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Abstract  
Salmonella species are one of the leading causes of diarrhea world-wide, and the details 
regarding their pathogenicity is not yet completely understood. In order to understand the 
interactions that occur during the invasion of the gut intestine we aimed to explore the use of 
intestinal epithelial organoids as a model to study the infection process of Salmonella enterica 
subspecies enterica serotype Typhimurium. Invasion of Salmonella Typhimurium in a two-
dimensional monolayer derived from murine-derived intestinal epithelial organoids was 
demonstrated. Characterisation of this organoid model was attempted using real-time qPCR. 
In addition, this study explored the global epidemiological situation Salmonella species, with 
specific focus on non-typhoidal serotypes of Salmonella enterica subspecies enterica. 
Overall, this study shows that Salmonella species continue to be of a global concern. 
Intestinal epithelial organoids appear to be sensitive to experimental conditions, but ultimately 
serve as a good potential for in vitro studies of enteric pathogens. 
  
Popular summary 
You have learnt that your chicken needs to be cooked properly before eating, but have you 
considered the consequences if you didn’t? Salmonellosis is one of the leading causes of 
infectious diarrhea world-wide, resulting in serious detrimental effects in areas from food 
production to hospital care. If your immune system is intact you might pass the disease 
without too much trouble, but if it’s not – the outcome can be fatal. Therefore, it is important 
that we continue to work towards understanding the full process of what happens when 
Salmonella enters the human intestine. Recently, a new method for doing this was made 
possible by the development of intestinal epithelial organoids. This research model stems 
from the stem cells found in the intestine, and overall mimic the in vivo structure more 
accurately than previous models. So now it is possible to ask more detailed questions about 
what actually happens when Salmonella invades the gut tissue. For this study we set out to 
investigate the epidemiological situation of Salmonella, the reasons why we still need to 
worry about this pathogen, and how this relatively new model can serve as a tool for studying 
the infection process.  
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1 List of abbreviations  
 
Abbreviation Definition 
BMP Bone morphogenetic protein 
CD Crohns disease 
CFR Case fatality rate. The proportion of fatal cases among the total number of 

confirmed cases of a disease/disorder.  
CFU Colony-forming unit 
CV (treatment) Chir99021 and valproic acid.  
DC Dendritic cells 
ECDC European Centre for Disease Prevention and Control 
EFSA European Food Safety Agency 
EGF Epidermal growth factor 
EU European Union 
ESBL Extended-spectrum beta lactamase 
ESBL-carba Extended-spectrum beta lactamase + Carbapenem 
GALT Gut-associated lymphoid tissue 
GAPDH Glyceraldehyde 3-phosphate dehydrogenase.  
HDAC Histone deacetylase inhibitor 
IBD Inflammatory bowel disease 
IFN Interferon 
IL interleukin 
Lgr5 Leucine-rich-repeat-containing G-protein-coupled receptor 5.  
M-cells Microfold cells 
MLN Mesenteric lymph nodes 
MOI Multiplicity of infection 
NTS Non-typhoidal Salmonella.  
Reg3 Regenerating islet-derived 3  
ROCK Rho-associated, coiled-coil containing protein kinase 
sPLA2 Secretory phospholipase A2 
SPI-1 & SPI-2 Salmonella pathogenicity islands 1 & 2. 
T3SS Type 3-secretion system.  
TNF-α Tumour necrosis factor-α 
Y-27632 P160-Rho-associated coiled-coil kinase (ROCK) inhibitor.  
VPA Valproic acid 
WHO World Health Organisation 
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2 Introduction  
Gastrointestinal diseases continues to be a major public-health issue world-wide, resulting in 
significant costs and mortality 1. Inflammation of the intestinal tract, known as gastroenteritis, 
occur due to several reasons, but ultimately arises from a shift in the homeostatic environment 
of the intestine which causes an abnormal inflammatory response. This is what results in the 
traditional symptoms such as diarrhea, nausea and fever. For inflammatory bowel diseases 
(IBD) such as Crohn disease (CD) and ulcerative colitis, it is thought that a disruption in the 
intestinal microflora, possibly due to genetic predisposition, causes this type of a response 2. 
Treatment for these types of diseases aims to dampen the pro-inflammatory responses, re-
adjusting the immune response back to ‘normal’ 3. Gastroenteritis may also have an infectious 
source. Depending on the pathogen, infectious gastroenteritis can in many cases be self-
limiting, but may also develop into invasive, systemic disease. Antibiotic treatment has been 
used to treat invasive infectious gastroenteritis. However, with the increased development and 
spread of antibiotic resistance among enteric pathogens there is now a need for the 
development of alternative treatments and preventative measures 4. 
 
Salmonella spp. constitute a group of gastrointestinal pathogens responsible for both major 
food outbreaks and zoonotic diseases 5. Salmonella is responsible for two major types of 
diseases in humans: typhoid fever, which is a systemic fever-like disease, and gastroenteritis. 
Globally, Salmonella is estimated to be responsible for up to 90 million cases of 
gastroenteritis every year, showing detrimental effects in areas from animal production, to 
hospital care 5 Antibiotic treatment of invasive salmonellosis have become a problem with the 
emergence of multi-drug resistant strains, and resistance to last-resort antibiotics such as 
Carbapenem have even been reported 6. This together highlights Salmonella spp. as important 
zoonotic pathogens where further efforts are required in order to better understand the 
pathogenicity of this group of bacteria. For these reasons this study was set out to investigate 
the current epidemiological situation of Salmonella, with particular focus on non-typhoidal 
serotypes of Salmonella causing gastroenteritis, and the current options available for studying 
the infection process.  
 
2.1 Salmonella species: a global concern 
 
According to the World Health Organisation (WHO), over 33 million deaths occur each year 
due to food-borne diseases. There are important viral, bacterial and parasitic food-borne 
pathogens responsible for these high numbers, and these pathogens cause significant 
morbidity and mortality worldwide. Some of the most significant pathogens responsible for 
this include: Rotavirus, Escherichia coli and Cryptosporidium spp. 7. Salmonella is one of the 
most significant bacterial pathogens causing food-borne diseases, non-typhoidal 
salmonellosis, specifically, result in around 155 000 deaths each year 5. Over 80% of the cases 
of non-typhoidal salmonellosis are believed to be food-borne, highlighting its importance 
within the food production and trading chain that occurs globally today 5.    
 
The European Centre for Disease Prevention and Control (ECDC) monitors food-related 
outbreaks within the European Union (EU) and microbiological surveillance programs. They 
have reported that since 2008 there have been an overall decline in reported cases of 
salmonellosis in the EU, indicating the usefulness of the surveillance and tracing systems that 
countries of the EU have implemented. This trend in decline appears to unfortunately have 
stalled since 2013 8. Key to understanding the epidemiological situation of any microorganism 
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is dependent on countries implementing appropriate reporting systems for confirmed cases, 
but unfortunately not all countries of the EU have established this. In addition, it is assumed 
that a high number of salmonellosis cases likely goes unreported 8.  However, for the EU 
countries that report information about outcome of confirmed infections, the EU fatality rate 
of salmonellosis was estimated to be 0,25% with a total of 156 reported fatal cases in 2017. A 
significant portion of these (36,5%) was reported in the United Kingdom 8.  
   An important complement to the work done by the ECDC is through the European Food 
Safety Authority (EFSA). EFSA provide information regarding the microbiological risks and 
management along the food production chain 9 In 2017, they reported that 9600 people had 
been infected with Salmonella in association with documented food-borne related outbreaks. 
Regarding the food sources for infection, the ECDC report that egg, and egg products 
continues to be one of the most critical sources followed by baking products and meats 8. In 
order to address the number of human salmonellosis cases originating from poultry and 
poultry products, countries of the EU were asked to reduce the prevalence of certain serotypes 
of specific Salmonella species carried by laying hens (Gallus gallus domesticus) down to a 
minimum of 2%. This was to be done through implementation of appropriate control and 
surveillance programs 10. For salmonellosis cases to start decreasing in the EU again, EFSA 
advises that countries within the EU set a new target of 1% or less detection of these serotypes 
11,12. 
 
In Sweden, salmonellosis is a notifiable disease and subject to mandatory contact tracing 13. 
Approximately 3000 cases of human salmonellosis are reported each year, and this follows a 
seasonal trend 14. There is usually a peak in the late summer and winter, following people 
travelling overseas. In 2017, the ECDC reported that Sweden was one of the EU countries 
with one of the highest percentage (64,3%) of travel-related salmonellosis, together with 
several other Nordic countries. A significant portion of these had been acquired outside of the 
EU, including Thailand 8,15. Domestic cases acquired in Sweden peak during late summer 15. 
Molecular typing of reported cases is often performed in order to establish and follow any 
food-related outbreaks, and specific serotypes have shown to also have a seasonal variation in 
Sweden 15. Last year, in 2018, the incident rate of salmonellosis in Sweden was 20 cases per 
100 0000 inhabitants which was similar to previous years 15.  
 
2.2 Get to know your enemy: general characteristics of the genus Salmonella  
 
Salmonella are facultative anaerobe gram-negative bacteria, with flagella throughout its rod-
shaped surface 16. This genus is comprised of two species: Salmonella bongori and Salmonella 
enterica. S. enterica is further divided into six different sub-species (I-VI): S. enterica 
subspecies enterica, S. enterica subspecies salamae, S. enterica subspecies arizonae, S. 
enterica subspecies diarizonae, S. enterica subspecies houtenae, and S. enterica subspecies 
indica, and then again into over 2500 different serotypes based on antigenic variations in their 
surface proteins (see Figure 1) 16–18. These antigenic variations specifically refer to the O 
(somatic) antigen – the Lipopolysaccharide (LPS) of the outer membrane –  
 and the H (flagellar) antigen, according to the Kauffman-White classification scheme 19,20 
 
The host-range of the sub-species of S. enterica ranges from host-specific to broad-range, and 
these differences between the sub-species are still not completely understood 21.  Sub-species 
II-IV are primarily known for infecting cold-blooded vertebrates and are usually not 
associated with human disease, except for rare cases in immunocompromised patients. S. 
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enterica sub-species enterica (sub-species I) is instead of most relevance as a human pathogen 
22. It has been suggested that one of the reasons for the differences in the ability of the species 
and sub-species in persisting in the intestine may be due to the acquisition of additional genes 
used for adhering in the intestinal tract, such as fimbrie and other adhesins 21. 
 

 
Figure 1. Classification within the genus Salmonella. Salmonella enterica can be classified into six different sub-
species, and further into different serotypes. Classification of the different serotypes of Salmonella enterica sub-
species enterica can also be done based on disease presentation, including typhoidal types such as Salmonella 
enterica subsp. enterica serotype Typhi (S. Typhi) and non-typhoidal types such as Salmonella enterica subsp. 
enterica serotype Typhimurium (S. Typhimurium). The diagram does not display relatedness between the sub-
species.  

 
Salmonella is transmitted via the faecal-oral route and is often associated with contaminated 
foods 23. Salmonella is often associated with farm animals such as poultry but have also been 
found to persist in both wet and dry environments for longer periods of time, contributing to 
its environmental spread. Another factor contributing to its spread have been suggested to be 
certain arthropods, acting as vectors for the bacteria 24. Several studies have highlighted the 
numerous risk-points of contamination along the animal production side, from the 
environment surrounding the animal farm, to slaughterhouse to the food preparation 25.  
 
Based on its disease presentation, the different serotypes of S. enterica subspecies enterica 
can also be divided into typhoidal or non-typhoidal types (non-typhoidal Salmonella: NTS) 26. 
Typhoidal types of S. enterica, including serotypes Typhi (S. Typhi) and Paratyphi (S. 
Paratyphi), cause a systemic disease and the enteric fever that is potentially life-threatening 26. 
Each year there is an estimate of 11,9 million cases of typhoid fever each year, resulting in 
over 100 000 deaths 27. The focus of this project will be on gastroenteritis caused by non-
typhoidal Salmonella, and the typhoidal types will therefore not be mentioned in any great 
detail onwards. They are, however, significant pathogens causing serious disease. Details 
regarding their pathogenicity 28 and epidemiology 29 can be found elsewhere.  
 

Salmonella

Salmonella 
enterica 

S. enterica 
subspecies enterica (I)

Typhoidal types
(example: S. Typhi)

Non-typhoidal types
(example: S. Typhimurium)S. enterica 

subspecies  salamae (II)

S. enterica 
subspecies arizonae (III)

S. enterica 
subspecies diarizonae (IV)

S. enterica 
subspecies houtenae (V)

S. enterica 
subspecies indica (VI)

Salmonella 
bongori



UPPSALA UNIVERSITET LabolinaSpång 
 9 (40) 
  
 
2.3 Non-typhoidal salmonellosis: disease presentation & current treatment 

options 
 
The NTS serotypes of S. enterica subspecies enterica, including S. Typhimurium causes acute 
gastroenteritis in both humans and other animals 5,26. Infection is often associated with 
ingestion of contaminated foods and clinical signs usually start to appear within 6-12h of 
ingestion 30. In immunocompetent individuals, the disease is usually self-limiting, and 
possible clinical signs include an acute onset of fever, cramping and diarrhea. In rare cases, S. 
Typhimurium is able to spread and cause bacteremia, resulting in more severe symptoms. 
This, however, is most often associated with some kind of immunodeficiency 26.  
 
Treatment of salmonellosis depends on both the severity of the case and state of the patient. 
Because of the risk of selecting for antibiotic resistance it is usually only in the case of severe 
invasive salmonellosis that antibiotic treatment is advisory 31. Antibiotics that have shown to 
have activity against NTS include Ciprofloxacin (fluoroquinolones) and Cephalosporin (3:rd 
generation β-lactam). Unfortunately, there have been several documented cases of multi-
resistant serotypes of Salmonella 32,33. The increased resistance to both of these antibiotics 
have left a worrisome issue for treatment options 6. For enterobacteria, extended spectrum 
beta-lactamase (ESBL) resistance is becoming increasingly more common. ESBL-producing 
bacteria show resistance to several types and generations of b-lactam antibiotics 34. For multi-
resistant strains of Salmonella, Carbapenem (β-lactam) have remained a last-resort choice of 
antibiotics, showing effectiveness against other multi-drug resistant species within the 
Enterobacteriaceae family 35. Unfortunately, resistance to Carbapenem have now also been 
documented for ESBL-producing bacteria (ESBL-Carba), and also specifically for strains of 
certain Salmonella spp. 36. This leaves few options to tackle infections caused by these strains 
37,38. Outside the spectrum of antibiotic treatment, the focus lies instead on rehydration, 
relieving the symptoms after diarrhea.  
  Diagnosis of salmonellosis is most often done by culturing of a stool sample, then serotyping 
may be performed. This is done by most countries in the EU and is of particular interest in the 
case of back-tracing for suspected food-borne outbreaks 8. 
 
2.4 S. Typhimurium invasion of the gut mucosa & immune response upon infection 
 
The gastrointestinal tract is a complex and dynamic environment, structured for the purpose 
of nutrient absorption and protection. The intestine is arranged as a single layer of epithelial 
cells, folded into crypts and villi in order to increase its surface area. Due to the exposure of 
potential toxic substances and pathogens, there is a quick turnover time of the intestinal 
epithelium every 3-5 days 39. The epithelial cells are polarized, where the apical membrane 
face the lumen of the intestine. These cells are then further connected by tight junctions. Stem 
cells are found at the crypts of the intestine and give rise to different cell types, serving 
different functions 40. These cell types, and their function, include: intestinal epithelial cells 
(nutrient absorption), goblet cells (mucin production), paneth cells (antimicrobial protection) 
and enteroendocrine cells (hormone production) 40. The antimicrobial protection from the 
paneth cells comes from the production of proteins such as a-defensins, lysozymes and 
secretory phospholipase A2 (sPLA2) 41. These three compounds work respectively by, 
increasing ion permeability of the cell membrane, causing bacterial cell death 42, hydrolyzing 
the bacterial peptidoglycan layer 43, and breaking down the phospholipid layer of bacterial 
cells 44. Goblet cells produce mucin which traps some pathogens and debris in the intestine. 
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Through hormone signaling, enteroendocrine cells work to, among other things, control 
metabolism, and is one of the rarest cell types found in the intestine 40. 
 
Another important component of the intestinal environment is the microbiota. The vast 
number and variety of microorganisms making up the microbiota perform several important 
tasks in nutrient metabolism and antimicrobial protection, and ultimately play an important 
role in maintaining the homeostatic gut environment 45. The antimicrobial characteristics 
comes from it occupying the microbial niches in the gut. This occupation is both of a physical 
and metabolic interest since the presence of the microbiota causes a competition for nutrients 
for the other microorganisms, as well as physically occupying areas of the gut 46. The 
microbiota also induces production of antimicrobial substances, via paneth cells, and several 
commensal bacteria residing in the microbiota also produces antimicrobial peptides, including 
bacteriocins 45. Bacteriocins are a group of antimicrobial peptides that prevent pathogen 
growth by various mechanisms, such as preventing peptidoglycan synthesis and production of 
key proteins required for survival 47,48. Finally, the microbiota also assists in maintaining the 
gut-associated lymphoid tissue (GALT) 49. Microfold cells (M-cells) reside in these areas of 
the intestine and uptake of antigens occur here, inducing an IgA response, from B-cells of the 
follicles, that is important for neutralising pathogens in the intestine, preventing attachment 
and invasion 50. 
 
Despite the protective barriers in the intestine, Salmonella are able to actively invade the 
intestinal epithelium. They take advantage of genes encoded for on the Salmonella 
pathogenicity islands (SPI) that they have acquired by horizontal gene transfer. These genes 
are associated with the pathogenicity of Salmonella spp. Some of the most well-studied ones 
include SPI-1 and SPI-2 and they encode for two distinct type III-secretion systems (T3SS) 
and effector proteins used for invasion and intracellular life 51. The T3SS-1 is a needle-like 
structure used by Salmonella to inject specific effector proteins into the host cell, from the 
apical surface, to ultimately induce membrane ruffling and uptake of the bacteria 51. 
Salmonella often invades the M-cells found in the GALT area, or the intestinal epithelial cells 
52. Once taken up into the cell, Salmonella can enter the lamina propria where macrophage 
engulfment is possible, making it possible for Salmonella to enter the circulatory system. 
From this point, it has been shown that S. Typhimurium travels to the liver and spleen, where 
it accumulates and resides  53,54.  
 
Immune responses are initiated following Salmonella invasion of the gut epithelia. The initial 
innate inflammatory response involves increase in vascular permeability, followed by an 
influx of neutrophils 26,55. This causes injury to the upper mucosa of the intestine, causing fluid 
leakage. The influx of neutrophils, followed by monocyte recruitment serves to prevent 
systemic dissemination of Salmonella 56,57.  The intestinal epithelium also plays a role in 
pathogen surveillance through inflammasome signaling, which is done through expression of 
different pattern recognition receptors (PRRs). Different signaling pathways then result in 
appropriate immune responses 58,59. Although the full extent of the causes behind the 
gastrointestinal symptoms of salmonellosis have not been completely unraveled, it is believed 
that the inflammatory response is at least partly what contributes to it 60,61.  
  The adaptive immune response is also initiated at later stages of the infection. One activation 
pathway is through the activity of the dendritic cells (DC) found in the GALT area, they 
capture the bacterium translocating across the epithelium 52. Antigens are then presented at the 
mesenteric lymph nodes (MLN) where T cells are activated. A TH1-type immune response is 
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initiated, as highlighted by the levels of interferon-g (IFN-g), tumour necrosis factor-a (TNF-
a), interleukin-12 and -18 (IL-12 and IL-18) in these patients. However, the more severe 
disease presentation seen in young and elderly patients, as well as individuals with other states 
of immunosuppression, show that the complete clearance of the infection is a complex 
process requiring several aspects of the immune response 62,63. 
 
2.5 Intestinal epithelial organoids: new tools for studying Salmonella infections 
 
Studying the host-pathogen interactions that occur is key for understanding the critical steps 
involved in the infection process, and identifying potential therapeutic targets  64. Animal 
models play an important role for studying the disease process in vivo. For salmonellosis, 
however, the issue remains that the disease presents in different ways in different animal 
models 64. For murine models, for example, S. Typhimurium spreads systemically in addition 
to residing in modest numbers within the intestine. Moreover, mice do not develop significant 
diarrhea upon S. Typhimurium infection, and the immune responses upon infection differ 
from human salmonellosis 61. Pre-treatment of mice with Streptomycin prior to oral infection 
of S. Typhimurium, however, does result in a disease that presents more similar to human 
gastroenteritis, as demonstrated by the work done by Barthel et al. (2003) 65. Although a less 
practical option, bovine models also demonstrate clinical signs more similar to human 
salmonellosis. This model was used to determine the importance of SPI-1 for Salmonella 
invasion of the intestinal epithelium 61,65 . Finally, for rabbit models, the disease is more 
similar to human salmonellosis, but have also been shown to spread outside of the intestine to 
the blood and liver 60,66.  Among these animal models, it appears that Streptomycin pre-treated 
murine models currently serve as one of the better in vivo options.  
 
For in vitro models, immortal cell lines are often used as they are generally easy to maintain 
and a cheap option. They do, however, also present with several limitations that one should be 
aware of. Maintenance of immortal cell lines may lead to the accumulation of cell mutations 
that may alter cell function, shifting the cell line away from its homogeneity. In addition, 
there is known risk for cross-contamination of the cell lines 67. For studying intestinal 
processes, these cell lines lack both the in vivo three-dimensional architecture as well as the 
different cell types that are found in the intestine 68. In 2009 Sato et al. 69 addressed these 
limitations of the available in vitro models by using stem cells to create a new model system. 
They were able to create three-dimensional (3D) mini-gut models (referred to as: organoids) 
by taking advantage of the molecular signaling pathways that occur in the intestine as the cells 
proliferate and differentiate 69.  
 
For creating the organoids, stem cells can either be harvested directly from the intestinal 
crypts (adult stem cells) or by using pluripotent stem cells (embryonic or induced) 64,68. By the 
addition of relevant growth factors, these stem cells will proliferate and organize in a three-
dimensional fashion that mimics the in vivo structure. The key growth factors identified for 
intestinal epithelial organoid (from here on, simply referred to as: organoids) growth include 
R-Spondin, Noggin and epidermal growth factor (EGF) (Figure 2) 69. R-spondin activates the 
wnt signaling pathway, which induces transcription, through stabilisation of b-catenin, of key 
genes that promote growth of the crypts through stem cell growth 40,69. Inhibition of the notch 
signaling pathway, by histone deacetylase (HDAC) inhibitors like valpronic acid, suppresses 
cell differentiation. Noggin acts as an inhibitor of the bone morphogenetic protein (BMP) 
signaling pathway. The BMP pathway drives differentiation of the cells in the intestine, 
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inhibiting this pathway therefore promotes stemness and have been found to promote the 
number of crypts. Finally, EGF promotes proliferation of stem cells and differentiating cells 
70.  

 
 

Figure 2. Key growth factors involved in intestinal epithelial growth. This diagram highlights examples of how 
these growth factors act on different signaling pathways to promote intestinal organoid growth. They often act on 
several pathways, however. The addition of these growth factors into the intestinal growth media is essential for 
long-term maintenance of intestinal organoid cultures.   

 
These organoids have also been shown to maintain both the different cell types found in the 
intestine and its barrier integrity, ultimately highlighting its usefulness for studying the host-
pathogen interactions occurring in the intestine 69.  These organoid cultures can be maintained 
over longer time-periods and still maintain their original morphology and architecture, 
showing another benefit against the immortal cell lines 71. An additional benefit is that 
organoids can be established from genetically manipulated mice – making it possible to study 
genetic predispositions and direct functions of different cell types and cell products, without 
the influence of the immune system, or the surrounding microbiota found in vivo 72,73. This 
shows that the possible applications of the organoid model also goes beyond infection 
processes and into areas such as drug development, study of genetic disorders, and 
individualising treatments 74. 
 
In the last decade the organoid-field of research have continued to advance into other areas, 
and have been used for studying diseases and dysfunctions affecting the brain 75, pancreas 76, 
lungs 77 and other organs 78.  Focusing, however, on the gastrointestinal tract, organoid models 
have, among other things, been used to highlight part of the inflammatory responses that 
occur upon Salmonella invasion. Zhang et al. demonstrated the activation of the NF-kB 
pathway upon Salmonella invasion, which resulted in the increase in cytokines including IL-
2, IFN-γ, and TNF-α. This was done using intestinal organoids derived from murine-derived 
somatic stem cells 79. This goes in accordance to what has been seen using in vivo models 55. 
Similarly, using organoids derived from induced pluripotent stem cells instead, Forbester et 
al. demonstrated an increase in levels of TNF-α, IL-6, and IL-8, and other key cytokines, after 
Salmonella invasion 64. Another key example on Salmonella invasion worth mentioning is the 
work done by Wilson et al. where they shed light on the antimicrobial properties of a-
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defensins produced by paneth cells. They established murine-derived intestinal organoids 
from wildtype (WT) and a mutant lacking the necessary gene for conversion of a-defensin 
into its mature form, and performed several experiments to shed light on its activity 72. These 
examples, among numerous others, highlight the fact that as a model, organoids serve as a 
good potential for studying the inflammatory responses that occur upon these infections.  
 
Since organoids can be manipulated and put under different environmental conditions, it is 
now possible to ask more questions about the host-pathogen interactions that occur in the 
intestine. Studies performed on other gastrointestinal pathogens such as Norovirus 80 and 
Shigella spp. 81 have already highlighted this. Whereas Salmonella spp. actively invades cells 
from the apical surface of the intestine, species like Shigella flexerni invades instead from the 
basolateral side. This shows that the organoid model accommodates both other 
gastrointestinal bacterial pathogens with other invasion mechanisms, as well as invasion by 
viral pathogens. Interestingly, it appears its usefulness extends to parasitic pathogens as well, 
where species like Cryptosporidium, with a significantly more complex life-cycle, can 
complete its replication and its entire life-cycle in an intestinal organoid model 82 
 
2.6 With new opportunities lies new challenges: what should our focus be on now?  
 
Although increased surveillance and prevention strategies for salmonellosis have shown to 
have a positive effect in many countries, showing decline in reported cases, it continues to 
cause issues globally 8,63. This, along with the recent studies on non-typhoidal, invasive, 
salmonellosis in sub-Saharan Africa have reinforced the importance of this research area 62,63. 
In Africa, non-typhoidal Salmonella is one of the leading causes of blood-stream infections 62. 
The infection can be fatal in individuals with human-immunodeficiency virus (HIV), malaria, 
or other states of immunosuppression, and there has been a documented case fatality rate 
(CFR) of 19% in these regions. Because of the already mentioned and well-established 
treatment difficulties of human salmonellosis there is now research focusing on the possible 
development of a vaccine instead 83. One of the research areas here focuses on the neutralising 
effects of IgA and whether this process can be taken advantage of as a vaccine 84.  
 
In order to counteract the increased spread and development of antibiotic resistance among 
Salmonella spp. there is a need to understand both i) the process of the infection, specifically 
how the epithelium responds to Salmonella invasion and ii) the interplay between the 
components of the immune response and how this works to clear the infection. As a model, 
organoids may help address these questions in a new way than previously possible, 
specifically regarding the epithelial response upon infection.  

3 Aim 
The aim of the experimental part of this project is to i) analyse the gene expression of 
intestinal murine-derived organoids, and ii) determine the effects of Salmonella Typhimurium 
invasion.  
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4 Methods 
 
4.1 Bacterial strains  
 
The bacterial strains of Salmonella Typhimurium used for the experiments include the strain 
SL1344 (referred to as WT onwards). For the invasion assay, an SL1344 mutant lacking the 
invG gene (DinvG) was included for comparison. Without the invG gene Salmonella is unable 
to construct the type-III secretion system needle-like structure required for active invasion 85. 
Both strains were kindly given by Dr. Mikael Sellin to use for these experiments.  
 
4.2 Organoid establishment and ethical statement 
 
Murine-derived (C57BL/6 mouse) jejunum section of the intestine was kindly donated by Dr. 
Mikael Sellin. Animal experiments relating to organoid establishment was performed at ZTH 
Zürich and approved by the Cantonal Veterinary Office of the canton Zürich, Switzerland 
(222/2013 WD Hardt).  Initial organoid culture used for this project was prepared and given 
by Dr. Pilar Samperio Ventayol prior to the start of this project. 
 
4.3 Maintenance of murine-derived intestinal epithelial organoid cultures 
 
Organoid culture was kept on a 24-well plate with laminin-rich Matrigel (Corning) containing 
growing 3D organoids in separate wells. These are known as domes (1 dome/well). 
IntestiCult™Organoid Growth Medium (Mouse) (STEMCELL) containing the required 
supplements and Penicillin-Streptomycin (10 000 units/ml Penicillin + 10 000 µg/ml 
Streptomycin diluted 100X for final concentration) (collectively referred to as: complete 
growth media from now onwards) was used for culture maintenance and changed every 3-5 
days, as needed, depending on color changes of the media (shift from red to yellow). When 
changing media, a small amount of the old media was left each time (example: removing 
300µl, adding 400µl). Supplements for the complete growth media is included in the pre-
made supplements provided by the manufacturer and are added per their instructions. These 
supplements contain factors such as R-spondin, Noggin and EGF. The 24-well plate was 
stored at 37°C with a CO2 level of 5% when not used for experiments. 
 
Organoids were passaged every 5-7 days (1:3-1:5, depending on growth). Briefly, media was 
gently removed from each well and 1ml Gentle Dissociation Reagent (STEMCELL) was 
added to mechanically disrupt the organoid-containing domes. Domes were pooled and 
incubated at room temperature on a rocking plate (20rpm) for 10 minutes before being spun 
down at 300 x g for 5 min at 4 °C. Organoids were then washed using 4ml cold 
DMEM/F12/0,25%BSA (Gibco). Pellets were re-suspended in complete growth media and 
then mixed with Matrigel (Corning) in a ratio of 1 well = 20µl complete growth media: 30µl 
Matrigel. Aliquots of 50µl were then transferred to pre-heated (37°C) 24-well plates. Plates 
were left to incubate for additional 10min (37°C, CO2 level of 5%) before 600µl complete 
growth media with or without CV treatment was added. The CV treatment involves the 
following compounds: Chir99021(1:1000) and valproic acid (VPA) (1:60).  
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4.4 Preparation of two-dimensional (2D) organoid-derived monolayer 
 
Organoids to be used for the monolayer were pre-treated with CV for 72h before 
establishment (see section 4.3). Hydrogels were prepared by mixing collagen in a collagen 
neutralisation buffer (1:9,4). Collagen mixture was then added to the wells (50µl for 96-well 
plate, 350µl for 24-well plate) and incubated for 1h at 37°C, 5% CO2. Domes were disrupted 
by adding 1ml Gentle Dissociation Reagent (STEMCELL) in each well, mechanically mixing 
with the pipette, before pooling the wells as required. The mixture was incubated on a rocking 
plate (20rpm) at room temperature for 10 min before being spun down at 300 x g for 5 min at 
4 °C. Pellet was then resuspended and washed once in 4ml cold DMEM/F12/0,25%BSA 
(Gibco). A G25 needle with syringe was used to mechanically break apart the cells after being 
resuspended in DMEM/F12/0,25%BSA. After this, a Neubauer chamber was used to count 
the number of cells. Cells were resuspended in complete growth media containing CV and Y-
27632 (1:1000) (Sigma Aldrich) to approximately 2000 cells/µl. A total of 200µl of this 
mixture (96-well plate) or 800µl (24-well plate) was then added to each hydrogel. The plate 
was afterwards incubated at 37°C, 5% CO2. The following day, the media was removed and 
exchanged for the same amount of complete growth media (without CV or Y-27632). Growth 
was monitored, and media exchanged if needed, depending on colour changes (from red to 
yellow), until monolayer was either pelleted, or used for infection assays. 
 
4.5 RNA isolation and quantitative RT-qPCR analysis  
 
RNA isolation was performed according to manufacturer’s protocol (Macheryey-Nagal 
Nucleospin RNA isolation kit). Briefly, pellets were collected from either 3D organoids or 2D 
monolayers by removing media and applying 1ml Gentle Dissociation Reagent (STEMCELL) 
directly to each well. The mixtures from a desired number of wells were pooled, centrifuged, 
and washed twice using 1ml DMEM/F12 (Gibco). Pellets were stored at -80°C until RNA 
isolation. As a final step during RNA isolation, RNA was eluted in 40µl nuclease-free water 
and analysed for quality (260/280, 260/230 absorbance) and concentration using a Nanodrop 
1000 spectrophotometer (Thermo Scientific). cDNA was synthesized using the iScript cDNA 
synthesis kit (Biorad), along with established protocol 89(SimpliAmp™ Thermal Cycler, 
Thermo Scientific). RT-qPCR was performed with relevant primers (see section 7.1) using the 
Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Scientific) using 
manufacturer’s instructions. The following program was used for all primers: 95°C for 10 
min, followed by 40x cycles of 95°C for 15 seconds and 60°C for 1 min (CFX384 Touch 
Real-Time PCR Detection System, Bio-rad). RT-qPCR plate was prepared with three 
technical replicates for each sample. The mean value was used to calculate the fold change in 
gene expression using the DDct method 90. 
 
4.6 Validating primer efficiency 
 
RNA (3D organoids, untreated) was diluted 1:2 (1:2 – 1:1024) and run with relevant primers 
with the RT-qPCR set-up mentioned above (section 4.5). The mean value of the technical 
replicates was calculated and used to create a standard curve in MS excel. The following 
equation: 10^(-1/slope value)*100, was used to calculate the primer efficiency, in percentage. 
A range between approximately 95-105% was considered acceptable. A slope value of -3.3 
indicates 100% primer efficiency. 
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4.7 Salmonella Typhimurium infection of 2D intestinal epithelial monolayers (invasion 

assay) 
 
Monolayers were established 72h before infection in a 96-well plate, according to protocol 
previously mentioned (section 4.4). Overnight cultures were prepared of both the WT and 
DinvG S. Tm strains and incubated overnight for 12h at 37°C on rotating wheels. Sub-cultures 
of both strains were prepared by transferring 150µl of the inoculum to 3ml fresh LB/0,3 NaCl 
the following day. The cultures were then incubated for an additional 4h on a rotating wheel 
at 37°C. 
 
Two hours before infection the media was changed for the monolayers, using complete 
growth media, but without antibiotics (see section 4.3 for details on medium). The plate was 
then again incubated at 37°C, 5% CO2. After an additional two hours (the 4 hour incubation 
period of sub-cultures), the bacterial inoculum was prepared to a multiplicity of infection 
(MOI) of 20 (5µl inoculum, 45µl pre-warmed complete growth media). A total of 50µl of 
each inoculum was added straight to each well and the plate placed in the incubator (37°C, 
5% CO2) for 20 min. After this, the infection media was removed and cells were washed (3x 
400µl) with DMEM/F12 (Gibco). Growth media (100µl) containing 200µg/ml Gentamicin 
was added onto each well and the plate incubated again for the remainder of the hour from 
that the infection was started. After this, cells were washed (3x 400µl) with DMEM/F12 and 
lysed by adding 200µl of 0,2% Na-Deoxycholate/PBS. Cells were pelleted and resuspended in 
100µl fresh LB, before being plated on LA plates containing Streptomycin (1:100 dilutions). 
Colonies were counted the following day to determine the colony-forming unit (CFU) value, 
and invasion efficiency. Invasion efficiency (%) was determined by the ratio of the mean CFU 
value for each strain to the respective number of bacterial cells added at MOI 20 to each well.  
 
4.8 Pro-inflammatory responses upon Salmonella Typhimurium infection  
 
To obtain more RNA for gene expression analysis, monolayers were prepared in 24-wells 
instead of 96-well plates, adjusting the ratio of the different volumes accordingly (see section 
4.4). Infection was done as previously described (see section 4.7), with the following 
alterations. After the 1h final incubation period, monolayers were washed with DMEM/F12 
and spun down. Samples were stored at -80°C until RNA isolation, which was done as 
previously described (section 4.5). For chosen pro-inflammatory genes of interest, see section 
7.1. 

5 Results 
 
5.1 Setting up a quantitative RT-PCR protocol and validating primer efficiency 
 
To analyse the gene expression levels in the organoids and the effects of Salmonella 
Typhimurium invasion, a RT-qPCR protocol had to be established. To determine the amount 
of starting material required from 3D organoids to retrieve sufficient amounts of RNA, 
different numbers of 3D organoid domes (untreated) were collected in two parallel sets and 
used for RNA isolation (Figure 3). Domes are the separate organoid-containing cultures kept 
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in Matrigel on a well-plate, The Matrigel is laminin-rich and is used because the intestinal 
epithelium in vivo is attached to a laminin-rich basement membrane. The Matrigel therefore 
supports the growth and architecture of the organoids as they organize themselves in a 3D 
fashion so that the basolateral side of the cells faces the Matrigel, and a lumen is created 
facing inwards 69,86.  
 
Following RNA isolation, one dome was determined to be sufficient for acquiring enough 
RNA for gene expression analysis. RNA isolation from 1 dome generate approximately 4µg 
of RNA. A total of 1µg is used for cDNA synthesis, and 25ng of this is used per reaction 
allowing for a total of 40 reactions.   
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 3. Total RNA amount isolated from untreated 3D organoids (n=2). Organoids were kept in basal media 
and harvested and pooled accordingly (0,5, 1, or 3 domes). All samples were harvested according to established 
protocol and kept at -80 °C until RNA isolation.  RNA was isolated according to protocol and analysed by 
Nanodrop. Mean RNA levels (+/- SD) are presented. 

To characterise the differentiation state of organoids grown under different conditions, a panel 
of primers detecting marker transcripts for the different cell types of the intestine and cell 
growth were validated. For cell types, markers included: intestinal epithelial cells (ezrin, 
villin), stem cells (Lgr5), goblet cells (muc2), paneth cells (Lyz), enteroendocrine (ChgA). 
For cell activity, markers included: cell growth (Cyclin D1) and cell proliferation (Alpi). The 
results varied among the analysed primer sets, and several were shown to be outside the range 
of 95-105% (Table 1).  
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Table 1. Primer efficiency (%) for primers analysed. Effiency was evaluated by running RT-qPCR on diluted 
(1:2-1:1024) RNA isolated from untreated 3D organoids. Mean value of technical replicates was used to create a 
standard curve of the dilutions for respective primers tested. Slope value was used to calculate the primer 
efficiency in percentage. 

Gene of interest Primer efficiency (%) 
GAPDH 117,21 
Actin 110,58 
Lgr5 126,69 
Cyclin D1 274,22 
Ezrin 107,51 
Villin 100,39 
Lysozyme 83,219 
Alpi 118,83 
Bmi-1 239,02 
Atoh1 -100 
ChgA undetermined 
Muc2 328,11 

 
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase, Lgr5: Leucine-rich repeat-containing G-protein coupled 
receptor 5, ChgA: Chromogranin A 
 
When creating the standard curves, the mean value of the technical replicates was used. In the 
case that not all technical replicates generated a Ct value, the ones that did would be used for 
determining the percentage value. In the case of atoh1, bmi-1 and muc2, the threshold was 
reached late (approximately cycle 35, Figure 4). In addition, there were several dilutions that 
went undetectable during these runs. The primer efficiency for ChgA could not be 
determined.  
 
 



UPPSALA UNIVERSITET LabolinaSpång 
 19 (40) 
  
 

 

y = -3,8027x + 24,219
R² = 0,9485

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA

Lysozyme

y = -2,9403x + 30,96
R² = 0,7691

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA

Alpi

y = -1,7448x + 31,177
R² = 0,8185

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA 

Cyclin

y = -3,1542x + 21,657
R² = 0,9974

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue
 

log10 dilution cDNA

Ezrin

 

 

  

y = -3,3127x + 19,832
R² = 0,9893

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA

Villin

y = -3,092x + 18,296
R² = 0,9971

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
CT

 v
al

ue

log10 dilution cDNA

Actin

y = -2,8135x + 26,264
R² = 0,9709

0

10

20

30

40

-3,5 -3 -2,5 -2 -1,5 -1 -0,5 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA

Lgr5

y = -2,9685x + 21,416
R² = 0,9971

0

10

20

30

40

-4 -3 -2 -1 0

M
ea

n 
Ct

 v
al

ue

log10 dilution cDNA

GAPDH



UPPSALA UNIVERSITET LabolinaSpång 
 20 (40) 
  
 

 
 
Figure 4. Standard curves used for determining primer efficiency. RNA from untreated organoids was diluted 
(1:2-1:1024) and run with the indicated primers in a RT-qPCR. Each dilution was run in three technical 
replicates, and the mean Ct value (when detectable) was used to create a standard curve.  
 
Based on primer efficiency values we could select what primers were valid, and which ones to 
disregard for further use. Based on our results, we determined the following primers to be 
valid: GAPDH, Actin, Lgr5, Ezrin, Villin, Lysozyme, Alpi. Primers used for detection of: 
Cyclin D1, Bmi-1 and Muc2, ChgA were disregarded.  
 
5.2 Characterisation of murine-derived intestinal epithelial organoid cultures 
 
In order to understand whether our organoid cultures mimic the in vivo intestinal structure, an 
attempt was made at characterising the organoids using RT-qPCR. The aim was to use 
specific markers for both the different cell types found in the intestine, and different cell 
stages (see section 7.1 for full list).  
 
An attempt at this was done testing for the leucine-rich-repeat-containing G-protein-coupled 
receptor 5 (Lgr5) gene. Lgr5 have previously been identified as a marker for the stem cells 
residing at the crypts of the intestine 91. The aim was to compare untreated and CV treated 3D 
organoids where differences in gene expression would be expected, since the CV treatment 
works to promote stemness 71. CV treatment includes the compounds Chir99021 and VPA. 
Chir99021 is a glycogen synthase kinase 3β (GSK3β) inhibitor that works as an activator of 
the wnt signaling pathway (see section 2.5). VPA is a HDAC inhibitor and activates the Notch 
signaling pathway, which consequently suppresses cell differentiation 69,71. As seen in Figure 
5, the gene expression of Lgr5 was lower in CV treated 3D organoids, when compared to 
untreated ones (approximately 0,5 fold decrease). This contradicts results from previous 
studies that suggest Lgr5 should be upregulated in CV treated organoids 71 
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Figure 5. Fold change in gene expression of Lgr5 comparing untreated and CV treated 3D organoids. 3D 
organoids were either grown without treatment (untreated) or with CV treatment before both were harvested and 
kept at -80c until RNA isolation. RT-qPCR was performed with GAPDH as housekeeping gene. Fold change in 
gene expression was calculated using the DDCt method.  
 
5.3 Salmonella Typhimurium infection of two-dimensional (2D) intestinal epithelial 

monolayers (invasion assay) 
 
Since the aim of the project was to determine the effects of Salmonella invasion on an 
intestinal organoid model, we first had to determine the invasion efficiency in order to see 
whether Salmonella could actually infect our model. Infection assays using organoid models 
are often done by microinjections, maintaining the attractive 3D structure of the model 92. 
This, however, is more technically challenging, often requiring previous laboratory 
experience and the necessary equipment. Because of this we decided to create a two-
dimensional (2D) monolayer of the organoids to infect and determine the invasion efficiency 
from. The monolayer is prepared by mechanically breaking the 3D organoid structures and 
seeding the cells on a 2D plastic well. The compound Y-27632 is added during the process. 
This is a p160-Rho-associated coiled-coil kinase (ROCK) inhibitor that works to prevent cell 
apoptosis during the single cell dissociation that occurs during the preparation of the 
monolayer 87,88.  
 
The invasion efficiency was investigated comparing a WT S. Typhimurium strain against a 
DinvG mutant, lacking a functional T3SS required for active invasion. Based on previous 
work (data not presented), the monolayers usually reach 100% confluence after 72h, which is 
why that time-point was chosen for the infection.  Previous experiments had shown that 
MOI20 was an appropriate MOI for seeing the infection process without saturating the cells 
(data not shown). The assay showed that the invasion efficiency was low for both the WT and 
mutant strain (Figure 6A). As expected, there was a percentage difference in invasion 
efficiency between the two strains (0,0141% WT vs. 0,0003% DinvG mutant).  
 

0

0,2

0,4

0,6

0,8

1

1,2
Fo

ld
 c

ha
ng

e 
in

 g
en

e 
ex

pr
es

sio
n

CV 3D
untreated 3D



UPPSALA UNIVERSITET LabolinaSpång 
 22 (40) 
  
 

 

Figure 6. Invasion assay of Salmonella Typhimurium into 2D murine-derived intestinal epithelial monolayers. 
Monolayers were established 72h before infection of S. Tm WT and ΔinvG mutant. Infection was done at an 
MOI20 for 20 min before cells were washed and lysed for plating and analyzing the invasion efficiency. A: 
Intracellular invasion efficiency (% of inoculum) of WT S. Tm and ΔinvG mutant. B: CFU / well. C: CFU/mL 
per inoculum.  

When inspected visually before the infection, the monolayers had, however, not reached 
100% confluence by the 72h time-point (data not presented). As seen in Figure 6B, a CFU 
value could also be determined for the uninfected plate as well. Although the experiment was 
only performed once, these results show that S. Typhimurium is able to actively invade 
epithelial cells of a 2D monolayer derived from our organoid cultures. 
 

6 Discussion 
 
Salmonella Typhimurium remains a major zoonotic pathogen responsible for a significant 
number of gastrointestinal cases worldwide. In order to further understand the infection 
process for S. Typhimurium in the intestine, we set out to explore the effects of Salmonella 
invasion using a murine-derived intestinal organoid model.    
 
One of the key things making organoids an attractive option for studying gastroenteritis is its 
similarity to the intestinal structure in vivo. Since these intestinal organoids express the 
different cell types of the intestine as well as organise into 3D structures they mimic the in 
vivo intestinal environment more closely than other in vitro options available  69. For this 
project we used stem cells harvested from mice to establish our intestinal organoids. As 
already mentioned, murine models do not mimic human salmonellosis accurately when used 
for in vivo studies. They can, however, easily be used to establish these types of organoid 
cultures. Organoids can also be established from human stem cells and might be of greater 
interest when studying certain genetic disorders. For intestinal organoid establishment, 
human-derived organoids require additional supplements to the ones used for the experiments 
included in this project 68. There are also additional ethical challenges that should be taken 
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into consideration for establishment of human organoids. Human adult stem cells may be 
collected during biopsies given patient consent or if the patient information is anonymised 
during tissue collection 93. However, with the rapid advancement of the organoid-field, which 
now extend far beyond studies of gastrointestinal disorders, one should take caution when 
considering the use of human organoids. Discussions are ongoing about the ethical dilemmas 
within this rapidly developing field, including the challenges regarding use of human 
embryonic stem cells 93. However, for studies like this one, with specific interest on the initial 
pro-inflammatory responses upon infection from the epithelium, and other cells of the 
intestine, murine-derived models may serve as a useful option.  
 
For studying the infection process, an infection assay using organoid models is often set up by 
either two methods: microinjection of 3D organoids or through establishment of a 2D 
monolayer. The benefit of using a monolayer is that it would allow for direct exposure to the 
apical surface where Salmonella is known to invade from in vivo. This also does not require 
the same special equipment needed for microinjection experiments 94. However, the use of the 
monolayer is dependent on it reaching complete confluence by the time of infection, 
something which we, based on previous work, expected to occur after 72h (data not 
presented). However, for our experiments, we did not see this growth pattern, which indicates 
that the preparation of organoid-derived monolayer is highly sensitive to experimental 
conditions. It cannot be ruled out that there are additional downsides to using monolayers 
instead of performing a microinjection for infection assays. Based on the available literature, 
it appears that this has not yet been completely explored.  
 
Our reason for using RT-qPCR to understand the characteristics of our model is that this 
method also makes it possible for understanding changes in expression levels under different 
conditions and in different tissues. Organoids can be established from different host tissue, 
making RT-qPCR a useful method for important comparisons 41. However, it should be noted 
that the expression levels of several genes (for examples of genes of interest, see section 7.1) 
may vary significantly in different tissues, and should be taken into consideration for 
designing these types of experiments 41. Also, the different cells found in the intestine are not 
found at equal levels along the intestinal tract.  
  For comparison of gene expression levels, RT-qPCR data is usually normalised in some way 
to account for any discrepancies in loading of the samples 95. Housekeeping genes such as 
GAPDH is commonly used. Previously, it has been shown that levels of GAPDH can vary in 
different tissues 94. For our experiments we performed several qPCR runs comparing the use 
of GAPDH and actin as housekeeping genes (section 7.3). As seen in section 7.3, we saw 
differences in expression levels for both these genes in samples grown in different conditions 
(CV treated vs. untreated 3D organoids). This is why, perhaps, RT-qPCR data obtained from 
organoid material should be normalised through other methods for gene expression studies. 
One suggestion would be to normalise the data to the total RNA amount levels instead 41, 95. 
 
Our study included several limitations which should also be taken into consideration, and 
unfortunately, we could not address all aims for this project. The aim was to use the 
established RT-qPCR protocol to analyse the pro-inflammatory responses upon Salmonella 
invasion. Technical issues repeatedly resulted in insufficient RNA yield from the organoids, 
thereby making it impossible to continue with cDNA synthesis in some experiments 
(supplementary material 7.2). Based on previous work (not presented) and the initial 
experiments performed for this study, we expected a yield of approximately 4µg, and a 
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minimum of 1µg for cDNA synthesis. The discrepancies in our results was later determined to 
be due to a contaminated RNA isolation kit. The pro-inflammatory genes that we wanted to 
investigate are mentioned in section 7.1 for reference. Genes such as Regenerating islet-
derived 3 beta and gamma (Reg3b - g) are of interest since they play a part of the innate 
immune defense and are expressed by several cell types in the intestine upon activation 96.  
 
Overall, this study highlights the potential usefulness of intestinal organoids as a model for 
studying gastrointestinal infections.  Our experiments show that further optimizing of our 
protocols is required for the experimental set-up to work. We were able to highlight some of 
the characteristics of the intestinal organoid model, and its applications through the invasion 
assay of a murine-derived monolayer. Further optimisation would allow us to explore this 
further. Our results, along with the available literature, show that the intestinal organoid 
model is a useful tool for studying gastrointestinal infections caused by pathogens such as 
Salmonella Typhimurium. 
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7 Supplementary material 
 
7.1 List of primer sequences 
 
Table 2. List of all genes of interest, and primers for detection. All primer sets had previously been validated 
elsewhere.  

 Housekeeping genes 
 

GAPDH Gapdh_mF AGGTCGGTGTGAACGGATTTG 
 

 Gapdh_mR TGTAGACCATGTAGTTGAGGTCA  
Actin Actb_mF GGCTGTATTCCCCTCCATCG  

Actb_mR CCAGTTGGTAACAATGCCATGT 
 

 
Characterisation of organoids 

 

Villin Vil1_mF ATGACTCCAGCTGCCTTCTCT 
 

 
Vil1_mR GCTCTGGGTTAGAGCTGTAAG 

 

Alpi Alpi_mF AGGATCCATCTGTCCTTTGG 
 

 
Alpi_mR ACGTTGTATGTCTTGGACAG 

 

Ezrin Ezr_mF CAATCAACGTCCGGGTGAC 
 

 
Ezr_mR GCCAATCGTCTTTACCACCTGA    

 

Lgr5 Lgr5_mF ACCCGCCAGTCTCCTACATC 
 

 
Lgr5_mR GCATCTAGGCGCAGGGATTG 

 

Cyclin Ccnd1_mF GCGTACCCTGACACCAATCTC 
 

 
Ccnd1_mR CTCCTCTTCGCACTTCTGCTC 

 

Mucin 2 Muc2_mF ATGCCCACCTCCTCAAAGAC 
 

 
Muc2_mR GTAGTTTCCGTTGGAACAGTGAA   

Atoh1 Atoh1_mF GAGTGGGCTGAGGTAAAAGAGT  
Atoh1_mR GGTCGGTGCTATCCAGGAG 

 

Chromogranin A ChgA_mF CTCGTCCACTCTTTCCGCAC 
 

 
ChgA_mR CTGGGTTTGGACAGCGAGTC 

 

Lysozyme Lyz_mF GAGACCGAAGCACCGACTATG 
 

 
Lyz_mR CGGTTTTGACATTGTGTTCGC 

 

Bmi1 Bmi1_mF ATCCCCACTTAATGTGTGTCCT    
 

 
Bmi1_mR CTTGCTGGTCTCCAAGTAACG 

 

 Pro-inflammatory genes 
  

Chemokine ligand 2 Cxcl2_mF CCAACCACCAGGCTACAGG 
 

 
Cxcl2_mR GCGTCACACTCAAGCTCTG 

 

Chemokine ligand 10 Cxcl10_mF CCAAGTGCTGCCGTCATTTTC 
 

 
Cxcl10_mR GGCTCGCAGGGATGATTTCAA 

 

intracellular adhesion 
molecule 1 

Icam1_mF GTGATGCTCAGGTATCCATCCA 
 

 
Icam1_mR CACAGTTCTCAAAGCACAGCG 

 

Regenerating islet-derived 3 
beta 

Reg3b_mF ACTCCCTGAAGAATATACCCTCC 
 

Regenerating islet-derived 3 
gamma 

Reg3g_mF ATGCTTCCCCGTATAACCATCA 
 

 
Reg3g_mR GGCCATATCTGCATCATACCAG 

 

Tumour necrosis factor 
(mouse) 

Tnf_mF CCCTCACACTCAGATCATCTTCT 
 

 
Tnf_mR GCTACGACGTGGGCTACAG 

 

Chemokine ligand 1 (mouse) Cxcl1_mF CTGGGATTCACCTCAAGAACATC  
Cxcl1_mR CAGGGTCAAGGCAAGCCTC 
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7.2 RNA isolation attempts from 2D monolayers (infection assays)  
 
 
 

 

 

 

 

 

 

 

 

Figure 7. Total RNA (ng) isolated from S. Typhimurium-infected epithelial monolayers. Monolayers were 
established 72h before infection of S. Tm WT and ΔinvG S. Typhimurium-infected mutant. Infection was done 
at an MOI20 and MOI200 for 20 min before cells were washed and lysed. RNA was isolated and analysed by 
Nanodrop 1000 spectrophotometer for quantity and quality. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 8. Total RNA (ng) isolated from S. Typhimurium-infected epithelial monolayers. Monolayers were 
established 72h before infection of S. Tm WT and ΔinvG mutant. Infection was done at an MOI20 and MOI200 
for 20 min before cells were washed and lysed. MOI20 was performed in duplicates, using the same sub-culture 
for the experiment. RNA was isolated and analysed by Nanodrop 1000 spectrophotometer for quantity and 
quality. 
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7.3 RT-qPCR run comparing GAPDH and Actin as housekeeping genes 
 
 
 

 

 

 

 

 

 

 

Figure 9. RT-qPCR data (Ct value) comparing expression of Actin and GAPDH in untreated and CV treated 3D 
organoids. Organoids were harvested and kept at -80 before RNA isolation and cDNA synthesis.  Mean Ct value 
(+/- SD) of technical replicates is presented. 
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