for the selection of the “optimal” cell type for the specific
research question. However, the main application for HT29-MTX cells has been their use in a co-culture

K

model with Caco-2 cells. The combination of Caco-2 and HT29-MTX cells results in a model that contains
the two most abundant cell types present within the human intestine, enterocytes and goblet cells. In vivo
goblet cells introduce a mucus layer that can act as a barrier for diffusion of compounds [18, 19].
Interestingly, a study using the Caco-2/HT29-MTX co-cultures indicated increased permeability for a large
number of model compounds that undergo passive absorption across these cell-layers, with paracellularly
translocated compounds showing the comparatively highest crossing of the co-culture cell layers
compared to Caco-2 monoculture models. For carrier-mediated compounds this was inverted with HT29-
MTX co-cultures showing lower translocation [6]. Older research similarly showed that passively
(transcellularly) transported compounds transported faster in co-cultures [20]. This indicates that the
mucus does not seem to function as a barrier for these compounds, and that the lower number of
transporters due to the lower number of Caco-2 cells does have an influence. Similarly, to the results in
Chapter 2, these co-cultures appear to have lower TEER values, indicating lower integrity of the tight-
junctions. This could explain the observed difference in translocation and showing that the tight junctions
may be more important for limiting transport across the cell layer than the mucus layer.

For other applications this co-culture model also offers advantages, for example for co-culturing with
bacteria. The mucus is an important food source, and place to grow in, while it also has a role as a barrier
against microbial agents and it is involved in the clearance of microbial TLR agonists, thereby protecting
the intestinal cells [21, 22]. However, proper production of this mucus layer in vitro might require
alternative protocols such as Semi-Wet interface culturing on a shaking plate to increase mucus
production to acceptable levels [23]. Organs-on-a-chip culturing devices that impose shear forces on the
cells by their dynamic cell culture flows may also offer such a stimulation of mucus production [24-26].
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Besides co-culture models with other intestinal epithelial cell types there are also opportunities to include
cells with a different biological origin and function. The first type of cells that are often used for such co-
cultures are endothelial cells, the cells that line the blood or lymphatic vessels. These could act as another
barrier for transport of bacteria or compounds, but more importantly are responsible for the propagation
of (immune) signals from the epithelial cells and as such are involved in generating local intestinal tissue
immune responses [27, 28]. There are multiple sources of endothelial cells that have been applied in
combination with intestinal epithelial cells, for instance HUVEC (human umbilical vein epithelial cells),
HMVEC-d (human dermal microvascular endothelial cells) and HIMEC (human intestinal microvascular
endothelial cells). While the first two cell types have been used more extensively in research, less is known
about the latter. The intestinal origin of the HIMEC could be an important reason to include it in future
intestinal models [24, 28]. The results in Chapter 2 did not show much additional value of the addition of
HMVEC-d for the immunomodulatory capacity of the models, however exposure to the TLR agonists
tested might have been too limited due to the limited concentration that reaches the basolateral side to
capture all potential interactions.

The second type of cells that are often added to the co cultures are immune cells such as peripheral blood
mononuclear cells (PBMCs) [27-30]. This addition can allow for the modelling of the recruitment of
immune cells following exposure to a challenge and thus of a cellular immune response of the intestinal
tissue. A model combining intestinal epithelial cells derived from human intestinal organoids with
macrophages isolated from the PBMCs showed a clear interaction between the two with the macrophages
stimulating the immune response of the epithelial cells [29]. Similar to the endothelial cells the immune
cells also play an important role in modelling the interaction with the microbiota. A complete system
therefore likely requires inclusion of cell types from different functional backgrounds; epithelial,
endothelial and immune cells, and maybe even more.

6.4 Moving from cell lines to stem cells

Another development is to replace cell lines in the intestinal in vitro models with cells derived from stem
cells. The first steps were taken by propagating adult stem cells isolated from human intestinal tissues
into 3D intestinal organoids by applying certain growth factors during differentiation [31, 32]. These 3D
structures contain many of the cell types found in the in vivo human intestine and form a polarized
structure where the apical side (i.e. lumen side) is on the inside of the organoid. A comparable organoid
was created using iPSCs that form a structure that also contains multiple cell types as found in the human
intestine [33—36]. These miniature intestines also show the typical crypt and villi structures as found in
the human intestine. Still, one of the major drawbacks is that the apical side is on the interior of the
organoids which makes exposure via the luminal side difficult. In addition, organoids are grown in an
extracellular matrix that can form a barrier for compounds to reach the organoids. One solution that has
been applied are microinjections into the lumen of the 3D organoids, mostly of bacteria [37-39]. While
this does allow for exposure on the correct side of the cells it does not allow for large scale experiments
and suffers from similar problems as bacterial exposure in Transwells where bacterial overgrowth occurs
over time. Another solution that has been applied is inversion of the organoids to create the apical surface
on the outside [40, 41]. This solution means that all organoids can be exposed on the lumen side by adding
the compound to the medium. However, the extracellular matrix remains as a barrier and transported
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compounds can accumulate inside the organoid. Furthermore, determining the amount of transported
compound then becomes challenging, as the compound would need to be extracted from the inside of
the organoids. The last solution is to grow these stem cell derived models as a monolayer in a Transwell
similar to how Caco-2 cells are grown [40, 42, 43]. In this case they are not called organoids anymore since
they lack the 3D structure and are often referred to as intestinal epithelial cell layers. This method allows
for both an easier exposure and end-point measurement. It also only needs a thin layer of extracellular
matrix below the cells instead of being completely embedded in the extracellular matrix like the
organoids. Under normal culture conditions the typical intestinal crypt and villi structures seem to be
reduced or absent but what is retained is the advantage of multiple cell types as observed in vivo. If grown
under dynamic flow conditions some of crypt/villi structure can be retained [24, 27]. Overall, these stem
cell derived models offer complex models that encompass most cell types found in the human intestine
and the fast developments in culturing method design are slowly overcoming some of the drawbacks. In
the end, at the current state of the art the Caco-2 cell line is still applied in all kinds of experiments due to
its advantages such as ease of use and low costs, especially in toxicology where the repeatability and a
large body of existing knowledge on these cells is valued.

6.5 Advancements in culturing devices

Besides improving the biology by using different cells and cell models another avenue to improve
intestinal models is provided by better mimicking the physical and biochemical environment of the human
intestine. Due to the peristalsis in the human intestine there is constant movement inside the lumen and
of the intestinal tissue itself, creating forces that act on the intestinal cells such as shear stress and
mechanical stress. Creating these stressors in in vitro models has been attempted by using novel
technology to improve the devices used to culture the cells in resulting in microfluidic devices.

The first microfluid devices used were composed of polydimethylsiloxane (PDMS) polymers. They
consisted of two compartments separated by a membrane also made from PDMS or sometimes made
from the same polymer as used in Transwell membranes [26]. Cells grown in such a device, also called a
gut-on-a-chip, showed improvements of the morphology of Caco-2 cells, higher expression of the
important biomodification enzyme Cyp3A4 and the presence of cells with markers indicative of goblet,
Paneth and enteroendocrine cells besides the abundant presence of enterocytes [26]. The proper
functioning of these other cell types has to be validated to further support these findings. Other designs
of microfluidic devices included more compartments. An example is a device that was made from
polycarbonate and used nanoporous membranes to separate the epithelial cells from a chamber
containing microbes and a bottom chamber for the perfusion of oxygenated cell culture medium [44].
This model was used to study the interaction between the microbes and the epithelial cells showing many
effects on gene expression. It also enabled creation of an environment low in oxygen for the microbial
compartment. The separation of the microbes from the epithelial cells does block some of the direct
interactions and limits the exposure to transported signaling molecules and TLR agonists. Since then the
PDMS based microfluidic device designs have been expanded by including microbiota compartments [27]
and an anaerobic compartment with oxygen sensors [25]. Comparable models have already been applied
for the measurement of transport of compounds [45], and experiments have been performed to evaluate
the influence of different flow rates on the development and differentiation of the intestinal cells grown
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in such devices [46]. These microfluidic models do offer a technical challenge for end-users and close
collaborations between microfluidic engineers and biologists or toxicologists is needed.

As an alternative to the microfluidic flow devices other approaches have been introduced. One example
is the so called OrganoPlate which is a plate where an extracellular matrix forms the barrier between two
channels [47]. Cells can be cultured in one channel where they will form a tube-like structure by growing
onto the extracellular matrix, flow is created by putting the plate on a rocking platform that moves the
medium back and forth through the channel. This technological solution requires less expensive and
complex instruments and offers more scalability but it has the disadvantage of the (large) barrier of
extracellular matrix that separates the channels which could potentially interfere with for instance
transport studies. As these plates are not connected to an external pump, there is no renewal of medium,
which might be another disadvantage. Especially if co-culture with microbiota is needed, as a risk of
microbial overgrowth is eminent. The OrganoPlate model has already been used to create several
intestinal disease models for drug discovery and to model inflammatory processes by including
macrophages [29, 48]. Overall, these microfluidic technological advances overcome some of the
shortcomings of static systems such as Transwells and offer opportunities for future research.

6.6 Microbiome incorporations into immunocompetent intestinal (epithelial) in vitro models

As mentioned before, the microbiome is an integral part of the human intestine. Some researchers go as
far as calling it a specific organ [49]. Though the notion that it is an independent organ has been refuted
the microbiome is an integral part of the human intestine and should be taken into account when
designing an in vitro intestinal model that closely mimics the in vivo intestine. Multiple studies have
started integrating the microbiota into intestinal systems and are reporting on the interaction between
the microbiota and the intestinal cells [27, 50]. An important part of this interaction is dependent on the
innate immune system of the human intestinal epithelium. Existing knowledge on the presence of TLRs as
the main sensing receptors, and responses to agonists via these TLRs is inconsistent and incomplete [51,
52]. This holds true for both cell line and stem cell based models. However, it is important to first define
an aim for these models, which is to properly mimic the in vivo situation. To set a benchmark there are
two factors to assess, the presence of the TLRs and the presence of a response to selected TLR agonists.
Studies on human intestinal biopsies suggest the presence of all nine TLRs [53-57], meaning that an in
vitro intestinal model should preferably also express all nine. The presence of a response to TLR agonist
exposure is more difficult to define as there is at present no way to obtain human in vivo data to set a
benchmark.

The large number of bacteria in the human intestine means that there is a constant presence of TLR
agonists although in healthy individuals this does not result in an active(ated) immune system [58, 59]. As
such an active immune response might not be considered an important part of an intestinal model to be
developed. However, this lack of response is dependent on a balanced microbiome with a proper
epithelial barrier including mucus and immune related cells producing antimicrobial products. As such it
is important to explore if cell models are able to create an immune response upon a direct exposure and
which cell types normally present in the intestinal tissue are involved in these responses. As a first step to
test the interaction between the microbiota and the intestinal cells, microbiota derived TLR agonists offer
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a good starting point, since they are known to be involved in the innate immune response [60, 61]. The
agonists used in this thesis originate from infectious bacteria or mimic those, replicating an exposure that
should induce a response in vivo. The responses to exposure to the selected TLR agonists can be
considered a first step in assessing the immunocompetence of an intestinal model. Follow up research
should also consider other types of exposure than the TLR agonists studies in the present thesis, with the
next logical step being heat or otherwise inactivated bacteria, to which the intestinal cells can be exposed
in simple Transwell models for a long period of time. Inactivated bacteria offer the advantage of the
presence of a large number of signaling molecules that both potentially activate and attenuate the
immune response to give a better idea of the balance achieved upon exposure.

The next step would be to expose the intestinal cells to living bacteria, which comes with technical
challenges. Using a simple Transwell system would limit exposure time due to overgrowth of the system
by the bacteria [43]. As the interaction of bacteria and the intestinal tissue in the human body is long
term, mimicking real life scenarios would require a proper mucus barrier to protect the intestinal cells
from the bacteria, a flow to clear the excess of bacteria [27], and also an anaerobic compartment for the
microbiome, which would allow for culturing of the obligate anaerobes as found in the human intestine.

To take the first step in developing such immunocompetent cell systems, well studied cell lines offer the
best starting point. However, Caco-2 cells are known to show little to no response to LPS exposure which
has been associated with a lack of TLR4 expression [62]. Similarly, the results in Chapter 2 showed a lack
of response to LPS in Caco-2 cells, while the other tested cell lines did not offer a response either,
indicating the need for a different model if a response to LPS is important. T84, a model for colonocytes,
has been reported to show higher expression of TLR4 but has far lower expression of TLR5 which is
responsible for recognizing flagellin. As a model for interaction with the microbiota colonocytes could be
more interesting as they mimic the colon where most of the microbiota is present, while the cell lines
used in the present thesis mimic the small intestine that contains far fewer bacteria [63]. This indicates
that there are clear differences between cell lines, and though the co-cultures that were used did not
show additional value there might be other combinations that are worth further exploration.

In the cell line models one should also take into account the polarity of the response; are the cells mostly
excreting the cytokines to the apical or basolateral side. And where are the TLRs located? Most of the
excretion of IL-8 in Chapter 2 appeared to occur at the basolateral side of the cells, likely related to the
role of IL-8 as a chemoattractant helping to propagate the signal [64, 65]. Similarly, as mentioned, the
location of the TLRs can be important. The TLRs are not spread out evenly over the cell and intestine,
some are more abundant on the apical or basolateral sides or internally and their presence differs from
one to another part of the intestine [51, 66]. The location of the TLRs is of interest given that in the studies
performed in the present thesis the intestinal layer was considered to provide a barrier blocking the
translocation of the agonists, so exposed TLR agonists remained at the apical side of the intestinal cells.
ssRNA4Q is an exception since this TLR agonist has to reach TLR8 which is located intracellularly. The
intercellular delivery of ssRNA40 was achieved by adding a transfection reagent when exposing cells to
ssRNA in vitro. So there are a number of aspects to consider here. First of all the HT29-p model produced
low TEER values and did not form a proper cell layer. Secondly, as discussed before, the addition of HT29-
MTX has been shown to increase paracellular transport of many compounds, which might also allow for
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more transport of certain TLR agonists. Thirdly, in rat experiments active transport of FITC-labelled LPS
across the intestinal enterocytes was suggested [67]. However, dermal endothelial cells were reported to
be responsive to amongst others LPS so the lack of response in the co-culture with HMVEC-d seems to
indicate a lack of exposure [68, 69]. These considerations do make it interesting to determine the polarity
or TLRs in intestinal models, and in future microfluidic models to improve the polarity of the models [26].

In the advanced models, iPSC derived organoids and PHSIE, expression of all nine TLRs was observed
though at varying levels. For adult stem cell derived organoids, expression has only been reported for
TLR2, 4 and 5, while the others TLRs have not been measured [70]. When looking at the TLR expression
most of the advanced models seem to better mimic the in vivo situation than the cell lines. Considering
responses to agonist exposure the PHSIE showed a clear advantage due to their response to LPS, even
though they showed a relatively low expression of TLR4, which could be important when considering co-
culturing with bacteria. However, PHSIE are sold as a commercial model supplied pre-grown on Transwells
so applying a similar model on gut-on-a-chip would require development of publicly available methods.
On the other hand stem cell derived models have already been successfully grown on chips. Overall, it is
important to take the strengths and limitations of each model into account when interpreting interactions
with the microbiota and related TLR agonists.

In the studies presented in this thesis, the presence of an immune response after exposure to TLR agonists
was set as a benchmark, a lack of response indicating absence of important interactions in the model.
However, the findings in Chapter 3 do indicate the presence of all nine TLRs, at least for the advanced
models. At the same time it is known that all TLRs share common pathways after activation, mostly via
the MyD88-dependent pathway [51, 61, 71]. The presence of a response to at least one compound in
every model indicates the functioning of these shared pathways. Based on the results obtained it remains
to be elucidated whether the in some cases limited responses result from inactive TLR proteins, since only
their mRNA levels were measured, or that other regulating factors are limited thereby hampering the
activation of the immune response. The complexity of the innate immune system, especially in the
intestine where there is a large constant presence of bacteria, means that there are many questions left
to be answered before a final evaluation can be made on which model best mimics the in vivo situation.
But, amongst the models we evaluated the iPSC derived ones performed the best.

6.7 Short chain fatty acids in the human intestine

Besides the interaction of the microbes with the intestinal immune system via TLR agonists there is much
more communication between the microbiota and the human intestine. One important group of signaling
molecules for such interactions are the SCFAs, which have also been used in this thesis. Early studies
mostly focused on butyrate exposure to Caco-2 or other cell lines. Part of the interactions of SCFAs and
cells is mediated via G protein-coupled receptors [72, 73] which are present in intestinal enterocytes and
immune cells [74]. Another way of interaction is via the inhibition of histone deacetylases (HDACs) which
has effects on the epigenetics of the cells [75-77].

In cancer cell lines the exposure to SCFAs leads to apoptosis of the cells and butyrate was at some point
proposed as a potential treatment for cancer [78, 79]. This apoptosis effect was called the butyrate
paradox and multiple explanations have been given for that effect such as internal accumulation of
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butyrate in cancer cells in which, due to the Warburg effect, butyrate is not consumed as an energy source
[80, 81]. Therefore, cancer derived cell lines are not an adequate model to study the interaction of SCFA
and the human intestine if the focus is on a healthy system that is exposed over a longer period of time.
Other models such as stem cell based models are a better alternative and adult stem cell derived models
have been applied to study this interaction [82, 83]. In the current thesis iPSC derived models were used.
Overall, SCFAs have been associated with many effects in the human intestine including effects on the
immune response, on homeostasis, the barrier function and SCFAs are used as energy source by the
intestinal epithelium [80, 84-90]. This wide variety of effects means that using predefined selective read-
outs may fail to capture the whole picture of the interaction. As such an approach using RNA sequencing
to capture the whole transcriptome is an appropriate approach to screen for the effect of potential cellular
effects. The results of Chapter 4 clearly show that iPSC derived intestinal layers capture a wide range of
responses upon exposure to SCFAs. One drawback of the sequencing approach is that there are likely
effects that do now show up when looking at level of gene expression, but only become apparent for
instance by studying the proteome. This means that there is still a lot of opportunity for further research
when using a similar experimental design but with other endpoints.

Another potential critical point is the choice of concentrations of SCFAs used to expose the intestinal cells
in vitro. While there are differences in the reported in vivo intestinal concentrations, the concentrations
used in the experiments in Chapter 4 are relatively low for acetate [91, 92]. Similar concentrations have
been used in studies exposing enteroids derived from adult stem cells to SCFAs [83]. This means that the
conclusion in both articles that acetate shows the lowest induction of effects might be due to the low
concentration used. At the same time acetate has a different physiological role compared to both butyrate
and propionate because it plays a role in acetyl-coenzyme A metabolism and as such there is endogenous
production of acetate in mammalian cells [93]. Even though the production is only in the uM range, this
presence of endogenously produced acetate could also explain the low response of the intestinal
epithelial cell layers to the exogenously added 10 mM of acetate. Lastly, and as discussed above Caco-2
cells have been clearly reported to be an inadequate model for studies with SCFAs due to the butyrate
paradox with butyrate inducing apoptosis in the cells [81, 94]. Using the stem cell derived model the
induction of apoptosis related pathways was not observed, but a clear decrease in proliferation and LGR5
expression, a marker for cycling stem cells [95], was observed after exposure to butyrate and propionate
in adult stem cell derived intestinal organoids [83]. This could have an influence on long term culture in
for example a gut-on-a-chip. However, given that in vivo stem cells are at the bottom of the crypt where
exposure is lower the presence of a crypt villi structure in other in vitro models could help avoid this
influence [96]. Overall, the research has contributed to the knowledge on the interaction between SCFAs
and the human intestine via the immune system, metabolism, energy homeostasis and other pathways
combining many of the known effects.

6.8 Standards in using microfluidic based devices to work towards creating reliable gut-on-a-chip
models

Microfluidic based models have taken the field of in vitro models for several organs including the intestine
by storm as potential major contributors to the increased physiological relevance of the models by
improving the morphology and differentiation of cells [26]. There are numerous claims that growing cells

156



General Discussion

in microfluidic devices improves their characteristics compared to their characteristics in existing static
models, as reflected by induced villi formation and altered differentiation of the cells [26, 27, 97]. Part of
this differentiation has been attributed to the presence of peristalsis like motion induced in some devices,
in addition to the shear stress associated with the used fluid flow [27]. After the first few articles reported
on these findings many different chips have been designed that were stated to have the same effects. The
analysis reported in Chapter 5, based on publicly available datasets revealed that the effects on
differentiation are potentially not consistent between different devices and/or that the effects are not
strong enough to be detected in a comparative transcriptomics analysis. However, single studies that
performed a direct comparison of gene expression between cells grown on Transwells and on chips do
show that there are distinct differences between the two [24, 97].

The analysis in Chapter 5 only focused on data sets using Caco-2 cells, which are limited in their
differentiation and as such a similar analysis with stem cell based models might give additional insights.
This analysis remains to be done in the future as the current transcriptomic dataset from stem cell based
models on microfluidic devices was too small to be able to perform a similar comparative analysis. Many
of the earlier reported differences and implications of device dependent culturing have been based on
differences in histology or the formation of villi [26]. The extent of this effect is directly related to the
strength of the shear stress so variations herein between models might be overshadowing the effect of
the variable “Flow” since it is categorical not numeric [46]. Earlier reports state that Caco-2 cells grown
on the chip system differentiate into different cell types, namely enterocytes, goblet cells and even Paneth
cells remain intriguing [26, 27]. These changes would be expected to be accompanied by major shifts in
gene expression. Again, this might be an example of an effect that is observed in a single study, which is
not detectable in a global comparative analysis as performed in Chapter 5. In addition in several literature
reported studies, the switch in cell type was proven by the expression of markers associated with these
cell types, and different culturing conditions have also been associated with an increase of for example
mucin production by Caco-2 cells which is a marker used for goblet cells [98—100]. However, defining
Caco-2 cells as a different cell type based on the expression of only these markers is questionable, since
the expression of the marker, albeit of interest, does not prove the full functionality associated with goblet
cells. Further experiments that include for example single cell sequencing could give insight in cell specific
features that express these markers, so that such data can be compared to existing single cell sequencing
studies of cells isolated from the in vivo intestine [101-103].

6.9 Towards an intestinal model that includes the microbiota

Older experiments trying to study the interaction between the microbiota and intestinal cells ran into
multiple issues. When using living bacteria there is a rapid overgrowth of the cells and medium limiting
the amount of time the cells can be exposed. This makes chronic studies challenging, and makes it difficult
to study long term host-microbe interactions [104, 105]. Such studies have mostly been limited to
inactivated bacteria, bacterial supernatant or specific compounds/structures of the bacteria [106].
However, the gut-on-a-chip offers a unique environment where the villi and increased mucus production
offer the niche for bacteria to grow while the constant flow removes excess bacteria and ensures constant
delivery of nutrients [27, 44]. However, to fully recapitulate the interactions with the microbiota an anoxic
environment is needed for the bacteria. Although there are some facultative anaerobes that are present
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in the human intestine these do behave differently in the presence of oxygen [107]. Such anaerobic
systems have been created in Transwell systems or tubes that can include the culturing of bacteria over
longer periods of time, but lack the constant refreshing of media of microfluidic systems [43, 108, 109].
The next step is the application of microfluidic systems where the presence of the separated channels can
allow the apical side containing the cells and bacteria to be anoxic while the basolateral side supplies the
oxygen for the cells. This allows for the growth of bacteria that are sensitive to oxygen and allows those
species that can survive with oxygen to function more similarly to how they grow in the intestine, with
the flow allowing for longer term culturing than is possible in static Transwell systems [25, 44]. The lack
of influence of the variable “Oxygen” observed in Chapter 5 indicates that the cells are likely to grow
normally with oxygen on only one side. Chip systems are mostly made from PDMS which is a gas
permeable plastic [110], so it is important to properly validate that the whole apical side remains anoxic.
For the further development of such devices the inclusion of oxygen sensors and sensors for other
parameters into the gut-on-chip devices appears to be an essential element.

The large effects observed after exposure to SCFAs in Chapter 4, show how significant the effect of
interaction with the microbiota can be on the functioning of the intestinal epithelium. So properly
studying these interactions is important, and studies with singular or simple co-cultures of bacteria are
the next step but only the starting point for follow-up studies. There are multiple ways to go towards more
complex microbial communities that better represent the wide variety present in vivo. The first aspect
that needs to be considered in case of the application in vitro of defined microbial communities, is to what
extent these communities can recapitulate all the functions of the in vivo microbiota [111]. Such
representative communities consisting of selected well defined bacterial strains have been applied in both
in vitro and in vivo experiments and are constantly being improved. The advantage is that only known
strains of bacteria are applied, so effects can more easily be attributed to a specific strain. However, how
these communities are designed is dependent on the definition of a normal community which is once
again dependent on current knowledge.

Within the field of toxicology there has been research into using faecal samples in incubations to assess
gut microbiota mediated metabolism [112, 113], and faecal transplants are being applied in medicine
[114, 115]. Such an approach of directly using the microbiota from the human intestine could also be used
inintestinal in vitro models to avoid biased selection of bacteria. However, it is also known that microbiota
in different parts of the intestine are different [116—118] so it is debatable to what extent faecal samples
are representative for the microbial communities present in other intestinal parts as for example bacteria
that remain in the mucus may be underrepresented. Furthermore, faecal samples from different donors
may also show interindividual variability thereby hampering reproducibility.

The promise of this field has led to the increase in studies using fluidic intestinal in vitro models, and many
groups are designing their own chip system or otherwise fluidic environment. This creates a situation
where results are not easily reproducible because of the large variation in designs. There are a number of
commercially available systems attempting to fill this gap, however these do come with substantial costs
to purchase both the system and the equipment to run the system. Each design also represents its own
closed proprietary system where users will be locked into a single vendor. There are initiatives to promote
standardized designs consisting of specific building blocks with well defined characteristics so that people
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can use multiple vendors or could attempt to create them themselves [119]. However, any standard needs
to be widely accepted to avoid creating just another model that competes with the existing ones. Only
recently a publication emerged that properly models and calculates the shear stress in chips [46], with
older publications lacking clarity on their calculations. All such variables should be well defined in the
different systems to aid translation of observed effects between chip designs, and, eventually, to the in
vivo situation.

6.10 Making the step to application in toxicology and replacement of animal studies

A major goal of the work described in this thesis is to contribute to the replacement of animal testing with
in-vitro alternatives by improving the in vivo physiological relevance of intestinal models. The previous
discussion mostly focused on scientific/academic applications of the intestinal models. However, it is also
important to reflect on how to apply in vitro models in toxicological risk assessment of compounds to
actually make a step towards a future risk assessment without reliance on animal testing derived data.
This indicates a need for in vitro to in vivo extrapolation of the observed effects.

Human cell based intestinal models can be of use to 1) test effects of compounds on the intestine, which
is especially relevant for compounds for which the intestine is the target organ, or 2) to study the transport
and intestinal metabolism of compounds by the intestinal cells and thus the expected in vivo
bioavailability. Traditional Caco-2 models have been useful in the prediction of transport of many
compounds but more advanced models could help fill in the gap for specific compounds, for instance for
those that are transported by transporters that are poorly expressed. Studies have already shown
improved expression of Cyp450 genes in iPSC derived intestinal organoids [120] but there is still a need
for a study looking at expression and presence of transporters in stem cell derived models. The inclusion
of the microbiome in the in vitro model, as discussed above, should only be considered when it gives
additional value, while for most transport studies a simpler model with only intestinal cells will likely
suffice.

Chapter 5 has already shown the limited availability of existing data on system parameters for the chip
models, and there are similarly little data available on system parameters generally applied for stem cell
based models. A study using these data sets and validating the presence of the transporters would offer
a wealth of future knowledge for the field of toxicology. Selecting the right intestinal model to test
absorption prior to clinical trials could avoid an expensive clinical trial on a drug that will fail due to limited
oral bioavailability and needs a different route of administration.

Especially adult or induced pluripotent stem cell based intestinal models offer a lot of promise as disease
models. They have been proposed as a tool in personalized medicine, where medication can be tested on
a patient’s own cells prior to treatment. Any medication will have off target effects, and the worse the
disease the more side effects of a drug treatment are acceptable. Using such a personalized approach to
test efficacy and/or optimize dosage can minimize harm to the patient. Disease models from patients
could similarly be used to test efficacy of novel medication prior to clinical trials. Biobanks of patient
material are already being constructed for use in research [121] and can help avoid clinical trials on drugs
doomed to fail due to lack of bioavailability. Though such an approach will only work for a limited number
of diseases, mainly those affecting cell functioning, it still has a lot of potential to reduce the number of
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animal trials. Examples of diseases where stem cell based models have already been established are
multiple intestinal atresia [122], IBD [48], cystic fibrosis [123, 124], cancer [125], and many non-intestinal
diseases [126].

While it is questionable if personalized toxicology is the future, stem cell based intestinal models could
find their place focusing on sub-populations with specific expression patterns of enzymes and/or specific
transporters. Working towards actual replacement of animal studies will need well-defined and robust
models that can be replicated in well-equipped labs by well-trained personnel. A model will only be
accepted as a replacement once regulators can be convinced that it functions as well or better than the
gold standard, which currently consists of animal models. This requires knowledge on all possible variables
that can influence the functioning of the model. For Caco-2 cells there is already a wealth of knowledge
on the influence of factors like passage number, medium composition, strain differences and inter-
laboratory differences. For advanced models there is currently a lot of cutting edge development that is
constantly pushing the field forward, however regulatory acceptance would require a consistent protocol
and design that can be properly benchmarked. A nice example of such development is the collaboration
of the USA Wyss Institute and FDA to test the potential applications of chip models in toxicology [127,
128].

Stem cell based models are derived directly from human material and will show a lot of inter-donor
variation. It is yet not solved how this can be used and implemented in a regulatory setting. Biobanks of
material are considered as part of a solution by offering a consistent availability of material from the same
source, but material will still be limited. In this case iPSC derived models might be more favorable
compared to adult stem cell models, as iPSC cells can be maintained and proliferated similar to cell lines,
though this is far more laborious. Having consistent availability of a single batch of cells, similar to well
defined strains of laboratory animals, allows for more reproducibility between labs.

Using advanced models especially with advanced microfluidic devices can be expensive. While this might
be less of an issue for pharmaceutical industries, large investments in academic settings might be more
challenging. If costs are too exceptional it might limit research towards using these novel in vitro model
systems in New Approach Methodology strategies for replacing animal testing.

One major disadvantage of in vitro models will always be that they represent a single organ that only
encompasses part of the body. Animal models offer a complete body and give an overview of both where
the medication ends up and what it does. To translate the data from in vitro experiments to the whole
body there is a need for physiologically based pharmacokinetic (PBPK) models, that take data from the
different organs and combine that to model the kinetics and if combined with a quantitative in vitro to in
vivo extrapolation (QIVIVE) to effects on a whole body. Traditional Transwell systems allow one to easily
calculate the apparent transport rates or permeability coefficients, which can be used in PBPK modelling
to define kinetic constants to describe the rate of absorption. However, novel approaches need to be
developed to calculate such coefficients based on data obtained in dynamic flow systems. So far
publications have either applied the traditional calculation designed for static systems or reported
transport only as a percentage of the total exposed amount [45, 129]. Working out how to translate the
values obtained from chip systems to the in vivo situation provides an important future challenge.
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Existing academic practices and studies help expanding the knowledge base, which helps to, in the future,
minimize the number of animals needed in future studies to predict human hazards and risks. A major
part of clinical trials using novel drug candidates fail due to unwanted toxicity/side effects or due to
species related differences in pharmacokinetic properties of the novel candidates, likely due to
unexpected absorption, compared to what was observed in non-clinical studies.

Realistically the transition towards the use of in vitro alternatives in (regulatory) toxicology will be
dependent on many steps. It is important to consider the many stakeholders involved in this transition.
First of all, there are the (academic and corporate) researchers that are the first to develop, apply and
test, novel methodologies. Secondly there are the companies that need validated models that can quickly
and as cheaply as possible be applied for safety testing of compounds. Thirdly there are the governmental
agencies as they have to approve alternative methods and the data derived from these models. Important
aspects within this framework are the reliability and reproducibility of the novel in vitro methods and the
data obtained. Lastly there is also a role for NGOs such as stichting Proefdiervrij, and Animal rights that
influence and communicate societal pressure and provide funding for research on alternatives. For a first
step all these stakeholders would need to come together to agree on which models to prioritize, which
endpoints to be of importance and to identify approaches that have the highest potential. By making sure
that there is consensus on where to focus, funding should be made available to work on those targets.

If a consensus can be reached the next step would be benchmarking and validation of the selected
model(s), and only if needed improving on these existing models to increase the reliability and
reproducibility. This will be dependent on funding from the government and industry, and requires that
funding becomes available for benchmarking studies, which are not necessarily ground-breaking scientific
studies with high breakthrough potential. So funding should not solely be focused on (scientific) novelty.
In current projects where industry is involved focus is often still too much on novel industry applications
or on novel methods and not necessarily on validation of existing methods. Execution of benchmarking
studies should be performed by a combination of researchers in an academic setting and those that work
in industry. On the side of the academic researchers there is also a need for more appreciation of
benchmarking studies, often considered repetitive science. In addition to funding there will also be a need
to be able to publish the results obtained.

The last step in the whole process will mostly be dependent on the governmental and regulatory agencies,
as they will have to approve and accept the New Approach Methodologies. Within these steps there
should be no direct need for comparison with the golden standard, in this case the in vivo animal tests.
The focus should be on creating show cases that reveal that in vitro alternatives can adequately predict
effects on humans.

6.11  Concluding remarks

The second and third chapter of this thesis showed some of the constraints of intestinal models with
regards to theirimmunomodulatory capacity. None of the cell models tested could fully mimic the in vivo
known responses and thus be defined as optimal, but recommendations can be made for the most
competent model, being the iPSC derived organoids, and the data can be used to interpret future study
results. The fourth chapter clearly showed that iPSC derived intestinal cell layers work well as a model for
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studies on interaction with the microbiota via SCFAs. Many pathways that are known to be associated
with SCFAs in vivo, were shown to be modulated in the in vitro model system. The fifth chapter showed
that there is a need for more accurate reporting of the experimental characteristics of advanced intestinal
in vitro systems in order to facilitate future reproducibility. Existing claims about fluidic systems do not
simply hold for all different in vitro intestinal models. The presented approach for a meta-analysis does
pave the way for comparable studies on transcriptomics data from experiments that use stem cells, and
advanced microfluidic devices. Overall, the results of the thesis show that there are important differences
between different in vitro intestinal models resulting in the importance of properly considering the
strengths and weaknesses of each model when designing a study. Matching the research question with
the most appropriate model makes sure that the outcomes can be properly interpreted, and that time is
not wasted on potentially unnecessary complexity that comes with advanced models.
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Chapter 7

Summary

To implement the 3Rs principle within toxicological sciences, meaning to refine, reduce and replace
animal studies is a challenging task for toxicologists. There are both strong scientific and societal reasons
to reduce the number of animal experiments for the safety assessment of compounds. For this reason
cell based models are continuously being developed and improved. On one hand steps are being taken
to improve the biology by improving existing human cell lines based models or by switching to more
advanced alternatives such as human stem cell based models. On the other hand the rapid development
of microfluidic organ-on-a-chip technology has changed up the physical environment that the cells are
grown in, attempting to better emulate the tissue environment that the human cells grow in, in vitro.
Both approaches have been applied for many organs amongst which the intestines. The intestines are
the most important location for uptake of all kinds of compounds that humans are orally exposed to.
However, the intestines have one major difference compared to most other organs, the presence of the
microbiota in the intestinal lumen. To work towards an improved intestinal model, bacteria should be
included in the considerations when selecting the best cell and/or technological model to use. The main
aim of this thesis to explore both well-established existing models such as cell lines as well as more
advanced models such as stem cell based model for their ability to be used in future models that include
both the intestinal epithelium and the microbiome.

An important interaction between the intestinal epithelium and the intestinal microbiota happens via
the local immune system. Bacteria (or parts thereof) and (fragments of) other infectious agents called
agonists are recognized by intestinal epithelial cells via Toll-like receptors that initiate the innate
immune response. Chapter 2 cell line based intestinal models were checked for their capacity to
respond to a number of agonists by initiating a pro-inflammatory response. To this end four different
models were grown in vitro, Caco-2 mono-culture, Caco-2/HT29-MTX co-culture, Caco-2/HT29-
MTX/HMVEC-d tri-culture and HT29-p monoculture. Caco-2 cells are enterocytes that are responsible for
transport of compounds, HT29-MTX are goblet cells that produce the mucus layer as found in the
intestine, HMVEC-d are primary blood and lymph endothelial cells and HT29-p are mostly
undifferentiated intestinal cells but do form epithelial structures that contain microvilli. All cells were
grown on Transwell inserts, with the intestinal epithelial cells on the apical side and, if applicable, the
endothelial cells on the basolateral side. Cells were exposed to five agonists, Pam3CSK4, LPS, ssRNA,
poly(l:C) and Flagellin, and inflammation was assessed by measuring excretion of IL-8, a pro-
inflammatory cytokine. Only flagellin induced excretion of IL-8 in all four models, mostly on the apical
side. Only HT29-p responded to a second agonist namely poly(l:C), it was also the only model that
excreted more towards the basolateral side. Overall, all of the models only showed a limited response to
agonists and expanding with other cell lines than the traditional Caco-2 cell line did not alleviate this
problem.

Next the responses of a comparable panel of TLR agonists exposed to primary and stem cell based
models was explored. For this, in Chapter 3 the cell lines were replaced with two more advanced
models. Firstly, induced pluripotent stem cell based (iPSC) derived organoids and secondly the primary
human small intestinal epithelial (PHSIE) model. Both models incorporate more of the cell types found in
the human gut. With iPSC derived organoids containing enterocytes, stem cells, Paneth cells, goblet
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cells, enteroendocrine cells and mesenchymal cells and PHSIE containing enterocytes, stem cells, Paneth
cells, M cells and tuft cells. So both models have a different composition but show vast improvements
compared to cell line based models in this aspect. Since iPSC derived organoids are 3D structures grown
in Matrigel sampling was limited to only the medium which represents the basolateral side, while PHSIE
cells only had limited volume apically so sampled were only taken from the basolateral side. The
measurements were expanded with both more cytokines, CCL20, CXCL10, IL-6 and IL-8, and by
measuring TLR1, 2, 3, 4, 5, 7, 8 and 9 gene expression. Overall, the iPSC derived organoids produced
more cytokines than the PHSIE model without stimulation. After exposure to agonists the iPSC derived
organoids secreted all four cytokines while for the PHSIE this was limited to the secretion of IL-8. The
iPSC derived organoids responded to three out of five tested agonists while the PHSIE model only
responded to one out of three tested agonists. TLR expression was also shown to be responsive to
agonist exposure, offering additional value when measured. When looking to use the models to study
interaction with the microbiota the iPSC derived organoids offer the best model out of those tested,
while the PHSIE model performed similarly to the cell lines.

Direct stimulation of the immune system is far from the only way that the microbiota interact with the
human intestine. They also produce a wide array of compounds that can act as signaling molecules,
shaping the communication between the two. One group of such compounds are short-chain fatty acids
(SCFAs) that are produced by the breakdown of dietary fibers by the intestinal microbiota. SCFAs behave
markedly different in some cell lines, compared to in vivo, since they cause apoptosis. This implies that
cell line based models cannot be used to study the SCFA cell interaction. Primary and or stem cell based
models do not suffer from this problem and in Chapter 4 iPSC derived intestinal epithelial cell layers
were exposed to the three most abundantly present SCFAs namely, butyrate, propionate and acetate.
To capture the wide variety of responses of intestinal epithelial cells, the effects were measured using
RNA-sequencing, giving a wholistic overview of the effects. Each SCFA showed a unique gene expression
profile, with butyrate showing most effects followed by propionate. For these two the changes in gene
expression were also translated to an effect on pathways, giving more insight into the biological
consequences of differences in gene expression as inducted. The pathway analysis clearly showed that
there were changes in the energy household indicating that the SCFA were used as an energy source by
the cells. The lack thereof is given as one of the possible explanations for the apoptosis observed in cell
lines. Similarly, many other effects attributed to SCFAs were observed, such as those on the immune
system. The iPSC derived intestinal epithelial cell layers were shown to be an appropriate model to study
this interaction, so would properly mimic this part of the interaction with the microbiome.

The rapid development of novel culturing methods has resulted in a considerable amount of new
intestinal in vitro models. Examples are culturing cells in microfluidic devices or on continuous shaking
plates. Early work reported effects on Caco-2 differentiation due to the shear and other stresses
experienced. The ever increasing body of publicly available microarray data of both traditional and
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advanced models using Caco-2 means that an overarching analysis can be done to see if these effects

show up consistently. In Chapter 5 data sets obtained from the literature of both traditional Caco-2
grown on Transwells and in advanced models were systematically collected and the effects of eight
variables, "Culture Time", “GSEid”, “Microbiome”, “Oxygen”, “Flow”, “Cell system”, “Device” and
“Platform” on gene expression was evaluated. The associations between the variables and observed
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differences was weak, with no clear effect of parameters like “Flow” which is associated with the before
mentioned shear stress. When using a pathway analysis it did become clear that the variable
“Microbiome” interacted with immune system related pathways. This shows that some effects, if strong
enough, can be found using this method of analysis. Overall this analysis showed that the large
heterogeneity in study design and inconsistent reporting on variables influences the value of publicly
available data for further analysis. The study did set a proper template for future analysis once more
data is available.

This thesis has added to the critical assessment of existing and novel intestinal models that can
potentially be used in conjunction with the microbiome. In this field advanced models such as iPSC
derived models have shown promise and offer clear advantages over traditional cell lines and advanced
primary cell based models.
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