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Knowledge of host-pathogen interaction is important for understanding
different microbes and their behaviour. In vitro cell models are important tools in
research to examine host-pathogen interaction and the behaviour of pathogens
and they are especially needed with bacterial research, because mammalian cell
models resemble the in vivo conditions better than traditional bacterial culture.
There are several viruses and bacteria, for example enteroviruses and
Pseudomonas aeruginosa bacterium, that cause infections towards which there is
no cure, or the infections are difficult to treat. Especially studies of the properties
of Pseudomonas aeruginosa bacterium in in vitro cell models are needed because
the bacterium is resistant to various antibiotics and causes hospital-acquired
infections. The aim of this study was to establish and validate a novel HT-29 cell
model and its differentiation protocol for research use at the University of
Jyvaskyld. The hypothesis was that this cell line can be differentiated into mucus
producing cells which can be of versatile use in the future. The cells were cultured
in a specific topographic surface for eight days to differentiate them into mucus-
producing cells. The differentiated cells were stained with Alcian blue stain and
tested with MUC2, villin, and lysozyme antibodies to verify their differentiation
and mucus production. Additionally, the differentiated and undifferentiated HT-
29 cells were infected with coxsackievirus A9, coxsackievirus B3, coronavirus
OC43, Pseudomonas aeruginosa strains PA14 and 573, Salmonella enterica serovar
typhimurium, Streptococcus mutans and Acinetobacter baumannii to discover which
of the microbes infect the cells and thus, could be utilised for research in the
future. The antibody test results did not fully confirm successful differentiation
of the cells, but Alcian blue staining did. From the tested pathogens,
enteroviruses and both Pseudomonas aeruginosa strains infected the cells and can
be used as an infection model in the future with these cells. Salmonella enterica
serovar typhimurium infected both cells mildly, while Streptococcus mutans
infected mildly only the undifferentiated cells. Acinetobacter baumannii was not
infective. The use of differentiated mucus producing cells expands the future
research possibilities. Studying the functions of the mucus against pathogens and
infections gives valuable information about the immune response of the mucous
membranes and can help in understanding the different phases of infections and
in developing new medical approaches against pathogens.
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In vitro -solumallit ovat tarkeitd tyokaluja isdntd-patogeeni-vuorovaikutuksen ja
mikrobien kdyttdytymisen tutkimuksessa, ja niitd tarvitaan erityisesti
bakteeritutkimuksessa, silld nisdkdssolumallit vastaavat paremmin in vivo -
ympdristod kuin pelkkd bakteeriviljely. Lukuisat virukset ja bakteerit, kuten
enterovirukset ja Pseudomonas aeruginosa -bakteeri, aiheuttavat infektioita, joita
vastaan ei ole parannuskeinoa, tai infektioiden hoitaminen on vaikeaa. Etenkin
Pseudomonas aeruginosa -bakteerin tutkiminen in vitro -solumalleissa on tarkedd,
silldi bakteeri on vastustuskykyinen wuseille antibiooteille ja aiheuttaa
sairaalaperdisid infektioita. Tdmdn tutkimuksen tavoitteena oli perustaa ja
validoida uusi HT-29 solumalli ja sen erilaistamisprotokolla tutkimuskayttoon
Jyvéaskyldn yliopistolle. Hypoteesina oli, ettd timd solumalli voidaan erilaistaa
limaa tuottaviksi soluiksi, joita voidaan monipuolisesti kayttdd jatkossa
infektiomallina. Solut erilaistettiin limaa tuottaviksi soluiksi kasvattamalla niita
kahdeksan pdivad topografisella pinnalla. Erilaistuneet solut varjattiin Alcian
blue -varilld ja testattiin MUC?2, villiini ja lysotsyymi vasta-aineilla erilaistumisen
ja liman tuoton toteamiseksi. Lisdksi erilaistuneet ja erilaistumattomat HT-29
solut infektoitiin coxsackie A9 enteroviruksella, coxsackie B3 enteroviruksella,
OC43 koronaviruksella, Pseudomonas aeruginosa -bakteerin kannoilla PA14 ja 573,
Salmonella enterica -bakteerin typhimurium -serotyypilld, Streptococcus mutans -
bakteerilla ja Acinetobacter baumannii -bakteerilla, jotta ndhddan mitka
patogeeneistd kykenevit infektoimaan nditd soluja ja minkd patogeenien
tutkimiseen tdtd solulinjaa voidaan tulevaisuudessa kdyttdd. Vasta-ainetestit
eiviat kunnolla osoittaneet erilaistumisen onnistumista, mutta Alcian blue -
vdrjdys osoitti. Testatuista patogeeneistd enterovirukset ja molemmat
Pseudomonas aeruginosa -kannat infektoivat soluja ja niitd voi tutkia HT-29
solumallissa jatkossakin. Salmonella enterica bakteerin typhimurium -serotyyppi
infektoi lievasti molempia soluja ja Streptococcus mutans lievdsti vain
erilaistumattomia soluja. Acinetobacter baumannii ei ollut infektiokykyinen.
Erilaistettujen limaa tuottavien solujen kaytto laajentaa
tutkimusmahdollisuuksia. Tutkimus liman ominaisuuksista patogeenejd ja
infektioita vastaan antaa arvokasta tietoa limakalvojen immuunivasteesta ja
auttaa ymmartamddan infektion eri vaiheita ja kehittdm&ddan uusia ladkkeita
patogeenejd vastaan.
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1 INTRODUCTION

Understanding the host-pathogen interaction is important when studying
infectious diseases and their cure and prevention (Schmidt and Volker 2011).
Information about the pathogen’s abilities to invade host cells and tissues and to
colonise and infect them can be obtained by studying the different phases of the
infection, gaining information that helps in developing novel drugs and vaccines
(Southwood and Ranganathan 2019). Host-pathogen interaction causes
molecular and metabolic changes in both the pathogen and the host (Hsu and Du
Pasquier 2015).

The pathogens must have specific abilities for invading the host cell and for
surviving the possible defence mechanisms of the host cell (Ashida et al. 2011).
Additionally, the pathogen has to be able to adjust its behaviour, functions, and
gene expression so that it can survive the host cell’s variable conditions
concerning metabolism, pH, and oxygen levels, for example (Unden et al. 2016).
Furthermore, the pathogen can colonise the host, infect it, or it can be
opportunistic (Madigan et al. 2015). A colonising pathogen invades the host and
resides in the host, but remains asymptomatic (Le Guennec et al. 2020). An
opportunistic pathogen resides asymptomatic in the host, but it can become
pathogenic if there is for example a decrease in host immune defence or the
pathogen invades a new tissue through a wound (Brown et al. 2012).

Bacteria are usually studied in bacterial culture, but growing the bacteria in
cell lines better illustrates the actions of the bacteria with the host (Kim et al. 2010).
In vitro cell models that represent and mimic the real in vivo surroundings of host-
pathogen interaction as precisely as possible are important for research of
pathogens, their functions, and their infection mechanisms (Crabbé et al. 2014).
As viruses need a host to replicate, they have been studied in various in vitro
human cell models for decades (Leland and Ginocchio 2007). These cell models
can also be utilised in bacterial studies. At least lung carcinoma epithelial A549
cells, cervical epithelial HeLa cells, ileocecal epithelial Caco-2 cells, and cystic
tibrosis IB3 and C38 epithelial cell lines have been used as cell models in bacterial
infection studies along with the HT-29 cells investigated in this study (Eckmann
et al. 1993, Kim et al. 1998, Sears 2000, Laparra and Sanz 2009, Kim et al. 2010, Yu
et al. 2011, Kortman et al. 2012, Parker et al. 2012, Antunes et al. 2013, Barron et
al. 2021).

1.1 HT-29 colorectal adenocarcinoma cells

The HT-29 cells are a human colorectal adenocarcinoma cell line (Simon-
Assmann et al. 2007). They have been used earlier to study human colorectal
cancer biology, but nowadays the interest is more in their similarities in
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properties and protein expression with human small intestine cells (Martinez-
Maqueda et al. 2015). In general, there are three types of human intestinal
epithelial cells; enterocytes, Paneth cells, and mucus producing goblet cells
(Birchenough et al. 2015). The goblet cells secrete glycoproteins known as gel-
forming mucins, majority of which is MUC2 mucin, that create the mucus layer
that covers the gastrointestinal tract (Dong et al. 2012, Pelaseyed et al. 2014).

The intestinal mucus has many functions concerning both the gut
microbiome of the intestines and pathogenic invading pathogens (Knoop and
Newberry 2018). The mucus layer protects the epithelial cells from microbes as a
physical barrier and provides nutrients to the gut microbiome (Gagnon et al.
2013). The goblet cells secrete mucus proteins and IgA antibodies to the mucus
layer, while the Paneth cells secrete lysozymes, antimicrobial peptides, and
phospholipases to the mucus layer and together these antibacterial mediators
aim to neutralise the invading pathogens (Pelaseyed et al. 2014, Herath et al.
2020). However, despite the defence mechanisms of the intestinal mucus, some
pathogens are still able to invade the mucus layer and cause infection
(Birchenough et al. 2015).

Studying the functions of the intestinal mucus and its antimicrobial defence
mechanisms gives valuable information about the role of the mucus in pathology
of diseases and cancers (Dong et al. 2012). The HT-29 cell line is a beneficial cell
model for studying the role of the mucus as the HT-29 cells can be differentiated
to different cell types depending on the growth surroundings (Park et al. 2018).
For example, in the presence of glucose the cells remain unchanged, but in a
glucose-free medium or when exposed to colchicine, the cells start to differentiate
containing both enterocyte-like cells and mucus producing goblet cells (Centonze
et al. 2022).

1.2 Enteroviruses

Enteroviruses are a large group of viruses belonging to the picornavirus family
infecting pigs, bovine animals, primates, and humans (Chen et al. 2020).
Enteroviruses are icosahedral, enveloped, small (diameter 28-30 nm) single-
stranded RNA-viruses (Wang et al. 2020). They are divided to rhinovirus species
A to C and enterovirus species A to L, from which species A to D infect humans,
all including several different enterovirus types like coxsackie A9 (CVA9) and
coxsackie B3 (CVB3) from species group B (Chen et al. 2020). Enteroviruses
usually transmit through faecal-oral route (Zhu et al. 2021). The viral replication
and primary infection occur in the mucous membranes of the intestines
(Muehlenbachs et al. 2015). Enterovirus infections can be symptomless, but the
viruses also cause a variety of acute, chronic, and long-term infections (Muir
2017). In addition to intestinal infections, enteroviruses cause myocarditis, skin
symptoms, respiratory tract infections, and encephalitis (Nikonov et al. 2017).
CVAD9 is an enterovirus that despite its name A9 belongs to the B species of
enteroviruses, because it is genetically closer to B species viruses, though it is
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pathogenically more like A species viruses (Hietanen and Susi 2020). It is an
important human pathogen and one of the most pathogenic and prevalent
enteroviruses (Heikkild et al. 2016). CVA9 causes a variety of diseases like
persistent diarrhoea, myocarditis, aseptic meningitis, acute flaccid paralysis,
respiratory illnesses, and hand, foot, and mouth disease (Zhao et al. 2022). CVA9
transmits through airborne droplets, faecal-oral route and in direct contact, and
both asymptomatic and symptomatic infected persons can spread the virus to
others (Zhao et al. 2022). The virus capsid of CVA9 contains the typical
enterovirus capsid proteins VP1-VP4, but the capsid protein VP1 has an Arg-Gly-
Asp (RGD) peptide motif in its C-terminal, which is a specific feature of CVA9
(Huttunen et al. 2014). The virus uses this motif to interact with receptors on the
cell surface (Heikkild et al. 2009).

CVB3 belongs to the B species, and it is also a highly prevalent and
pathogenic human pathogen (Pinkert et al. 2011). The main tissues CVB3 targets
are pancreas and heart, but also lung, intestine, liver, testis, prostate, and brain
can be infected (Massilamany et al. 2014). CVB3 usually causes a mild illness with
flu-like symptoms, but it can also cause acute or chronic pancreatitis, myocarditis,
and meningitis (Geisler et al. 2021). The chronic myocarditis caused by CVB3 can
lead to dilated cardiomyopathy and heart failure with prolonged viral
persistence (Pinkert et al. 2011).

1.3 Human coronavirus hCoV-0OC43

Coronaviruses are the largest virus group belonging to the Coronaviridae family
that is further divided to a, B, y, and & groups (Szczepanski et al. 2019). They
infect birds and mammals like humans, dogs, cats, horses, cattle, bats, swine,
mice and many more (Zhang et al. 2018). Coronaviruses are single positive-
stranded RNA viruses with an envelope and a crown-like appearance due to the
club-shaped spike proteins on their surface, from which their name is derived
(Zhao et al. 2020). These viruses usually transmit through droplets and aerosols
or when touching surfaces contaminated with them (Singhal 2020).

Usually coronaviruses cause a mild flu-like respiratory illness, but they can
also cause gastroenteritis, more severe lower respiratory tract infections, and
sometimes life-threatening pneumonia and bronchiolitis in the elderly, children,
infants, and immunocompromised individuals (Liu et al. 2021). Human
coronavirus hCoV-OC43 (OC43) belongs to the § subgroup of coronaviruses, and
it is the most prevalent coronavirus in humans (Jean et al. 2013, Zhang et al. 2018).
It causes usually mild upper respiratory tract infections occurring mostly in
winter and early spring, but it can also cause lethal encephalitis in
immunocompromised individuals (Szczepanski et al. 2019, Schirtzinger et al.
2022). OC43 replicates in the respiratory epithelium cells (Schirtzinger et al. 2022).



1.4 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a rod-shaped, Gram-negative gammaproteobacterium
with ability to infect humans, animals, and plants (Botelho et al. 2019). In humans,
the bacterium is involved in both acute and chronic infections as an opportunistic
bacterium (Madigan et al. 2015). P. aeruginosa has an ability to create biofilms,
making it more resistant to antibiotics and enhancing the formation of chronic
infection (Ciofu and Tolker-Nielsen 2019). A biofilm is a mucous matrix usually
attached to a surface, consisting of aggregated bacteria covered with
polysaccharides, extracellular DNA, and proteins (Vestby et al. 2020). It has
genetic, physical, and physiological ways of resistance towards antibiotics and
environmental stresses, which prevent the antibiotics and environment from
affecting the bacteria inside the biofilm (Lopez et al. 2010).

In addition to biofilm formation, P. aeruginosa has many other features that
make it pathogenic and difficult to treat (Mulcahy et al. 2014). It survives under
both aerobic and anoxic conditions due to its versatile energy metabolism
containing oxidases and denitrification enzymes (Ramos et al. 2015). P. aeruginosa
has pili and flagella that help its motility and adherence to surfaces (Cepas and
Soto 2020). The bacterium produces a variety of virulence factors like pyocyanin,
protease, and alkaline phosphatase which suppress the host immune response
and toxins like exotoxin A, exo0S, exoU, and exoT that inhibit the host
inflammasome (Ramos et al. 2015).

Additionally, P. aeruginosa has a combination of adaptive (expression of
efflux pumps, biofilm formation), intrinsic (low outer membrane permeability),
and acquired (spontaneous mutation, horizontal gene transfer) resistance
towards antibiotics (Botelho et al. 2019). P. aeruginosa is one of the six so called
“ESKAPE”-group (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, P. aeruginosa and Enterobacter species)
bacteria that have a great role in nosocomial infections and a special ability to
evade the antimicrobial properties of antibiotics (Ciofu and Tolker-Nielsen 2019).
P. aeruginosa is also on the World Health Organisation’s (WHO) list of important
pathogens that should be studied more, and novel antibiotics should be
developed against these pathogens (Botelho et al. 2019).

PA14 is a high-virulence strain of P. aeruginosa which has two pathogenicity
factors (PAPI-1 and PAPI-2) in its genome that increase the virulence of the
bacterium and its ability to infect multiple hosts (He et al. 2004). Mikkelsen and
colleagues (2011) have also studied that the hypervirulent PA14 strain has
adopted a mutation in ladS-gene which affects its functioning. The mutation
lessens biofilm formation, but increases the type III secretion system (T3SS),
expression of which increases the cytotoxicity of the strain towards mammalian
cells and is involved in acute infections (Mikkelsen et al. 2011). The increase of
cytotoxicity makes the strain more virulent (Mikkelsen et al. 2011)



1.5 Salmonella enterica serovar typhimurium

Salmonella genus consists of facultative anaerobic, rod-shaped, Gram-negative
bacteria belonging to the Enterobacteriaceae family (Andino and Hanning 2015).
The genus is further divided into two species, S. bongori and S. enterica, from
which the latter is subdivided into six subspecies called enterica (I), salamae (1),
arizonae (Illa), diarizonae (IlIb), houtenae (IV) and indica (VI) (Eng et al. 2015).
Typhimurium is a serovar of enterica subspecies that is able to infect both humans
and animals like rodents, swine, poultry, and cattle (Spector and Kenyon 2012).
In humans, S. typhimurium infection usually causes acute and chronic
gastroenteritis, but meningitis and bacteraemia can also occur (Wattiau et al. 2011,
Kroger et al. 2012).

S. typhimurium is transmitted through faecal-oral route via contaminated
water or food by adhering to and penetrating the small intestines” intestinal
epithelium (Gal-Mor et al. 2014). The invasion of the epithelium is possible by a
characteristic ability of S. typhimurium to induce its own phagocytosis inside the
cell (Eng et al. 2015). The virulence genes that enable this characteristic behaviour
are clustered in two Salmonella pathogenicity islands called SPI-1 and SPI-2 which
encode type III secretion systems (T3SSs) (Moreira et al. 2010). SPI-1 encoded
T3SS is involved in cell invasion and SPI-2 encoded T3SS is involved in evading
the host cell immune response, ability to survive in macrophages, and replication
of the bacteria (Lamas et al. 2018).

1.6 Streptococcus mutans

Streptococcus mutans is a facultative anaerobic, Gram-positive cocci-shaped
bacterium belonging to Streptococcus genus (Merritt and Qi 2012). Primarily the
bacterium resides in mouth, pharynx, and intestines (Forssten et al. 2010). It
infects the oral cavity and is the main pathogen causing dental caries, but it can
also cause a life-threatening subacute bacterial endocarditis (Lemos et al. 2019).
Str. mutans forms a mixed biofilm, commonly known as dental plaque, on the
tooth surface with other primary colonisers and secondary organisms (Metwalli
et al. 2013). It has evolved a set of glycosyltransferase enzymes that convert
sucrose into extracellular polymer glucan which helps the bacterium to attach
tightly to the dental surface and form biofilm (Lemos et al. 2019). Str. mutans also
produces acids from glycolytic end-products, thus promoting acidic
environment where it survives better than other organisms (Baker et al. 2017).
One major virulence factor that Str. mutans has is the production of bacteriocins
known as mutacins, which protect the bacterium against other pathogens in the
oral cavity (Matsumoto-Nakano 2018).



1.7 Acinetobacter baumannii

Acinetobacter baumannii is an aerobic, Gram-negative, opportunistic coccobacillus
belonging to the genospecies 2 of Acinetobacter genus (Chuang et al. 2011). It is
the most common clinical Acinetobacter species worldwide (Cerqueira and Peleg
2011). Due to its ability to contaminate environmental surfaces and healthcare
instruments, it is one of the main pathogens that causes infections in hospitals
and healthcare units, especially among immunocompromised patients and in
intensive care units, where these nosocomial infections lengthen the hospital stay
and have a higher mortality rate (Chuang et al. 2011). In hospitals, A. baumannii
causes secondary meningitis, infections in urinary tract, wounds, soft tissues,
blood stream, and skin, and ventilator-associated pneumonia with high mortality
rate (Cerqueira and Peleg 2011). It can also infect outside the hospital
surroundings causing bacteraemia, pneumonia, endocarditis, secondary
meningitis, and soft tissue, skin, and ocular infections, but these are less common
(Antunes et al. 2014).

A. baumannii has many factors that aid its survival, persistence, and ability
to infect (Howard et al. 2012). It can form biofilms which protect the bacteria on
dry surfaces of hospital environment and medical devices (Morris et al. 2019).
Also, it effectively adheres to human epithelial cells and invades and colonises
them, targeting especially moist tissues like mucous membranes and wounds
(Cerqueira and Peleg 2011, Howard et al. 2012). Most importantly A. baumannii
has developed resistance against various antibiotics which is why it, just like P.
aeruginosa, is one of the “ESKAPE”-group bacteria identified by WHO (Howard
et al. 2012).

1.8 Aims of the study

Enteroviruses and P. aeruginosa both cause various infections that are untreatable,
or difficult to cure. Studying these microbes gives valuable information about
their behaviour and life cycle and can create possibilities for developing novel
treatments against them. It is also important and interesting to know, what is the
role of the mucus produced by the cells against pathogens, and whether the
mucus provides protection for the cells. To study these features, a novel in vitro
cell model is needed for the University of Jyvaskylda (JYU). The HT-29 cells
studied in this thesis have been used as an in vitro cell model in P. aeruginosa
studies (Olson et al. 1999, Gagnon et al. 2013) and it seems to be a good cell model
for bacterial studies.

The aims of this study were to establish the new HT-29 in vitro cell model
for JYU and validate the differentiating protocol of the cells. The differentiated
mucus-producing cells could give valuable information about the role of the
mucus against pathogens. The hypothesis of this study was that the cells will
differentiate to mucus-producing cells and the HT-29 cell line can be diversely
used in future studies as an infection model. There were two specific study



questions: is the cell differentiation clearly detected and can it be demonstrated?
Which of the tested pathogens can infect these cells and thus be studied with this
cell line? To study these questions, the differentiated (DIF) and undifferentiated
(unDIF) HT-29 cells were stained with specific mucus-dying stain, tested with
differentiation-associated antibodies, and the pathogen infectivity was examined
by determining cell viability after infection with various viruses and bacteria.

2 MATERIALS AND METHODS

2.1 Cell culture

The HT-29 colorectal adenocarcinoma cells (HTB-38, ATCC) were grown in
McCoy’s 5A 1X medium (Gibco) supplemented with 10% FBS (Gibco), 1%
GlutaMax (Gibco), and 1% Penicillin/Streptomycin (Gibco) in conical 75 cm? cell
culture flasks. The cells were sub-cultured every 2-3 days by detaching them from
the cell bottle with 0.05% Trypsin-EDTA in PBS, counting them, and
resuspending the cells to a density of 1.5 x 10° in total volume of 15 ml.

2.2 Cell differentiation

The HT-29 cells were differentiated to mucus producing DIF cellsina 1 cm x 1
cm generation GO template topographic silica surface (Encytos B.V, Netherlands)
following the protocol of Centonze and colleagues (2022). The surface was placed
in a 12-well plate and sterilised with UV-light for 1 h. The unDIF HT-29 cells were
cultured on the topographic surface in a density of 20 000 cells. 50 pl of cell
suspension was added evenly on the surface and incubated for 4 h at +37 °C.
After the incubation, the piece was covered with 1 ml of fresh cell medium
(McCoy’s 5A 1X medium, described in detail in Section 2.1) and incubated for 8
d at +37 °C. The cell medium was changed to fresh medium every 3 days.

On the 8th day, the cells were collected from the topographic surface by
aspirating away the cell medium, washing the cells twice with 0.5 ml of PBS,
detaching the cells with 0.7 ml of Trypsin-EDTA in PBS for 4 min, adding 2.1 ml
of cell culture media, centrifuging the cell suspension at 740 x g for 10 min to
remove the Trypsin, and resuspending the cell pellet to 2.8 ml of cell culture
media. The density of the cell suspension was calculated and the whole 2.8 ml of
cell suspension cultured to a 25 cm? cell bottle with additional 4.2 ml of cell
culture media. The cells were sub-cultured like the unDIF cells by the protocol
described in section 2.1. The DIF cells were transferred to a 75 cm? cell culture
bottle on the first following sub-culture day.



2.3 Cell differentiation verification

To verify the HT-29 cell differentiation, the DIF cells were stained with Alcian
Blue stain and immunolabelled with antibodies against MUC2 (1 mg/ml,
AB11197, Abcam, Netherlands), lysozyme (0.98 mg/ml, ab108508, Abcam,
Netherlands), and villin (concentration unknown, ab130751, Abcam,
Netherlands). UnDIF cells were used as a control and stained similarly with
Alcian blue and immunolabelled with same antibodies.

2.3.1 Alcian Blue staining

The stain was prepared by mixing 80 mg Alcian Blue powder (Hopkin &
Williams, United Kingdom) to 80 ml of water. The prepared stain was filtered
through 0.2 um filter (Fisher Scientific) to remove powder clots. The DIF and
unDIF HT-29 cells were cultured to glass slips in a density of 30 000 cells per slip
and incubated at +37 °C covered in cell media for 3 d. After incubation the cell
slips were washed once with PBS. The cells were fixed by putting the slips into
+4 °C Methacarn (60% methanol, 30% chloroform, 10% acetic acid) for 15 min on
ice. The fixed cells were washed once with 3% acetic acid (97% water, 3% acetic
acid). Next, the cells were stained with Alcian Blue stain for 15 min and the excess
stain was washed away twice with water. The cell slips were mounted to
microscopic slides with Prolong Diamond mountant with DAPI (Invitrogen,
USA). The stained DIF and unDIF HT-29 cell slips were imaged with Leica DMi8
(Germany) widefield light microscope. The differentiation was verified by
visually estimating if the DIF cells were stained more than the unDIF cells.

2.3.2 Testing with antibodies

The DIF cells should express more MUC2 than the unDIF cells (Centonze et al
2022). MUC2 was tested with immunolabelling following the protocol of
Karvonen and colleagues (2021). Shortly, the DIF and unDIF HT-29 cells were
cultured to glass slips in a density of 30 000 cells per slip and incubated at +37 °C
for 1 d. After incubation the cells were washed twice with 500 ul of PBS. The cells
were fixed with 4% paraformaldehyde (500 pl) for 30 min in room temperature
(RT) and then washed twice with 500 pl of PBS. After the washes, free aldehydes
were blocked with 0.15% glycine in PBS (500 pl) and incubated for 10 min in RT.
To permeabilize and block any unspecific binding, 500 pl of Triton solution (0.1%
Triton X-100, 0.01% NaNs and 2% BSA in PBS) was added onto the slips and
incubated for 20 min in RT. The Triton solution was aspirated away and 30 pl of
primary antibody (MUC2 1:1500) was pipetted onto the slips and incubated in
RT in the dark for 1 h. The slips were washed three times (4 5 min each) with 500
ul of PBS in the dark. The PBS was aspirated away and 30 ul of secondary
antibody (anti-mouse 488 antibody 1:200) was pipetted onto the slips and
incubated for 30 min in the dark in RT. The cells were washed twice (4 5 min each)
with 500 pl of PBS in the dark. The slips were mounted onto microscopic slides



with Prolong Gold with DAPI. The slides were imaged with Leica TCS SP8X
Falcon (Germany) confocal microscope and the number of cells with MUC2 were
calculated.

Villin and lysozyme antibodies were tested using Western blot method.
One sample of 50 000 cells and one sample of 100 000 cells from both DIF and
unDIF cells were prepared by mixing the cell suspension with 4x Laemmli and
water. The samples were heated for 5 min at +99.0 °C before loading into a 15-
well Mini-PROTEAN TGX Stain-free gel (Bio Rad, USA) along with Precision
plus protein standards kaleidoscope molecular weight marker (Bio-Rad), 10 pl
per well. The gel was run in a Mini-PROTEAN Tetra cell electrophoresis chamber
(Bio Rad) at 100 V for 10 min and then at 150 V for 50 min. The gel was activated
with UV light in ChemiDoc™ MP Imaging system (Bio Rad) to visualise total
protein amount on the gel. The proteins were transferred from the gel with Trans-
Blot Turbo Transfer Pack midi-format (Bio-Rad) according to manufacturer’s
instructions in Trans-Blot Turbo transfer system (Bio Rad). The total protein
amount of the blot was visualised with Chemidoc™. Non-specific binding sites
were blocked by incubating the blot in 5% BSA in 0.05% tween-TBS at +4 °C on a
tube roller overnight.

The next day, the blot was immuno-stained. The primary antibodies were
diluted in 5% BSA in 0.05% tween-TBS in 1:50 000 dilution for lysozyme, and
1:1000 dilution for villin. The antibodies were pipetted onto the blot and
incubated for 1 h in RT on a platform shaker. The primary antibodies were
washed away three times (a4 5 min each) with 0.05% TBS-tween on the platform
shaker. Secondary antibody (anti-rabbit HRP 1:3000) was pipetted on the blot and
incubated for 1 h in RT on a plate rocker. The secondary antibody was washed
away five times (4 5 min each) with 0.05% TBS-tween and once for 5 min with
TBS without tween. The antibody bands were revealed by adding SuperSignal
West Pico PLUS chemiluminescent substrate (Thermo Scientific) and incubating
for 5 min in the dark. Excess liquid was blotted away, and the antibody blot
imaged with Chemidoc™.

2.4 Virus infection dose test

To test the suitable virus infection dose, the DIF and unDIF HT-29 cells were
infected with coxsackievirus A9 (CVA9, 1.94x107 pfu/ml, VR-1311 Griggs-strain,
ATCC) in different doses. The cells were cultured on glass slips in a density of 15
000 cells per slip. The slips were incubated for 2 d at +37 °C. The tested
multiplicity of infection (MOI) doses for the virus were MOI 200, MOI 100, MOI
50, MOI 20, MOI 10, and MOI 1. The prepared infection doses were pipetted onto
the cells in glass slips and incubated for 5.5 h at +37 °C. After incubation the cells
were immunolabelled as mentioned before (Section 2.3.2). The primary
antibodies that were used were 861 rabbit serum antibody (1:1500) and tubulin
mouse antibody (1:1500), and the secondary antibodies were anti-rabbit 546



antibody (1:200) and anti-mouse 488 antibody (1:200). The slides were imaged
with Leica TCS SP8X Falcon confocal microscope.

2.5 Bacterial infection dose and infection time test

For investigation of the suitable bacterial infection dose and infection time, the
DIF and unDIF HT-29 cells were infected with P. aeruginosa strain PA14 (10°
cfu/ml, DSM 19882, DSMZ, Germany) in different doses. The cells were cultured
in a 96-well plate in a density of 20 000 cells per well and incubated for 2 d at
+37 °C. Before the analysis, the bacterium was grown in LB-agar plate. Colonies
were taken from the agar plate, transferred into liquid LB-medium and this liquid
bacterial growth was incubated on a shaker at +37 °C overnight. After incubation
the bacterial medium was centrifuged for 10 min at 15871 x g and resuspended
to 2 ml of PBS. The undiluted PBS-bacterium suspension along with dilutions of
1:2,1:3, 1:5, and 1:10 were pipetted into a 96-well plate and with Multiskan plate
reader (Thermo Scientific, Japan) their optical density (OD) was measured at 495
nm. The dilution with the OD-value closest to 0.5 (containing thus ~1 x 10°
bacteria) was selected as the sample from which the infection dose dilutions were
made. The cells were infected with bacterial infection doses of 103 (1000), 102 (100),
101 (10), 10° (1), 101 (0), and 10 -2 (-1 bacteria). The tested infection times were 3 h,
55h,and 1 d.

The infected cells were incubated at +37 °C for the selected times. In the 1 d
infection the bacterium was on the cells the whole incubation time. After the 3 h
and 5.5 h infection times the bacterium was washed away with PBS, fresh cell
culture media without GlutaMax and penicillin/streptomycin antibiotic was
added to the wells, and the plates were further incubated overnight at +37 °C.
After incubation, the possible infection was confirmed by estimating the
cytopathic effect (CPE) visually with microscope and by CPE analysis.

CPE analysis was done based on a method by Givirovskaia and colleagues
(2022). Briefly, the plate was washed twice with 100 pl of PBS, stained with 50 pl
of CPE stain (0.03% crystal violet, 2% ethanol, 36.5% formaldehyde), washed
twice with 100 pl of water and lysed with 100 pl of lysis buffer (0.8979 g sodium
citrate, 1M HCl in 47.5% ethanol). The absorbance of the plate was measured with
Victor x4 2030 multilabel reader (PerkinElmer, USA) at 570 nm using
PerkinElmer 2030 manager-software. Each infection dose was also cultured to an
LB-agar plate to determine the real number of bacteria in the theoretically
estimated infection doses. The agar plates were incubated overnight at +37 °C
and the number of colonies were counted.

2.6 Infection test with different viruses

For examination of the infection capability of different viruses against the HT-29
cell line, the cells were infected with CVB3 (3.45x10™ pfu/ml, VR-30 Nancy-strain,
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ATCC), OC43 (7.43 x 107 pfu/ml, hCoV-OC43 VR-1558, ATCC), and formerly
used CVA9. The used infection doses were MOI 10, MOI 5, MOI 1, and MOI 0.5
for CVB3 and CVA9, and MOI 100, MOI 50, MOI 20, MOI 10, MOI1 5, MOl 1, and
MOI 0.5 for OC43. The DIF and unDIF cells were cultured in a 96-well plate in a
density of 20 000 cells per well and incubated for 1 d at +37 °C. After incubation,
the cells were infected with different doses of the three different viruses and
incubated at +37 °C (CVB3 and CVAY9) and at +34 °C (OC43). The infection time
for CVB3 and CVA9 was 1 d and 3 d, and the OC43 infection time was 5 d. After
the incubations the cytopathic effect of possible infection was estimated visually
with microscope and by CPE analysis similarly as mentioned in Section 2.5.

2.7 Infection test with different bacteria

To test the infection capability of different bacteria against the HT-29 cell line, the
cells were infected with Pseudomonas aeruginosa 573 (from Dr. Nina Chanisvili,
Eliava institute of bacteriophage, Georgia), Salmonella enterica serovar
typhimurium DS88 (from Prof. Dennis Bamford, University of Helsinki, Finland),
Streptococcus mutans OMZ381 (from D’Herelle reference centre for bacterial
viruses, University of Laval, Quebec, Canada), and Acinetobacter baumannii AC54
(from D’Herelle reference centre for bacterial viruses, University of Laval,
Quebec, Canada), and formerly used Pseudomonas aeruginosa PA14. Before the
test, the bacteria were grown in LB-agar plates. Colonies were taken from the
agar plates, transferred into liquid LB-medium and this liquid bacterial growth
was incubated at +37 °C on a shaker overnight.

After incubation, the liquid medium was centrifuged at 15871 x g for 10 min
and resuspended to 2 ml of PBS. The undiluted bacterium-PBS suspensions along
with dilutions of 1:2, 1:3, 1:5, and 1:10 were pipetted into a 96-well plate and their
optical density (OD) was measured with Multiskan plate reader at 495 nm. The
dilution that was closest to OD-value 0.5 (containing thus ~1 x 10° bacteria) was
chosen for the sample, from which the infection dose dilutions were made. The
used infection doses were 103 (1000), 102 (100), 10 (10), 10° (1), 10! (0), and 10-2 (-
1 bacteria).

The DIF and unDIF HT-29 cells were cultured in a 96-well plate, one plate
per bacterium, in a density of 20 000 cells per well and incubated for 2 d at +37 °C.
After incubation, the cells were infected with the chosen bacteria in four
replicates per dose and incubated at +37 °C for 5.5 h, 1 d and 3 d. After the
incubations, the cytopathic effect of possible infection was estimated visually by
microscope and by CPE analysis similarly as mentioned in Section 2.5. The
infection doses were also cultured to LB-agar plates to define the real number of
bacteria in the doses. The plates were incubated at +37 °C overnight, and grown
colonies were counted from the plates. Before the CPE analysis was started for
the 3 d infection test plates, samples of the four strongest infection doses were
taken from two replicate wells per dose on the 96-well plates from each bacterium,
except for the P. aeruginosa PA14 and 100 pl of each sample was cultured to an
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LB-agar plate. The plates were incubated overnight at +37 °C. This was done to
estimate the viability of the bacteria after the 3 d incubation period.

2.8 Infection test with CVA9 and MUC2 antibody

To test whether the mucus produced by the mucus-producing cells protects the
cells from viral infection, the cells were infected with CVA9 enterovirus and
labelled with MUC2 antibody, a biomarker for the mucus. The DIF and unDIF
HT-29 cells were cultured on glass cover slips in a density of 30 000 cells per slip,
and incubated overnight at +37 °C. The cells were infected for 5.5 h with CVA9
with an infection dose of MOI 1. After the infection, the infected cells were
immunolabelled similarly as mentioned in Section 2.3.2. The primary antibodies
used were MUC2 (1:1000) and 861 rabbit serum (1:1500). The secondary
antibodies used were anti-mouse 488 (1:200) and anti-rabbit 546 (1:200). The slips
were imaged with Leica TCS SP8X Falcon confocal microscope with Leica
Application Suite X (LAS X) program.

2.9 Imaging with confocal microscope

The virus infection dose test samples, MUC2 antibody testing samples, and
samples of cells infected with CVA9 and labelled with MUC2 were imaged with
Leica TCS SP8X Falcon confocal microscope with Leica Application Suite X (LAS
X) program. The used lasers were 405 nm diode laser and white light laser, the
used objective was HC PL APO CS2 63x/1.30 glycerol, speed 600, and format 512
x 512. The used fluorescent labels were DAPI, Alexa 546, and Alexa 488. The
samples were imaged as stacks.

2.10 Image analysis

The confocal microscope images were analysed with Image ] software (National
institutes of health, USA). The images were converted to 8-bit and the stack signal
was combined with Max intensity. The Lookup table (LUT) was changed to HiLo
before adjusting the brightness/contrast to exclude the background, and 0.5
Gaussian blur filter was used. The cell nucleus (blue), tubulin (green), virus (red),
and MUC antibody (yellow) were all coloured with different LUTs for better
visualisation.

2.11 Data analysis with GraphPad

The CPE analysis” absorbance results were analysed with GraphPad Software Inc.
(USA). The chosen graph type was column bar graph where the mean was
plotted with Standard Error of the Mean (SEM). An average was calculated from
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the replicate values of each infection dose, and they were normalised against the
average of cell control replicates. The normalised values were analysed with
Two-way ANOVA with multiple comparisons. Multiple comparisons were
corrected with Bonferroni methods. P-values <0.05 were considered statistically
significant.

3 RESULTS

3.1 Verification of cell differentiation

For verification of the differentiation of the HT-29 cells to mucus-producing DIF
HT-29 cells after the eight-day differentiation protocol, the DIF and unDIF cells
were stained with Alcian blue and imaged with a widefield light microscope.
Alcian blue is a histochemical stain that attaches to the acidic muco-substances
or mucopolysaccharides of the mucins that the mucus-producing cells produce
(Limage et al. 2020). The DIF cells stained blue, verifying that the cells had
differentiated, as Alcian Blue had stained the mucus the DIF cells produced
(Figure 1B). In Figure 1A are the unstained DIF cells as negative control. Alcian
blue did not stain unDIF HT-29 cells which remained colourless, or the staining
was only visible in a few cells (Figure 1D). In Figure 1C are the unstained unDIF
cells as negative control.
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DIF HT-29 neg ctrl
DIF HT29 + Alcian blue

unDIF HT-29 neg ctrl
unDIF HT-29 + Alcian blue

Figure1l. Alcian blue stain verified the successful cell differentiation. The unDIF
(undifferentiated) and DIF (differentiated) HT-29 cells were stained with Alcian
blue stain to verify that the cell differentiation protocol had differentiated the
cells into mucus producing cells. Unstained DIF (A) and unDIF cells (C) were a
negative control. Alcian blue stained the mucus of the DIF cells blue (B),
verifying the differentiation to mucus-producing cells. Alcian blue did not dye
the unDIF cells (D) as they do not produce mucus to attach to. Scale bar 27 pm.

To assess whether the DIF cells expressed more MUC2 than the unDIF cells, the
DIF and unDIF cells were labelled with MUC2 antibody and imaged with
confocal microscope. MUC2 antibody attaches to the major colonic mucin MUC2
secreted by the mucus-producing cells (Leteurtre et al. 2004). Figure 2 illustrates
the images of MUC2-labelled cells from which the number of cells expressing the
MUC?2 was counted. The MUC2 expression was weak in both DIF and unDIF HT-
29 cells and there was no difference in the number of MUC2 expressing cells
between the DIF and unDIF HT-29 cells (Table 1).
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Merged DAPI MUC2

DIF HT-29 + MUC2

unDIF HT-29 + MUC2

Figure 2. Difference in MUC2 expression was not detected between the DIF
(differentiated) and unDIF (undifferentiated) cells. The DIF and unDIF HT-29
cells were labelled with MUC2 (1:1500) to test if the DIF cells express more
MUC2 than the unDIF cells. The images are represented in merged images of
DAPI (blue, nucleus) and MUC (yellow) with a 20 pm scale bar, as well as
individual images of both labels.

Table 1. MUC2 expression was equally low in both the DIF (differentiated) and
unDIF (undifferentiated) HT-29 cells. From the confocal microscope
images, ~100 DIF and unDIF HT-29 cells were calculated and the
percentage of MUC2 expressing cells (MUC+) calculated from the total
cell count. The DIF cells should express more MUC2. The MUC2
expression was 1.9% in both cell types and thus did not verify the
successful differentiation.

Cell type Total cell count MUC+ MUC-
DIF HT-29 104 2 (1.9%) 102 (98.1%)
unDIF HT-29 107 2 (1.9%) 105 (98.1%)
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For further cell differentiation verification, the DIF HT-29 cells and unDIF HT-29
cells were tested with villin and lysozyme antibodies with Western blot. There
was no significant difference between the DIF and unDIF HT-29 cells in either
villin or lysozyme expression (Figure 3). There was a difference between the
lysozyme expression in the lower cell density, but as this analysis was not
replicated, the difference could have resulted from a pipetting error or some
other artefact. Therefore, the expression of these antibodies did not confirm the
successful cell differentiation.
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Figure 3.  Villin and lysozyme antibody expression did not confirm successful HT-29 cell
differentiation. The DIF (differentiated) and unDIF (undifferentiated) HT-29
cells were tested with villin and lysozyme antibodies in cell densities of 50 000
cells and 100 000 cells. Villin expression did not differ between the cell types in
either cell density (A). DIF HT-29 cells expressed less lysozyme in a cell density
of 50 000 (B), but this could result from a laboratory error as the analysis was
performed only once.

3.2 Virus infection dose test

The suitable viral infection dose was tested by infecting the DIF and unDIF HT-
29 cells with CVA9 using MOIs 200, 100, 50, 20, 10, and 1. The suitable infection
would be close to 50% to better observe the changes in the possible various
following and future analyses. Infectivity close to 100% was unwanted, because
the course of infection is not suitable to study if all the cells are infected and
therefore, dead. The three largest infection doses resulted in overly infected
samples and were thus excluded from future analyses. Figures 4 and 5
demonstrate the microscope images of the infected DIF and unDIF cells,
respectively, in three smallest infection doses and from these images the number
of infected and uninfected cells were counted. MOI 20 and MOI 10 were
excessively strong as both doses infected >84% of the cells while MOI 1 infected
~70% of the cells (Table 2). The infection was 3-5% stronger in MOI 10 and MOI
1, and 15% stronger in MOI 20 in the unDIF cells. The aim for the suitable
infection dose was ~50% and thus, MOI 1 was selected for future analyses.
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CVA9MOI 10 CVA9MOI1 Cell control

CVA9 MOI 20

Merged DAPI RA 546 Tubulin

CVA9 dose MOI 1 was the suitable infection dose. The differentiated HT-29 cells
were infected with CVA9 doses MOI 20, MOI 10, and MOI 1 to find the most
suitable infection dose. Illustrative confocal images of different doses are
represented in merged images of DAPI (blue, nucleus), RA546 (red, virus), and
tubulin (green) with a scale bar of 20 um, as well as individual images of each
label. By counting the number of infected cells from the images, MOI 1 was
selected as the most suitable dose.
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Cell control

MOI1 CVAD

MOI 10 CVA9

MOI 20 CVA9

Merged DAPI RA 546 Tubulin

MOI 1 infection dose of CVA9 was the suitable infection dose. To find the most
suitable infection dose, the undifferentiated HT-29 cells were infected with
CVA9 doses MOI 20, MOI 10, and MOI 1. The confocal microscope illustrative
images of different infection doses are displayed in merged images of DAPI
(blue, nucleus), RA546 (red, virus), and tubulin (green) with a 20 pm scale bar,
along with individual images of each label. The infected cells were counted from
the images, resulting in the selection of MOI 1 as the most suitable infection dose.
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Table 2. The number of CVA9 infected cells at different MOIs. The number and
percentage of infected and uninfected DIF (differentiated) and unDIF
(undifferentiated) HT-29 cells were calculated from the confocal
microscope images of the CVA9 doses MOI 20, MOI 10, and MOI 1. The
percentage of infected cells in MOI 20 and MOI 10 was too high, but the
percentage in MOI 1 was optimal and was therefore utilised in future

experiments.
Cell type and virus Total cell Infected cells Uninfected cells
dose number
DIF HT-29 MOI 1 132 68 (52%) 64 (48%)
DIF HT-29 MOI 10 98 85 (87%) 13 (13%)
DIF HT-29 MOI 20 104 84 (81%) 20 (19%)
unDIF HT-29 MOI 1 129 73 (57%) 56 (43%)
unDIF HT-29MOI10 98 88 (90%) 10 (10%)
unDIF HT-29 MOI 20 102 97 (95%) 5 (5%)

3.3 Bacterial infection dose and infection time test

To test the suitable bacterial infection dose and infection time, DIF and unDIF
cells were infected with P. aeruginosa PA14. The lowest tested infection time was
3 h, which was not enough for the infection to occur, and thus this infection time
was not chosen for further use. The longest tested infection time was 1 d which
was excessively long, as all infection doses lead to 80% cell death (Figure 6) and
therefore this infection time was not chosen either. The most suitable infection
time seemed to be 5.5 h, since the cell viability significantly reduced in the two
strongest doses (two-way ANOVA DIF HT-29 cells Fe, 15 = 80.13, df = 6, p<0.0001,
unDIF HT-29 cells Fe, 18 = 57.35, df = 6, p<0.0001) but most of the cells survived in
the lower doses. In pairwise comparisons, the two strongest infection doses
significantly differed from the cell control (p-values Bonferroni corrected) (Figure
7).

The effect of the penicillin + streptomycin antibiotic in the cell culture
medium on the bacterial infection was also tested with the 5.5 h infection test.
The medium with antibiotics prevented the infection from happening in all
infection doses while the infection occurred in the two strongest infection doses
in a medium without antibiotics, as mentioned earlier. When counting the
colonies from the LB-agar plates, it was noticed that the infection doses were 10x
stronger than theoretically was estimated. However, the result images were
made using the theoretical infection doses.
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P. aeruginosa PA14 1-day infection test DIF HT-29 P. aeruginosa PA14 1-day infection test unDIF HT-29
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Figure 6.  Cell viability reduced in excess in P. aeruginosa PA14 1 d infection test. The DIF
(differentiated) and unDIF (undifferentiated) HT-29 cells were infected with P.
aeruginosa PA14 in different infection doses for 1 d. The infection was strong in
all infection doses reducing the cell viability >80%. The mean values of each
infection dose were normalised against the cell control. Two-way ANOVA and
Bonferroni post hoc tests were done between the different doses and the cell
control (p=0.0001 (****)).

P. aeruginosa PA14 5.5 h infection test DIF HT-29 P, aeruginosa PA14 5.5 h infection test unDIF HT-29
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Figure 7.  The most suitable infection time for P. aeruginosa PA14 infection was 5.5 h. An
infection time of 5.5 h with P. aeruginosa PAl4 was tested on the DIF
(differentiated) and unDIF (undifferentiated) HT-29 cells. The cell viability
reduced by >50% in the two strongest infection doses, but the majority of cells
survived in the lower doses. The mean values of each infection dose were
normalised against the cell control. Two-way ANOVA and Bonferroni post hoc
tests were executed between the different doses and the cell control (p=<0.0001
(****) and <0.05 (*)).
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3.4 Infection test with different viruses

The infectivity of different viruses against the HT-29 cell line was tested by
infecting the DIF and unDIF HT-29 cells with CVA9, CVB3 and OC43. CVA9
infected the cells strongly, significantly reducing cell viability by >75% both in 3
d infection time (two-way ANOVA DIF HT-29 cells F4,5 = 929.8, df = 4, p <0.0001,
unDIF HT-29 cells F4, s = 801.5, df = 4, p<0.0001), and in 1 d infection time (two-
way ANOVA DIF HT-29 cells F4, s = 3214, df = 4, p<0.0001, unDIF HT-29 cells Fj,
8 =1076, df =4, p<0.0001) in all infection doses (Figure 8). Similarly, the infectivity
of CVB3 was strong in 3 d infection time, significantly reducing cell viability by
>75% (two-way ANOVA DIF HT-29 cells Fs, 5 = 507.4, df = 4, p<0.0001, unDIF
HT-29 cells F4, 5 = 823.3, df = 4, p<0.0001) and also in 1 d infection time (DIF HT-
29 cells Fy4, 8 = 302.9, df = 4, p<0.0001, unDIF HT-29 cells F4, s = 1657, df = 4,
p<0.0001) in all infection doses (Figure 9). In pairwise comparisons, all doses
significantly differed from the cell control (p-values Bonferroni corrected). OC43
did not infect the DIF or unDIF HT-29 cells in any of the tested infection doses
(Figure 10).
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Figure 8.

Figure 9.

CVA9 1 d infection time was more suitable than the 3 d infection time. The DIF
(differentiated) and unDIF (undifferentiated) HT-29 cells were infected with
different CVA9 infection doses for 3 d (A) and for 1 d (B). Both infection times
and all infection doses infected the cells strongly, reducing cell viability by >75%.
The mean values of each infection dose were normalised against the cell control.
Two-way ANOVA and Bonferroni post hoc tests were done between the
different doses and cell control (p=<0.0001 (****) and <0.001 (***)).
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The 1 d infection time was more suitable for CVB3 than the 3 d infection time.
CVB3 infectivity was tested on the DIF (differentiated) and unDIF
(undifferentiated) HT-29 cells with different infection doses for 3d (A) and 1 d
(B). All infection doses infected the cells strongly in both infection times,
reducing the cell viability by >70%. The mean values of each infection dose were
normalised against the cell control. Two-way ANOVA and Bonferroni post hoc
tests were done between the different doses and cell control (p=<0.0001 (****)).
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Figure 10. OC43 did not infect the HT-29 cells. A 5 d infection with OC43 was tested on the
(DIF) differentiated and unDIF (undifferentiated) cells with various infection
doses. Infection did not occur at any infection dose. The mean values of each
infection dose were normalised against the cell control. Two-way ANOVA and
Bonferroni post hoc tests were done between the different doses and cell control.
There were no statistically significant differences.

3.5 Infection test with different bacteria

To examine the ability of different bacteria to infect the HT-29 cell line, the DIF
and unDIF HT-29 cells were infected with P. aeruginosa 573, S. typhimurium DS88,
Str. mutans OMZ381, A. baumannii AC54, and P. aeruginosa PA14. From the tested
infection times, the 5.5 h and 1 d infection times were not enough for the infection
to occur in any of the tested bacteria, except with P. aeruginosa PA14, which was
already tested on the cells beforehand and its infectivity within 5.5 h was known.
After the 3 d infection time, clear infection occurred in both P. aeruginosa strains.
The infection was visible with microscopical observation and in the CPE plate
before lysis of the cells. However, due to the probable biofilm formation to which
the CPE stain attached to (Figure 11A), the effect of infection could not be
detected when the cells, and simultaneously the biofilms, were lysed in the CPE
analysis (Figure 11B). Because of these reasons, the results and significance of cell
viability did not correspond to the reality of the infection strength, and the
infection appeared as non-existent or only mild (Figure 12).

The cell viability results of the 3 d infection of S. typhimurium, Str. mutans,
and A. baumannii are presented in Figure 13. S. typhimurium indicated a mild
infection in the two strongest doses for DIF HT-29 cells and significantly reduced
cell viability by ~20% (two-way ANOVA F¢, 18 = 7.380, df = 6, p<0.0004) in the
strongest infection dose. In the unDIF HT-29 cells, S. typhimurium significantly
infected the cells in the three strongest infection doses (two-way ANOVA Fg, 15 =
50.28, df = 6, p<0.0001), reducing the cell viability by ~30% in the strongest, ~20%
in the second strongest, and ~15% in the third strongest infection dose. In
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pairwise comparisons, the strongest infection dose in DIF HT-29 cells and the
three strongest infection doses in unDIF HT-29 cells significantly differed from
the cell control (p-values Bonferroni corrected). Str. mutans did not infect the DIF
HT-29 cells, but mildly infected the unDIF HT-29 cells in the three strongest doses,
significantly reducing cell viability (two-way ANOVA Fe 15 = 21.63, df = 6,
p<0.0001) by ~25% in the two strongest infection doses, and by ~20% in the third
strongest infection dose. In pairwise comparisons, the three strongest infection
doses significantly differed from the cell control (p-values Bonferroni corrected).
A. baumannii was not able to infect the cells even after the 3 d incubation.

When the colonies were counted from the agar plates that were cultured
tirst, it was noted that the P. aeruginosa PA14 and S. typhimurium infection doses
were ~10x stronger than theoretically estimated. With P. aeruginosa, Str. mutans
and A. baumannii the two mildest infection doses were as theoretically estimated,
but the infection doses from 100 to 10% were ~10x stronger. However, the result
graphs were made using the theoretically estimated infection doses. When the
growth was visually inspected from the agar plates that were cultured from the
samples that were taken from the 96-well plate after 3 d infection period, it was
noticed that other bacteria were still viable and formed colonies on the plates, but
A. baumannii did not grow on the plates. Therefore, it was concluded that A.
baumannii was not viable after the 3 d period on the cells and thus, no infection
occurred.

e

Figure 11. P. aeruginosa 573 formed biofilms (white arrows) during the 3 d infection. The
DIF (differentiated) and unDIF (undifferentiated) HT-29 cells were infected with
P. aeruginosa 573 for 3 d. The bacterium infected the cells and detached the cells
from the bottom of the well but formed biofilms (A), to which the CPE stain
attached. When the cells were lysed, the biofilm released the stain (B), and the
absorbance of the wells did not resemble the reality of the infection.
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Figure 12. Both P. aeruginosa strains infected the cells during the 3 d infection test. The DIF
(differentiated) and unDIF (undifferentiated) HT-29 cells were infected with P.
aeruginosa PA14 and P. aeruginosa 573 in different infection doses for 3 d. Both
bacteria infected the cells, but due to biofilm formation and the CPE stain dying
the biofilm, the cell viability results did not correspond to the infection strength,
distorting the results. The mean values of each infection dose were normalised
against the cell control. Two-way ANOVA and Bonferroni post hoc tests were
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done between the different doses and cell control (p=<0.01 (**) and <0.05 (*)).
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A mild infection occurred after 3 d infection time with S. typhimurium and Str.
mutans, but A. baumannii did not infect the cells. The DIF (differentiated) HT-29
cells and unDIF (undifferentiated) HT-29 cells were infected with the three
bacteria species in different infection doses for 3 d. S. typhimurium infected both
cell types mildly, reducing cell viability by ~20-30% (A). Str. mutans infected
only the DIF HT-29 cells mildly, reducing cell viability by ~20-30% (B). A
baumannii did not infect the cells (C). The mean values of each infection dose
were normalised against the cell control. Two-way ANOVA and Bonferroni post
hoc tests were performed between the different doses and the cell control
(p=<0.0001 (****), <0.001 (***), <0.01 (**), and <0.05 (*)).
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3.6 Infection test with CVA9 and MUC2 antibody

The DIF and unDIF HT-29 cells were infected with CVA9 and labelled with
MUC2 antibody to investigate whether the mucus of the cells protects them from
infection. MUC2 is a marker used to detect the mucin produced by the mucus-
producing cells (Centonze et al. 2022). The number of uninfected cells, uninfected
cells with MUC2, infected cells without MUC2, and infected cells with MUC2
were counted from the confocal microscope images illustrated in Figure 14 (DIF
HT-29 cells) and Figure 15 (unDIF HT-29 cells). The number and percentage of
the cell counts are presented in Table 3. The presence of mucus did not indicate
protection for the cells against infection, as the expression of MUC2 in uninfected
cells was 0% in DIF HT-29 cells and 0.9% in unDIF HT-29 cells (Table 3).
Meanwhile, the expression of MUC2 in infected cells was 2.6% in DIF HT-29 cells
and 1.7% in unDIF HT-29 cells (Table 3).

Interestingly, CVA9 MOI 1 infection dose was 17.7% stronger in the DIF
HT-29 cells and 12.7% stronger in the unDIF HT-29 cells here (Table 3) than when
originally tested (Table 2). In the original infection dose analysis (Section 3.2) the
MOI 1 infection was ~50% but here almost 90% of the cells were infected. The
reason for the excessive infectivity is unknown.

Merged DAPT RAS6G MLUC2

Call cirdl

CVA9

CVA9 + MUC2

Figure 14. MUCQC2 expression of the differentiated (DIF) HT-29 cells indicated no mucosal
protection of the cells against CVA9 infection. The DIF HT-29 cells were infected
with CVA9 and labelled with MUC2 antibody, a marker for mucus production,
to examine whether the mucus production of the cells protects the cells from
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infection. Illustrative confocal images are represented in merged images of DAPI
(blue, nucleus), RA546 (red, virus), and MUC2 (yellow) with a scale bar of 20 um,
as well as individual images of each label.

Merged DAPI RAS46 MUC2

Cell ctrl

CVAY el

¥

CVA9 + MUC

Figure 15. According to MUC2 expression of the unDIF (undifferentiated) HT-29 cells, the
mucus did not protect the cells against CVA9 infection. The unDIF HT-29 cells
were labelled with MUC2 antibody, a mucus production marker, and infected
with CVAQ9 to assess whether the cells are protected from infection by the mucus
they produce. Confocal microscope images are represented in merged images of
DAPI (blue, nucleus), RA546 (red, virus), and MUC2 (yellow) with a 20 um scale
bar, as well as individual images of each label.

Table 3. Presence of CVA9 and MUC2 in DIF (differentiated) and unDIF
(undifferentiated) HT-29 cells based on antibody labelling. The number
and percentage of uninfected cells (Cell only), uninfected cells with MUC2
(Cell + MUC2), CVA9 infected cells (Cell + CVA9), and CVA9 infected
cells with MUC2 (Cell + CVA9 + MUC2) were calculated from the confocal
microscope images. The mucus, detected with MUC2 antibody, protected
neither the DIF HT-29 cells nor the unDIF HT-29 cells from infection.

Cell type Total cell Cell only Cell + Cell + CVA9 Cell + CVA9
number MUC2 + MUC2

DIF HT-29 231 27 (11.7%) 0 (0%) 198 (85.7%) 6 (2.6%)

unDIF HT-29 230 27 (11.7%) 2(0.9%) 197 (85.7%) 4 (1.7%)
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4 DISCUSSION

The aims of this study were to validate the differentiation protocol for the HT-29
cell differentiation to mucus producing cells and to test the suitability of HT-29
cell model as an infection model for future use with the analysed pathogens. The
cells were differentiated for eight days on a topographic surface and the
differentiation was verified with Alcian blue staining and antibody testing. The
infectivity of the investigated pathogens was studied with CPE analysis.

4.1 Differentiation to mucus-producing cells was fast and
successful

The HT-29 colorectal adenocarcinoma cells can be differentiated to mucus
producing cells on a topographic surface and the mucus produced by the
differentiated cells stained with Alcian Blue (Centonze et al. 2022). Alcian blue is
a dye that attaches to the mucus, and thus it can be used to detect whether mucus
is produced or not (Limage et al. 2020). Therefore, the Alcian blue staining was
done for both unDIF and DIF HT-29 cells to see the difference in mucus
production, hence confirming the differentiation of the cells. In general, it was
noticed that the cells did not grow as individuals or a confluent layer of cells, but
as clusters of many cells with space in between the clusters. The unDIF cells
contained only a few lightly stained cells but most of the cells did not stain at all
(Figure 1D). In contrast, all DIF HT-29 cell clusters stained blue from the outer
rim indicating that the cells produced mucus to the edges of the clusters and
verifying the successful differentiation (Figure 1B). Furthermore, the unDIF cells
should not contain the mucus producing cells and as the Alcian blue did not stain
them, it further verified that the differentiation was successful.

There were less stained and unstained cells in the centre of the DIF cell
clusters which could indicate that only a certain percent of the cells differentiated
to mucus producing cells but not all. This is in agreement with earlier studies
where it was observed that the HT-29 cells differentiated on the topographic
surface contained both enterocytes and mucus producing goblet cells (Centonze
et al. 2022). The unstained cells present in the DIF cell sample were possibly
enterocytes which are not mucus producing and thus, lacked Alcian blue stain.
In the future, the cell differentiation on the topographic surface could be further
studied and verified by investigating the differentiation-associated proteins of
the enterocytes and goblet cells as Ferraretto and colleagues (2018) have done, to
learn whether both cell types are present in the DIF cells and at what percentage.

The differentiation of the HT-29 cells using this kind of topographic surface
is a novel method, pioneered by Centonze and colleagues (2022). Traditionally,
the HT-29 cells have been differentiated to mucus-producing cells by exposing
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the cells to methotrexate (MTX) for approximately 30 days (Lesuffleur et al. 1990,
Centonze et al. 2022). The state of differentiation depends on the concentration of
MTX to which the HT-29 cells are exposed to (Martinez-Maqueda et al. 2015). At
a lower MTX-concentration, the cells differentiate to a mixed population of
enterocytes and mucus-producing goblet cells, whereas at higher concentrations
the cells differentiate almost exclusively to goblet cells (Simon-Assmann et al.
2007). When comparing the differentiation on the topographic surface to the
differentiation with MTX, the evident advantage of the surface is the short
differentiation period. The differentiation can be done in eight days while with
MTX it would take up to 30 days (Lesuffleur et al. 1990, Centonze et al. 2022),
which considerably shortens the workflow. The costs of differentiation protocol
with the surface are also considerably lower as there is no need for expensive
reagents. On the contrary, the MTX differentiation is more versatile because the
cells can be differentiated to different populations and more abundantly to
mucus-producing cells.

4.2 Mucin expression might be more versatile than expected

The antibody tests did not fully confirm successful cell differentiation as
there was no difference in the expression of the tested MUC2 (Table 1), villin
(Figure 3), and lysozyme (Figure 3) antibodies between the DIF and unDIF cells.
MUC2 was used to confirm the differentiation to mucus producing goblet cells,
while villin is a biomarker for enterocytes and lysozyme a biomarker to Paneth
cells. Centonze and colleagues (2022) did a similar differentiation study with the
topographic surface and labelled the cells with MUC2, villin and lysozyme. In
their study the cells that were differentiated for eight days, like in this study,
contained 2% more MUC2 expressing cells, only about 0.4 % more villin
expressing cells, and about 11% more lysozyme expressing cells than the unDIF
cells (Centonze et al. 2022). They reflected that the difference in MUC2 expression
was considerably low, while the difference in lysozyme expression was
surprising, and hypothesised that the lysozyme expression might indicate that
the cells had also differentiated to Paneth cells and not only to mucus-producing
cells (Centonze et al. 2022).

The results here may not be completely comparable to the study of
Centonze and colleagues, because in this study villin and lysozyme were tested
with another method. The immunolabelling of villin and lysozyme was not
successful, and therefore these antibodies were tested with Western blot instead
(Figure 3). Hence, though Centonze et al (2022) detected an 11% difference in
lysozyme expression that was not detected here, it could result from the
difference of used methods.

There is a possibility that the cells were differentiated, but they express
some other mucin than MUC2. The several other mucins that are present in the
gastrointestinal tract are MUC1, MUC2, MUC3A, MUC3B, MUC4, MUC5AC,
MUC5B, MUC6, MUC12, MUC13, and MUC17 (Elzinga et al. 2021). The gel-
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forming mucins the goblet cells express are MUC2, MUC5AC, MUC5B, and
MUCS6, from which MUC2 is the major mucin in the small intestine, and the
others are mainly expressed in the stomach (Leteurtre et al. 2004). Earlier studies
indicate that the MTX-differentiated HT-29 cells express MUC1, MU2, MUCS3,
and MUC5AC from which MUC5AC is the major mucin and MUC2 is secreted
in low amounts (Huet et al. 1995, Gagnon et al. 2013, Martinez-Maqueda et al.
2015, Elzinga et al. 2021). Therefore, the DIF HT-29 cells in this study could be
tested in the future with other MUC antibodies and analysed whether the cells
express some of the other mucins, thus further verifying the differentiation and
production of mucus. Especially the MUC5AC should be tested due to the
abundance of this mucin in the HT-29 cells (Elzinga et al. 2021).

4.3 Successful infection with enteroviruses enables future
research

Enteroviruses primarily infect through the faecal-oral route (Zhu et al. 2021).
CVAQ9 has been studied at JYU in A549 lung cancer cells, but there is an interest
for studying the virus in the HT-29 intestinal cell type as well. Therefore, the DIF
and unDIF HT-29 cells were infected with CV A9 to test the capability of infection
by the virus. The infection capability of CVA9 in the HT-29 cells (Figure 8) was
somewhat expected, as these cells are similar with the epithelial cells of small
intestine, which is part of the faecal-oral route. The receptors CVAY is believed
to use for entering the cells are aV integrins, glucose-regulated protein 78 A,
subunit of major histocompatibility complex class I (MHC-I) antigen, and 2-
microglobulin (Huttunen et al. 2014). From the aV integrins, aV6 seems to be a
high-affinity receptor for the virus (Heikkila et al. 2009). The HT-29 cells express
the RGD-binding integrin aV that associates with 6 (Rajan et al. 2018), hence,
the virus can enter these cells and infect them.

CVB3 has also been studied at JYU in A549 cells, and similarly to CVA9Y,
there is an interest to see if the HT-29 cells could be utilised with this virus, as
well. Therefore, the DIF and unDIF cells were infected with CVB3 to test the viral
infectivity of these cells. Similarly, to CVA9, CVB3 also infected the HT-29 cells
(Figure 9). The receptors the CVB3 is believed to use to enter cells are
coxsackievirus-adenovirus receptor (CAR) and decay-accelerating factor (DAF)
(Fu and Xiong 2023). Because the virus was able to infect these cells, it indicates
that HT-29 cells express one or both of these receptors.

OC43 coronavirus has been studied at JYU, as well, but in MRC-5 lung
tibroblasts. Primarily the OC43 virus causes upper respiratory tract disease (Liu
et al. 2021), yet, the virus can also cause gastrointestinal symptoms (Luo et al.
2020). Hence, there was an interest to evaluate whether OC43 could infect the
HT-29 cells as well, and if these cells could then be used in studying this virus.
Therefore, the DIF and unDIF HT-29 cells were infected with OC43 for five days.
Despite the three replicate analyses and various tested infection doses, infection
did not occur (Figure 10). This is explainable by looking at the receptors the virus
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uses for cell entry. The receptors OC43 uses are the glycan-based receptors
carrying 9-O-acetylated sialic acid (Szczepanski et al. 2019). Because the virus
was not able to infect these cells, it indicates that the needed receptor for OC43
virus is not found in HT-29 cells.

The verification of CVA9 and CVB3 infectivity in these cells was important
for the future usability of the HT-29 cell line in investigations of CVA9 and CVB3
behaviour in cells. The HT-29 cells closely resemble the conditions in the primary
infection site of these viruses, which gives better understanding of their viral life
cycle. The whole life cycle with its essential steps, like cell entry and replication,
can be uncovered by investigating the viruses in cell models that closely resemble
their target infection site in humans. For example, the previous studies of viral
life cycle in cell models, like the study of Huttunen and colleagues (2014), have
revealed the receptors that the viruses use for cell entry.

Precise knowledge of the life cycle of the viruses is also crucial in the
attempts to develop antivirals, vaccines, and other treatment against them. One
exemplary example of this is the successful development of human
immunodeficiency virus (HIV) medication which is one of the major
accomplishments in biomedicine (Fauci et al. 2013). Exact knowledge about the
phases of HIV life cycle enabled the development of anti-HIV drugs that could
be targeted to inhibit certain points of infection (Mehellou and De Clercq 2010).
An example of enteroviruses is the poliovirus vaccine, which was developed after
studying the virus also in cell models (Baicus 2012). As there are currently no
vaccines or medication available for non-polio enteroviruses, like CVA9 and
CVB3 (Ho et al. 2016), extensive research is needed in the future, for which cell
models are a vital tool. There are studies of antivirals against enterovirus 71
causing hand, foot, and mouth disease (Zhu et al. 2011) and enterovirus D68 that
can cause acute flaccid myelitis (Hu et al. 2020), but those are still at their infancy.

4.4 P. aeruginosa infectivity enhances possibility for future
studies

The DIF and unDIF HT-29 cells were infected with P. aeruginosa strains PA14 and
573, S. typhimurium, Str. mutans, and A. baumannii to test which bacteria could be
investigated with this cell model. The infectivity of both P. aeruginosa strains in
these cells was somewhat expected as these bacteria can infect multiple cell types
of humans through ingestion of P. aeruginosa -contaminated water (Loveday et al.
2014). Furthermore, the PA14 strain is known to be hypervirulent (He et al. 2004),
so its infectivity was anticipated, and it was therefore, used as the primary
bacterium in the infection tests. Due to its hypervirulence, PA14 probably
infected the cells already within 5.5 h (Figure 7) while the strain 573 needed 3 d
(Figure 12B). The mucus did not protect the DIF HT-29 cells from infection as
there was no significant difference in the infectivity of DIF and unDIF cells.

In the 3 d infection test, the significance of infection could not be determined
due to the biofilm formation (Figure 11A) that occurred in both strains. As biofilm
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formation is a notable resistance factor of P. aeruginosa (Ciofu and Tolker-Nielsen
2019), this cell mode could be used in future studies focusing on investigating the
course of biofilm formation in these strains. Questions like when does the biofilm
formation start, could be investigated further. In this study the biofilms were not
formed in the 1 d infection but were clearly visible in the 3 d infection and
therefore, future studies could determine the actual time of biofilm formation.
This knowledge would truly be important and relevant because P. aeruginosa
forms biofilms in humans on for example urinary catheters and implant devices
like artificial joints, causing severe nosocomial infections and chronic infections
(Cole et al. 2014, Cerioli et al. 2020). Precise knowledge of the course of biofilm
formation could help in developing treatments that would prevent biofilm
formation and thus expose the bacteria better to antibiotics. The absence of
biofilms could aid the investigations further in understanding the other
resistance mechanisms of biofilm than only being a physical barrier, as some
antibiotics can penetrate the biofilm but are still unable to kill the bacterium
inside it (Mulcahy et al. 2014).

In addition, future studies about the course of P. aeruginosa infection could
reveal how and when the bacterium secretes its numerous virulence factors
(Cepas and Soto 2020) and how the secretion affects the cells. HT-29 cells have
been used in studies of toxin ExoS (Fraylick et al. 2001, Rocha et al. 2005) and
exopolysaccharides (Tahmourespour et al. 2020) that P. aeruginosa secretes with
results of changes in cell morphology. However, these studies have used the
unDIF HT-29 cells and therefore knowledge about the effect of DIF cell’s mucus
against the bacterium and its toxins remains to be investigated.

4.5 Unexpectedly mild S. typhimurium infection

The mildness of S. typhimurium infection was a bit surprising (Figure 13A). S.
typhimurium is an intestinal bacterium transmitted through faecal-oral route (Gal-
Mor et al. 2014) so it was thought to be highly infective towards the HT-29 cells.
Furthermore, the HT-29 cells along with another intestinal colon adenocarcinoma
cell line Caco-2 have been used in earlier studies of S. typhimurium, hence the
expectation of infectivity (Kim et al. 1998, Kortman et al. 2012, Gagnon et al. 2013,
Dostal et al. 2014, Ostovan et al. 2021, Fonseca et al. 2021). Interestingly, the S.
typhimurium infection was ~10% stronger in the unDIF cells (Figure 13A). This
tinding contradicts with an earlier study of Gagnon and colleagues (2013) where
they infected unDIF and mucus-producing MTX-differentiated HT-29 cells with
different S. typhimurium strains and discovered, that the bacteria adhered to and
invaded the mucus-producing cells more than the unDIF HT-29 cells. The
opposite results of this study could indicate that the strain used here behaves
differently than the strains used in the study of Gagnon and colleagues (2013).
Additionally, two different methods were used in this study and the study of
Gagnon and colleagues to differentiate the HT-29 cells, and therefore, the

33



percentage of mucus-producing cells could differ in the used cell models, hence,
the results in S. typhimurium adhesion and invasion vary.

However, future studies should focus on the hypothesis, that the mucus
produced by the DIF HT-29 cells protected the DIF cells from a stronger infection
by the S. typhimurium strain used here. For example, Zarepour and colleagues
(2013) discovered in their study using mice, that the intestinal mucus and MUC2
mucin, both investigated also in this study, limited the ability of S. typhimurium
to colonise and to interact with the intestinal epithelium, also reducing mortality
of the mice. If this could be verified with the HT-29 cell model of this study, it
would give new insights about the role of mucus in the human small intestine.
Furthermore, a longer infection time should be investigated to assess, whether
the mild infection seen here was only an early phase of the infection. A longer
infection time could amplify the difference in the strength of the infection
between the DIF and unDIF HT-29 cells, thus verifying the hypothesis that mucus
protected the DIF cells from S. typhimurium infection.

Overall, novel research of S. typhimurium is needed. The bacterium is one of
the leading serotypes causing non-typhoid Salmonella infections worldwide,
with >90 million cases of infection and >150 000 deaths annually (Mandal et al.
2021). Furthermore, multi-drug-resistant strains are emerging, leading to the
need of discovering novel antibiotics (Eng et al. 2015). Cell models, like the HT-
29 cell model established here, provide a good research tool for these studies. A
considerable amount of S. typhimurium studies have been performed in murine
models, revealing crucial knowledge about this bacterium (Barthel et al. 2003,
Stecher et al. 2005, 2007, Moreira et al. 2010, Monack 2012, Zarepour et al. 2013),
yet, these findings can’t be directly applied to humans without additional studies
due to the differences between the two species and the difference of the disease
S. typhimurium causes in them. In humans the bacterium causes enterocolitis,
while in mice it causes typhoid fever-like symptoms with intestinal lesions
(Zhang et al. 2003). Thus, the HT-29 cell model would provide an important tool
for examining the course of infection and host-pathogen interaction of the
bacterium in humans and confirming whether the findings in murine models are
applicable to humans. Furthermore, the discoveries of the studies using the HT-
29 cell model could be utilised vice versa, applying the findings to murine models
in which for example novel drugs can be investigated.

4.6 Possibility of mucosal protection against Str. mutans
infection

The primary infection site for Str. mutans is the oral cavity (Metwalli et al. 2013)
and therefore it is understandable that the infection in the HT-29 cells did not
occur. However, similarly to S. typhimurium, there is a possibility that the mucus
protected the DIF HT-29 cells from the infection as only the unDIF cells were
mildly infected (Figure 13B). On the other hand, the mild infection detected here
could be only the starting phase of the infection. Future studies should be
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executed to reveal whether the mucus of DIF HT-29 cells has a protective role
against the bacterium. Furthermore, a longer infection time should be included
to see whether the bacterium needs even a longer time for the infection to occur.
Str. mutans can also reside in the intestines (Forssten et al. 2010) so possibly the
longer infection time on the HT-29 cells could cause an infection.

Overall, finding a suitable in vitro human cell model for Str. mutans is
challenging because mimicking the conditions of teeth and oral cavity is difficult
(Forssten et al. 2010). Berlutti and colleagues (2010) have used human gingival
tibroblast cells, but mostly the bacterium has been studied in animal models, like
rats and mice, and animal cell lines (Forssten et al. 2010, Pan et al. 2015, Nomura
et al. 2020, Tonguc Altin et al. 2021, Wolfoviz-Zilberman et al. 2021). The finding
here that Str. mutans infected the unDIF HT-29 cells mildly is a highly important
discovery and could enable future studies with a novel cell model. The possibility
of studying Str. mutans with this cell model would be of importance in the future
to learn more about the role of the biofilms the bacterium produces and the
phases of the infection the bacterium causes.

4.7 A. baumannii infectivity might be strain dependent

On the contrary to Str. mutans, the result that A. baumannii was not able to infect
the cells was unexpected (Figure 13C). A. baumannii usually targets mucosal
membranes and colonises epithelial cells (Harding et al. 2018), and therefore it
was expected that the HT-29 cells would be infected. Furthermore, as the
bacterium did not grow on the agar plates, that were cultured from the bacterial
infection samples taken after the 3 d infection on 96-well plate before CPE
analysis, the bacterium clearly was not alive after the infection period anymore.
This discovery is quite contradictory, when considering the characteristics of A.
baumannii. The bacterium is able to tolerate even harsh environmental stresses
like desiccation (Isler et al. 2018), yet it could not remain viable in surroundings
with nutrients from the cell culture medium and temperature of +37 °C
mimicking the temperature of the human body. A. baumannii is an extra-cellular
pathogen, though it has a zipper-like mechanism enabling its invasion into
epithelial cells (Harding et al. 2018), which it possibly could have used if needed
for survival. Studying the phases of the 3 d infection, that was studied here, in
HT-29 cells with for example samples imaged with transmission electron
microscope, could reveal the host-pathogen interaction that occurred between
the cells and A. baumannii.

Possibly some other A. baumannii strain could be infective in these cells, for
example, Tayabali and colleagues (2012) used A. baumannii Bouvet and Grimont
(ATCC #9955) strain and successfully infected the unDIF HT-29 cells. Research
with the AC-54 strain used here could be done with another cell model in the
future. A549 cell model has been successfully used (Smani et al. 2011, Gaddy et
al. 2012, Lazaro-Diez et al. 2016), as well as, human bronchial epithelial cell lines
NCI-H292 (Lee et al. 2006, Choi et al. 2008) in the studies of A. baumannii
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infectivity and behaviour. Therefore, the HT-29 cell model could possibly be used
with another A. baumannii strain, or the strain used here could be studied in
another cell model. Overall, intensive research of A. baumannii is needed because
the bacterium causes severe nosocomial infections and has developed resistance
towards a vast spectrum of antibiotics, especially colistin, making it almost
impossible to treat (Kempf and Rolain 2012).

5 CONCLUSIONS

This study aimed to validate the HT-29 cell differentiation protocol and its use as
a cell model with the studied pathogens. The differentiation protocol to mucus-
producing HT-29 cells was successfully established as the Alcian blue dye stained
the mucus the cells produced, while the unDIF cells remained unstained.
However, more antibody tests could still be done, because the antibodies tested
in this study did not further verify the success of differentiation. Enteroviruses
CVA9 and CVB3 infected the cells along with P. aeruginosa bacteria strains PA14
and 573, and therefore the studied cells can be utilised as an infection model for
these pathogens. Furthermore, the mild infections that occurred with S.
typhimurium and Str. mutans indicate a possibility of using the HT-29 cells as an
infection model with these bacteria as well, however, future studies are required
to verify this discovery. Overall, the use of the established HT-29 cell model in
studies of the analysed pathogens is important to learn more about the host-
pathogen interactions of these pathogens. Furthermore, the future studies with
this cell model enable the development of novel drugs and vaccines against these
pathogens.
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