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Front page picture. Giardia trophozoites on Caco-2 cells. Scanning electron microscopy from Prof. 
A. Hemphill, Institute of Parasitology, University of Berne, Switzerland.  
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Summary 

Infectious diseases are caused by pathogenic organisms (bacteria, parasites, fungi) and viruses. They 

represent an important class of diseases because they rank among the main cause of death 

worldwide. Furthermore, they have impacts on the economic, social as well as political life of every 

country. Among infectious diseases, diarrheal diseases have a high impact on population’s welfare 

(third cause of mortality worldwide), especially in young children. Diarrheal diseases are one of the 

two biggest killers of children under 5 years, after infectious respiratory diseases with about 15% 

mortality (2008). While much effort is put into prevention, administration of the right treatment and 

development of better therapies, it is also important to better understand the pathogens causing such 

diseases and the mechanisms they use to establish disease.  

Giardiasis is a diarrheal disease caused by Giardia intestinalis (G. intestinalis) also known as G. 

duodenalis and G. lamblia, a protozoan parasite of the superfamily of Diplomonadida. The genus 

Giardia includes parasites that infect a variety of hosts with more or less specificity. G. intestinalis is 

grouped into eight assemblages (A-H) nowadays, infecting humans and other mammals as well as 

birds and fishes. The assemblages that are found in humans are assemblages A and B. Due to its 

endemicity in developing countries, its link to poverty and the lack of knowledge on molecular 

mechanisms of the disease; giardiasis was included in the World Health Organisation (WHO) 

initiative for neglected diseases in 2004. In the world health organization statistic report 2011, WHO 

states that neglected tropical diseases affect more than a billion people every year. In human 

giardiasis symptoms are typically watery diarrhea, fever and weight loss. Nevertheless, many 

patients remain asymptomatic for yet unknown reasons. It is therefore important to understand the 

mechanisms underlying the infection’s processes and possibly uncover why some patients remain 

asymptomatic. Both in vivo and in vitro approaches could be used for this, but in order to be able to 

look into the early stages of the disease, an in vitro approach is more suitable and is normally the first 
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approach. We have developed a simplified design to study host-parasite interactions during giardiasis 

using differentiated human Caco-2 cells lines. In previous studies, RNA sequencing data has been 

generated from such interactions, describing the gene expression levels of a large number of 

transcripts (more than 50000) both in parasite and in human cells. Some of these genes showed an 

up-regulation within 1.5 hours and 3 h of interaction, whereas others were either unchanged or 

down-regulated. These changes affected different sets of genes of Caco-2 cells during interaction 

with G. intestinalis: genes involved in processes such as cell cycle regulation, apoptosis or immune 

response. In this project we selected 10 genes among the genes showing an up-regulation in the RNA 

sequencing data and we verified their expression upon interaction with Giardia trophozoites using 

quantitative PCR technique.   
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I-Introduction 

I-1 Giardia 

I-1-1 Life cycle and biology 

G. intestinalis is a protozoan diplomonad that exists in two living forms: cysts and trophozoites. The 

later ones contain 2 nuclei, 8 flagella, some rudimentary eukaryotic organelles and have an adhesive 

disc on the ventral side that is used by the parasite to attach to surfaces (Fig.1). 

	  

Figure 1:  Giardia intestinalis trophozoites and cyst. Figure adapted from [1].  

A trophozoite is shown on the left with 8 flagella, anterior flagella (AF), posterior lateral flagella (PLF), ventral 
flagella (VF) and caudal flagella (CF). Also shown is the adhesive disc that is necessary to attach to surfaces, the 
two nuclei and some other cytoplasmic organelles. A cyst shown on the right has a thickened cyst wall and four 
nuclei and will generate new trophozoites during the excystation process. Here there are only fragments of the 
adhesive disc that will assemble prior to excystation. 

 

The cyst is the life form that survives in the environment for weeks or months, if the conditions are 

favorable [2]. G. intestinalis cysts represent the infective stage of the parasite. A target host typically 

gets infected by ingesting cysts present in contaminated water or food. When cysts are ingested, they 
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open up upon contact with gastric acid, leading to the differentiation of trophozoites in the upper 

small intestine [1]. The trophozoites replicate and swim through the mucus layer to attach to the 

intestinal epithelial cells. This colonization of the intestinal epithelium is not invasive but leads to the 

disease giardiasis. Fig.2 shows a schematic representation of the life cycle of G. intestinalis. When 

trophozoites set towards the colon, they start the process of encystation. This process once complete, 

yields cysts released in the feces of the infected individual that can be taken up orally by the next 

host [2].  

 

Figure 2: G. intestinalis life cycle [1].  

Ingested cysts differentiate into trophozoites after encountering gastric acid. Once released, trophozoites attach to 
intestinal epithelial cells with their adhesive disc. Later in the cycle cysts are formed and shed into the environment 
within the host´s feces. 
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I-1-2 Giardiasis 

Giardiasis, the disease caused by G. intestinalis, generally includes the following symptoms: watery 

diarrhea, flatulence, fever, weight loss, failing to thrive in children as well as malabsorption [1, 3]. 

Even though the infection is usually self-limiting (meaning spontaneously resolved), chronic diarrhea 

can appear following giardiasis [2, 3]. Giardia infection can be asymptomatic, but the reasons behind 

this phenomenon are yet to be understood. Moreover, two subsets of population seem to be more 

affected by the disease: children and immune-compromised people [4]. The disease is more harmful 

to children because it affects their growth, which, coupled with poor sanitation as well as poor 

availability of medical facilities in developing countries, causes high death rate of young children [1, 

5]. 

G. intestinalis has also been associated with co-infection with other intestinal pathogens [6, 7]. Once 

again children and immune compromised patients seem to be the most affected. A study 

investigating the prevalence of intestinal parasite in HIV positive versus HIV negative patients in 

Nigeria found a higher prevalence of Entamoeba histolytica and E. dispar as well as G. intestinalis in 

HIV positive compared to HIV negative people [7]. This finding should nonetheless be taken with 

caution as prevalence of Giardia in HIV positive patient seems controversial: The endemicity of G. 

intestinalis in a given region may influence its prevalence in HIV positive people. A Malaysian study 

reported that 3.2% of their sample population of HIV positive patients harbored G. intestinalis [8]. 

These findings altogether suggest that either G. intestinalis can be an opportunistic pathogen 

infecting immune-compromised people or infection with Giardia might favor other intestinal 

pathogens’ infection. A study performed in Uganda found a fairly strong correlation between 

Helicobacter pylori and G. intestinalis in children [5], suggesting that some other pathogens or just a 

weakened immune system may favor the establishment and persistence of giardiasis. 
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I-1-3 Epidemiology 

The prevalence of Giardia is about 2-7% in some developed countries, whereas this percentage is a 

lot higher in developing countries (around 30-40%) [9]. Giardiasis is reported to be more common in 

immuno-compromised people, or patients harboring other diseases (diarrhaeic or not). Giardia is a 

parasite infecting many animal groups including mammals. G. intestinalis is nowadays grouped into 

eight assemblages [2, 10] (A to H), according to host specificity (see Table 1). Morphologically, all 

assemblages look alike (pear-shaped trophozoites with claw-shaped median bodies) and have 

approximately the same size (12-15 µm in length and 6-8 µm in width) [2]. In mammals and humans 

findings indicate a possible zoonotic potential of Giardia. As such, some hunters could get infected 

by Giardia cysts from hunted animals, or pets and vice versa. Assemblages A and B, which infect 

humans, are further divided into four sub-assemblages on molecular bases through the genotyping of 

specific loci (sub-assemblages AI, AII, AIII, AIV by analysis of 23 loci as well as BI, BII, BIII, BIV 

after analysis of 23 loci) [2]. Both assemblages have been isolated from symptomatic patients in 

different areas worldwide and co-infections with both assemblages are not uncommon [2, 10]. 

Table 1: Giardia assemblages [2, 10] 

 
Giardia  species/ assemblages  Hosts 

G. intestinalis assemblage A Domestics and wild animals including humans 

G. intestinalis assemblage B 
Humans and other primates, dogs, some species of wild 

animals 

G. canis assemblage C/D Dogs, other canids 

G. bovis assemblage E Cattle and other hoofed livestock 

G. cati assemblage F cats 

G. simondi assemblage G rats 

G. intestinalis assemblage H Seals (marine mammals) 
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I-2 Intestinal epithelial cells-Giardia interaction 

I-2-1 In vivo vs in vitro 

For scientists that do research on giardiasis today, studies of host-parasite interactions are of 

importance because they may give insights into how the parasite causes disease. Thus, it is a good 

approach to study host-Giardia interactions in order to better understand giardiasis. Generally, 

scientists have to choose between in vivo and in vitro protocols.  

In vitro methods are performed out of the organism, on cultured cells, extracted tissues, etc. They are 

more easily designed, and are in fact precursors for in vivo experiments in many cases, offering the 

possibility of obtaining information that can give insights in the understanding of in vivo processes. 

In vitro assays also are rigorously designed and generally save a lot of resources. 

For in vivo experiments, animal models are mostly used. Although these models are good, it is never 

certain how much can be extrapolated to the actual situation in humans, given the fact that we are 

genetically and metabolically different and more complex than many animals. Moreover, studies on 

humans are limited and highly avoided. They are subjected to tight screening at different levels such 

as feasibility, risk assessment (both long and short term), and legal and ethical issues. 

In vivo studies of giardiasis are almost impossible to carry out because of the site of the infection 

(upper intestine). In addition, it is difficult to detect giardiasis at an early stage of infection due to the 

late apparition of symptoms making it impossible to study the very first hours of infection. These 

reasons, coupled with the ethical issues that have to be addressed when studies are to be carried out 

in humans or animals, prompted us to use an in vitro model for the study of giardiasis.   

In order to study Giardia infection in vitro, different approaches could be chosen: primary intestinal 

cells or intestinal cell lines from humans as well as different isolates of the parasite. In the case of in 
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vitro models, early stages of infection can be looked at and this may serve to understand the early 

interplays that contribute to the establishment of the disease in humans. During this project, a cell 

line derived from colon cancer, Caco-2, was chosen for all experiments and it is described in more 

detail in the next section. 

 

I-2-2 Caco-2 cells 

Caco-2 cells are a heterogeneous cell line established from a colon carcinoma by Fogh and 

collaborators in 1977 [11]. Since then, clones have been isolated from the mother cell line at 

different stages of culture (passage) giving rise to more homogeneous secondary cell lines that are 

now established and well characterized. Depending on the clone, these secondary cell lines show 

different properties of the intestinal epithelium that can be used in different areas of study [11]. In 

this project, we used Caco-2 cells of the isolate TC7. This isolate was separated from a late passage 

of the mother cell line [11, 12]. TC7 cells have been used to study metabolism and absorption 

properties of the small intestine and are a good model for these studies [12, 13]. TC7 cells are 

characterized by the fact that they can differentiate both morphologically and functionally upon 

continuous culture. Doing so, they display morphological characteristics of small intestinal epithelial 

cells like villi, tight junctions between adjacent cells as well as polarization when cultured on semi-

permeable filters [11]. They exhibit some properties close to those seen in normal intestinal 

epithelium (which is shown in Fig.3) such as transport of mannitol via paracellular route and 

transport of taurocholic acid [11]. They are also known to harbor molecular markers that are found 

specifically in small intestinal cells. TC7 cells express brush border-associated hydrolase sucrase 

isomaltase at levels close to a normal jejunal epithelium, and UDP-glucuronyltransferases [12]. The 

above mentioned characteristics and the absence of a human small intestine cell line to date, 
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motivated the choice of TC7 cells to study the effect of G. intestinalis on intestinal cells in our 

project.  

 

 

Figure 3: Schematic representation of a section of  the small intestine and colon epithelium [14].  

The intestinal epithelium consists mainly of epithelial cells. In the crypts are proliferative cells (epithelial stem 
cells) that insure the constant renewal of the epithelium and reabsorption of water and solutes. Crypt cells give rise 
to cells in the villus that are differentiated enterocytes mainly involved in nutrient absorption. There are also 
immune cells (for both innate and adaptive immune response) in the intestinal epithelium (dendritic cells, Paneth 
cell, T cell, etc.). A protective mucus layer formed by the mixture of mucin secreted by goblet cells and water 
shields the cells from potential harmful substances and organisms.  

	  

In vitro interactions between G. intestinalis isolate WB (WB is a Giardia isolate from assemblage A 

sub-assemblage II) and TC7 cells have been done before [3, 15]. Microarrays [3, 15] and RNA 

sequencing (unpublished data) were produced from these assays. They showed a modification of 

gene expression both in the parasite and the human cells during such in vitro interactions. The 

present work was forged on the basis of preliminary RNA sequencing data. Complementary RT-

qPCR analysis was performed in order to validate the results of gene expression generated from 

RNA sequencing.  
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I-2-4 RNA sequencing 

RNA sequencing (RNA-seq) is a novel technique developed from the knowledge acquired from high 

throughput sequencing techniques. It allows the characterization of the transcriptome of a given 

organism at a given time. Basically, total RNA or fragments of RNA are isolated from cells or 

tissues and used to produce complementary DNA (cDNA) transcripts that are tagged with adaptors at 

one or both ends.  These transcripts are sequenced using any of the known sequencing platform 

available (Illumina sequencing, 454 sequencing, etc.). Obtained sequence reads are aligned to the 

genome of the target organism from which the RNA was isolated, if the genome is known. The 

obtained sequences might also be aligned to known transcript sequences or aligned de novo in case 

of no or little genomic information [16] to produce a general or genome-wide transcriptome map. 

Fig.4 gives a summary of RNA-seq steps. This technique is reckoned as a sensitive and high 

throughput method that goes further than the known classic techniques for gene discovery and gene 

expression profiling such as hybridization, microarrays and serial analysis of gene expression 

(SAGE). In comparison to hybridization techniques, RNA-seq can determine the sequences of yet 

unknown genes. Furthermore, RNA-seq shows very little background, giving it an advantage over 

microarrays [16]. It has a higher limit of detection so that gene expression over 9000 fold can be 

detected compared to other conventional gene expression methods[16].  
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Figure 4: RNA sequencing steps [16]. 

Isolated RNA is fragmented and reversed transcribed or cDNA from RNA is fragmented. cDNA library is 
constructed from cDNA fragments linked to adaptors. The fragments are read and aligned to the genome or the 
transcriptome and further classified as junction reads, exonic reads and poly(A) end reads. The bottom panel on the 
figure represents a base resolution expression profile. A base resolution expression profile can be generated using 
junction reads, exonic reads and poly(A) end reads from RNAseq fragments.  

 

I-2-5 Reverse transcription quantitative-PCR 

Reverse transcription quantitative PCR (RT-qPCR), is a method for studying and quantifying gene 

expression that combines the amplification steps of PCR with a fluorimetric method for detection 

and quantification. RT-qPCR is performed on cDNA obtained from RNA samples, thus giving 

insight into the transcriptome of the studied organism. In a RT-qPCR reaction, in addition to the 

reactants used in a normal PCR that are DNA polymerase, dNTPs and specific primers, there is a 

fluorophore (e.g. SYBRgreen). SYBRgreen binds to double stranded DNA and emits a fluorescent 
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signal every time this binding occurs. As DNA is amplified after every PCR cycle, the emitted signal 

will increase as the qPCR goes on. The emitted signal can be detected by the fluorometer and given 

as Ct values. The gene expression can be later on calculated using these Ct values using the 2-ΔCt  

 

I-2-6 Selected TC7 genes from RNA-seq data 

After RNA- seq analysis using samples from interaction between G.intestinalis and Caco-2 cells, a 

huge amount of data was obtained. These showed gene expression changes in Caco-2 cells upon 

interaction with G. intestinalis. We randomly selected 10 genes among those that showed up-

regulation and confirmed their expressional change by RT-qPCR. The tested genes are further 

described below.  

	  

I-2-6-1 Genes involved in apoptosis and cell cycle regulation 

atg7 (autophagy related homolog 7): the product of this gene is involved in the process of autophagy 

in cells [17]. It is involved in the fusion of vacuoles and peroxisomes. Autophagy is a process during 

which an organelle or part of the cytoplasm of a cell is engulfed in vacuoles. It is useful for  

recycling of cell components, survival under nutrient starvation condition or to induce apoptosis. 

ATG7 protein was found  to be related with nutrients dependent cell death in HeLa cells (a cell line 

derived from a cervix cancer) and can either induce (through caspase 8 inactivation) or protect from 

cell death depending on the state of the cell [17]. atg7 can be induced upon engagement of Toll-like 

receptors in some cell lines [18]. 

chac1 (chac cation transport regulator homolog 1): is a pro-apoptotic gene, it is part of the atf4-atf3-

chop cascade or ddit3 cascade[19]. chac1 has been shown to be induced by chemical inducing 

unfolded protein response (UPR) and not general cell stresses such as heat shock or short wave UV 
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treatment in HeLa, human embryonic kidney 293 cells (HEK) and human aortic cells (HAEC) [19]. 

ATF4 is characterized as fundamental inducer of integrated stress response triggered by different 

stresses such as endoplasmic reticulum stress, viral infection, amino-acid starvation, oxidative stress 

as well as hypoxia/anoxia [20-22]. 

ddit4 (dna damage-inducible transcript 4): encodes a protein that inhibits cell growth through 

regulation of the target of rapamycin (TOR) pathway [23, 24]. It is induced by p53 after DNA 

damage, and seems to play a role in cell susceptibility to reactive oxygen species (ROS) as well as 

diarrheic marine toxins. DDIT4 has also been shown to promote neuronal cell death [23-26]. 

nr4a1 (nuclear receptor subfamily 4, group a, member 1): encodes a nuclear factor that induces 

apoptosis when translocated to the mitochondria, or cell proliferation when functional in the nucleus 

[27, 28]. In mice, NR4A1 also known as NUR77, was found to regulate eNOS (the enzyme 

responsible for nitric oxide synthesis) activity. In addition, NR4A1 affects cell permeability by 

suppression of expression of adherens and tight junction proteins [29, 30]. 

nox1 (nadph oxidase 1): produces the catalytic subunit of the superoxide-generating NADPH 

oxidase. It is mainly expressed in the colonic epithelium [31]. 

irf1 (interferon regulatory factor 1): encodes for a transcription factor activator/inhibitor depending 

on the target gene [32, 33]. It is involved in growth inhibition, apoptosis, immune response (IR), 

DNA damage response or tumor suppression [32]. In renal proximal tubular cells, irf1 was found to 

be induced within 15 minutes of reperfusion after ischemia, inducing the transcription of pro-

inflammatory genes. It was induced by ROS [34]. 
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I-2-6-2 Genes involved in immune response 

ccl20 (chemokine C-C motif ligand 20): this gene encodes for a chemokine that attracts lymphocytes 

and dendritic cells to epithelial cells [15, 35]. It has previously been shown to be up-regulated in host 

cells upon interaction with Giardia trophozoites [15]. 

cxcl3 (chemokine (C-X-C motif) ligand 3): encodes for a chemokine that regulates monocytes 

recruitment and adhesion [15, 36]. This gene has been shown to be up-regulated in differentiated 

Caco-2 cells within 1.5 h of interaction with Giardia isolate WB [15]. 

rfx5 (regulatory factor X 5): encodes a transcription factor required for  MHCII expression on cells 

[37]. 

zc3h12a (zinc finger CCCH type containing 12A): encodes for a protein with RNase activity, 

involved in controlling the immune response through regulation of mRNAs of diverse inflammatory 

cytokines [38, 39].  

 

I-3 Aim 

The aim of this study was to investigate gene expression changes that occur in intestinal cells upon 

interaction with G. intestinalis. 10 genes were selected based on a previous RNA sequencing study, 

and the expression of these genes was analyzed by qPCR at different time points of interaction with 

G. intestinalis isolate WB. 
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II- Material and Methods 

For all experiments, if not stated otherwise, material was acquired form Sigma-Aldrich (UK). 

 

II-1 Cell culture  

Human Caco-2 cells (isolate TC7) were cultured as a monolayer in Dulbecco’s Modified Medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), essential amino acids 

(1%) and antibiotics (penicillin G (160 U/ml)-streptomycine 160 µg/ml) and glutamine (1,6%). For 

all experiments cells were seeded at around 40000 cells per 25 cm2 cell culture flask (T25) (Sarstedt, 

Nc USA). Culture flasks were maintained at 37°C in a humidified incubator in an atmosphere of 5% 

CO2. Medium was changed twice a week until cells were ready for interaction. Interactions were 

carried out on both proliferative (sub-confluent) cell and differentiated cells (monolayer 21 days post 

confluence) from early and late passage cells [11, 15]. 

G. intestinalis isolate WB was cultured in TYI-S 33 (composition is shown in supplementary Table 

S1) medium supplemented with bile [15] in 10 ml Nunclon delta flat tubes (Nunc AS, Roskilde 

Denmark) at 37°C. Parasites were cultured in tubes filled with medium and tightened screw cap to 

creation an anaerobic or microaerophilic environment suitable for Giardia trophozoites. The 

parasites were subcultured twice a week. 

 

II-2 Interaction assays 

For interaction assays, G. intestinalis isolate WB grown to confluence were harvested, washed in 

PBS, re-suspended in DMEM and added to each culture flask containing proliferative or 
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differentiated TC7 cells. In each flask a total of 7x107 parasites were added. For all experiments TC7 

cells received fresh medium 1 h to 2 h before infection. 

In a first experiment, all cells were harvested at the following time points (0 h, 1.5 h, 3 h, 4.5 h). 

Briefly, each culture flask was placed on ice for 10min to detach Giardia cells, thereafter medium 

containing parasites was collected in a 15 ml falcon tube. The flask was further washed twice with 

cold PBS to totally remove all parasites. 1 ml TRIzol (Invitrogen, CA USA) was added to the flask to 

harvest and stabilize TC7 cells for RNA extraction. Thereafter the harvested samples were briefly 

vortexed and kept at -20˚C until further RNA extraction. 

In a second experiment, earlier time points were included as well (15 min, 30 min, 45 min, 1 h, 1 h15 

min, 1.5 h, 3 h, 4.5 h). In this experiment only 7x106 parasites were added (10 times less than in the 

previous experiment), moreover medium was removed from the flask without prior detachment of 

parasites on ice and 1 ml TRIzol was added to harvest the total RNA of human cells and parasites 

together. 

 

II-3 RNA extraction and RT-qPCR 

Cell samples stored in TRIzol at -20˚C were used for RNA extraction according to TRIzol RNA 

extraction protocol. Briefly, samples were thawn at room temperature then 0.2 ml of chloroform was 

added to each tube. Thereafter samples were vigorously shaken, incubated shortly at room 

temperature and centrifuged at 12 000 xg for 15 min at 4ºC. The aqueous phase was collected in new 

tubes and 0.5 ml of isopropyl alcohol added to each tube. After 10 min of incubation, the samples 

were then centrifuged at 12000 xg for 10 min at 4˚C. The supernatant was removed and RNA pellets 

were washed in 1 ml ice cold ethanol (75%). The RNA pellets were dissolved in 30 µl of ddH2O and 

their concentration was measured by Nanodrop (Saveen Werner (www.swab.se)) using ND-1000 

spectrophotometer software v 3.6.0 (Thermo Fisher scientific). 
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After RNA extraction, DNAse treatment was performed using the Ambion kit (Turbo DNase-free) 

from Invitrogen to eliminate any DNA contamination of the RNA. The treated samples were further 

used to generate cDNA using the RevertAid H Minus first strand cDNA synthesis kit (Fermentas life 

sciences (fermentas.com)) according to manufacturer’s instructions. In brief, 20µl reaction 

containing 10 µl of mix (1 µl water, 4 µl of reaction buffer, 2 µl of dNTPs, 1 µl of random primers, 1 

µl of reverse transcriptase and 1 µl of specific inhibitor) and 10 µl of RNA containing at most 10 µg 

of RNA was processed for cDNA synthesis in a thermocycler at the following conditions: 5min 

25˚C, 60 min 42˚C, 5 min 70˚C and 4˚C forever. 

qPCR was performed on each sample to investigate the expression of the 10 genes selected  from the 

RNA sequencing data. RT-qPCR primers were designed using primer Express for real time PCR 

version 3.0 (Applied Biosystems) or GenScript Real time PCR Taqman primer design 

(http://www.genscript.com/ssl-bin/app/primer) softwares except for one gene (chac1). In this case 

primers from a previous publication [19] were used. Primers were further checked using Premier 

biosoft free tool (http://www.premierbiosoft.com/jsp/marketing/FreeToolLogin.jsp?PID=3). The list of 

genes investigated and their respective RT-qPCR primers are presented in supplementary Table S2. 

Before proceeding to quantify gene expression of the selected genes, the efficiency of the primers 

was assessed by generation of a standard curve after absolute quantification. Therefore dilution series 

were made from a cDNA sample. Ct values were plotted against the corresponding dilution series. 

The efficiency of each primer was deduced from the slope of this graph.  

For RT-qPCR, Maxima SYBR green/ROX master mix from Fermentas (ThermoFisher scientific, DE 

USA) was used, along with specific primers. SYBR green emits a green fluorescence at a maximum 

of 520 nm once it binds double stranded DNA. A total of 25 µl of reaction was used containing 10 µl 

of cDNA diluted 100 times for our designed primers and 1000 times for the control gene (GAPDH) 

and 15 µl mix (12.5 µl SYBR green master mix and 2.5 µl of 10 µM specific primer mix forward 

and reverse). All RT-qPCR experiments were run in quadruplicates. The following conditions were 
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applied: 50˚C for 2 min, 95˚C for 10 min, (95˚C for 15 s and 60˚C for 1 min) x40. All RT-qPCRs 

were performed using the 7300 real time (RT) PCR system with the integrated 7300 RT PCR 

software (Applied Biosystems, Singapore). The level of expression was calculated according to the 

2-Δct of replicates for the gene of interest and compared to the reference gene (GAPDH) and the mean 

of these values was plotted against the time points of the experiments. All figures featuring the fold 

change in gene expression were constructed using these calculations performed in Excel 2010. The 

fold change itself was further calculated in reference to the 0 h time point. Standard deviation of 

means are shown in the graphs. 
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III- Results 

	   III-1 First experiment 

 III-1-1 RNA-seq data 

The basis of the current project was a previous study where RNAseq was performed on RNA 

samples of differentiated human TC7 cells interacted with two isolates of G. intestinalis: WB and a 

clinical isolate AS175. Ten genes were picked at random. We performed separate experiment of 

interaction of TC7 cells with G. intestinalis isolate WB and evaluated the expression of the picked 

genes via RT-qPCR. Table 2 beneath presents the RNa-seq data of the genes picked for evaluation.  

Table 2: Selected genes and their expression in fold change evaluated by RNA-seq 

ensembl gene ID gene description fold change function (according 
to NCBI) 

 atg7  1,5 h 3 h 4.5 h  

ENSG00000115009 
 ccl20 

chemokine (C-C 
motif) ligand 20 

 

104,16 
 

189,43 
 

177,10 
 

immune response 
(chemokine) 

 

ENSG00000128965 
 chac1 

CHAC1 ChaC, cation 
transport regulator 
homolog 1 (E. coli) 

2,86 
 

1,23 
 

0,96 
 

ChaC, cation transport 
regulator homolog 1 

ENSG00000163734 
 cxcl3 

chemokine (C-X-C 
motif) ligand 3 

 

326,28 
 

126,80 
 

48,55 
 

immune response 
(chemokine) 

 

ENSG00000168209 
 ddit4 

DNA-damage-
inducible transcript 4 

 
4,59 3,18 2,85 

DNA-damage-
inducible transcript 4 

 

ENSG00000125347 
 irf1 

interferon regulatory 
factor 1 

 

5,10 
 

2,24 
 

1,16 
 

transcript regulation 
(pro-inflammatory, 

apoptosis) 
ENSG00000007952 

 nox1  1,04 0,95 0,95 NADPH oxidase 1 

ENSG00000123358 
 nr4a1 

nuclear receptor 
subfamily 4 

 

21,50 
 

21,28 
 

12,65 
 

transcription factor 
(pro-proliferative) 

ENSG00000143390 
 rfx5 regulatory factor X 5 1,43 

 
1,11 

 
0,96 

 
regulatory protein 
(immune system) 

ENSG00000163874 
 zc3h12a zinc finger CCCH-

type containing 12A 
7,43 

 
5,59 

 
3,11 

 

regulatory protein 
(pro-apoptotic, anti-

inflammatory) 
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III-1-2 Comparison of expression in differentiated cells at early and late passage 

In order to investigate if the state of the cells influenced the outcome of gene expression in TC7 cells 

during interaction, we performed a first experiment using early (DEP between 10 and 20 passages) 

and late passage (DLP between 95 and 120 passages) cells. In late passage cells, some genes showed 

a continuous upregulation from 1.5 h of interaction (ccl20, ddit4 and chac1) to 3 and 4.5 h, whereas 

some others were up-regulation in the first 90 min but thereafter  down-regulated (cxcl3, irf1, nr4a1 

and zc3h12a). The gene expression profiles of six genes (ccl20, cxcl3, irf1, nr4a1, rfx5 and zc3h12a) 

were similar in both early and differentiated TC7 cells (Fig.5a and b). The data obtained with 

differentiated TC7 cells at a late passage was more consistent with the RNAseq data especially at the 

time point 1.5 and 3 h. 
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Figure 5a: Gene expression profiles during interaction of differentiated TC7 cells at early passage wiyh G. 
intestinalis isolate WB.  

For each gene, the Y- axis shows the fold change whereas the X-axis is the time course of the interaction. Several 
genes are upregulated (ccl20, chac1, cxcl3, ddit4, irf1, nr4a1, zc3h12a) within 1.5 h of interaction which was our 
main reference point in the RNA-seq data. Others were rather unchanged or downregulated within that time (atg7, 
nox1, rfx5). 
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Figure 5b: Gene expression profiles during interaction of differentiated TC7 cells at late passage with G. 
intestinalis isolate WB.  

As for early passage cells, some genes were upregulated within 1.5 h of interaction (ccl20, cxcl3, ddit4, irf1, 
nr4a1); chac1 was slightly upregulated as well as 3 other genes (atg7, nox1 and rfx5) showed a strong down-
regulation after 1.5 h of interaction. Gene expression at 0 h was the baseline for the fold change calculation.. Y-axis 
shows the fold change while the X-axis shows the time course of interaction. 

 

We compared both states at 1.5 h interaction in an attempt to determine if they could influence the 

response of TC7 to interaction with G. intestinalis. Basically, the response to interaction with G. 

intestinalis was compared in terms of fold change of gene expression of the selected genes. Fig.6 

shows this comparison highlighting the similarities between early and late passage Caco-2 cells 

(TC7). Except for rfx5 and probably atg7, the type of response was similar between both states; 
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differences were nonetheless seen in the extent of response and differentiated late passage cells 

seemed to show a stronger reaction in half of the cases (atg7, cxcl3, ddit4, nox1 and nr4a1). 

 

Figure 6: Comparison of the gene expression profiles between differentiated TC7 at a late passage (DLP) 
and early passage (DEP) after 1.5 h of interaction with G. intestinalis isolate WB.  

Except for RFX5 and probably ATG7, the type of response was similar between both states; despite some 
differences in the extent of response showed by cells from either state, DLP cells seem to have a stronger reaction 
in half of the cases (ATG7, CXCL3, DDIT4, NOX1 and NR4A1).The Y-axis shows the fold change whereas the X-
axis shows time course of interactionTo obtain the fold change all data was compared to the expression at the 0 h 
time point.  

 



27	  
	  

 

III-1-3 Comparison of expression in differentiated vs. proliferative cells 

After comparing early and late passage cells´ gene expression, we looked into the gene expression of 

proliferative TC7 cells. Overall, interaction of TC7 cells with Giardia isolate WB induced dynamic 

gene expression changes in TC7 cells, since the strength and the quality of the effect could be 

influenced by the state of the cells. Proliferative cells showed a relatively different gene expression 

profile compared to differentiared cells. Fig.7 shows the gene expression profiles of the selected 

genes in proliferative TC7 cells evaluated using RT-qPCR. As with differentiated cells, most genes 

(ccl20, chac1, cxcl3, ddit4, irf1, nox1, nr4a1 and zc3h12a) showed a clear up-regulation within 1.5 h 

of interaction, whereas others where either down-regulated (atg7) or showed no significant changes 

(nox1 and rfx5). 
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Figure 7: Gene expression profiles during interaction between proliferative TC7 cells at a late passage and 
G. intestinalis isolate WB.  

As with differentiated cells, most genes (ccl20, chac1, cxcl3, ddit4, irf1, nox1, nr4a1 and zc3h12a showed an up-
regulation within 1.5 h of interaction. Other genes were either downregulated (atg7) or presented no significant 
change (nox1 and rfx5). The Y-axis represents the fold change and the X-axis represents the time course of 
interaction  
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III-1-4 Comparison of expression in differentiated and proliferative cells to RNaseq data 

In an attempt to determine if passage number could influence TC7 cells’ response to interaction with 

G. intestinalis isolate WB, these two states were compared as shown in Fig.6. Furthermore the gene 

expression changes observed in this study were compared with the ones obtained from the RNAseq 

data, as well as with the RNA samples used for the RNAseq experiment quantified by RT-qPCR. For 

all studied samples, only a comparison of the 1.5 h time point data compared to 0 h is shown here 

(Fig.8). It has to be noted that RNAseq was performed both with G. intestinalis isolate WB and G. 

intestinalis isolate AS175, which is a clinical isolates from a symptomatic patient that has not been 

cultured in vitro for long. chac1, ccl20, ddit4, cxcl3, irf1, nr4a1 and zc3h12A showed a clear up-

regulation at 1.5 h of interaction in all studied samples although to different extents, whereas other 

genes rather showed a down-regulation in expression (atg7, nox1 and rfx5) Fig.8. At 1.5 h, there 

were marked differences between proliferative cells and differentiated cells in the patterns of gene 

expression in almost all genes except atg7, ccl20 and zc3h12a (Fig.8). 

 



30	  
	  

 

Figure 8: Comparison of gene expression of 10 genes in TC7 cells and from RNAseq data after 1.5 h of 
interaction with G. intestinalis isolate WB.  

This comparison is made between the sample from the first experiment including differentiated TC7 early (DEP) 
and late (DLP) passage and proliferative late passage (PLP) and samples used for RNAseq including differentiated 
TC7 cells used in interaction with G. intestinalis isolate WB (RNAseq WB spl) and differentiated TC7 used in 
interaction with the clinical isolate G. intestinalis AS175 (AS175). Y axis shows the fold change as compared to 0 
h of interaction for all genes, whereas X-axis shows the time course of interaction. RT-qPCR was performed on all 
above mentioned samples and the comparison shown here is of the qPCR data.  
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III-2 Second experiment: early time points interactions 

The high up-regulation of most of these genes already after 1.5 h of interaction suggested that there 

may be changes in gene expression in TC7 cells earlier than 1.5 h of interaction. This prompted the 

investigation of earlier time points of interaction in a second set up. 

Another experiment was performed and RNA samples were collected at the following time points: 

15 min, 30 min, 45 min, 1 h, 1 h 15 min, 1.5 h, 3 h, and 4.5 h. We present this experiment’s results 

are presented in the next section. 

Figure9 shows an overview of the gene expression profile of each gene from 0 to 4.5 h including the 

early time points (15 min, 30 min, 45 min, 1 h, 1 h 15 min, 1.5 h, 3 h, and 4.5 h). This experiment 

was only carried out on differentiated TC7 cells at late passage. Figure 9 shows that gene expression 

changes in Caco-2 cells can occur as early as 15 to 30 min of interaction (cxcl3, ccl20, nox1, 

zc3h12a). It also shows that these gene expression changes are dynamic and fluctuating with 

duration of interaction with genes being up or down-regulated continuously (example of atg7, ccl20, 

rfx5). This experiment showed four different patterns of dynamics in gene expression of our selected 

genes: 

a) There were genes that were relatively unaffected until 1 h 15 min or 1.5 h of interaction 

(atg7, ddit4, nr4a1, rfx5). 	  

b) There were genes that changed expression relatively quickly, within 15 to 30 min of 

interaction (ccl20, cxcl3). 	  

c) There were genes with constantly changing gene expression across the whole 

interaction process (chac1 and irf1). 	  

d) There were also genes that showed a progressive increase until a peak and then started 

to decrease their expression (ccl20 and zc3h12a).	  
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Figure 9: Gene expression profiles of gene from 0 to 4.5 h of interaction including early time points sampling 
performed on differentiated TC7 cells. The figure shows fold changes in gene expression of each gene quantified 
by RT-qPCR. Fold change was calculated in reference to the expression of genes at 0h. Each sample was quantified 
in quadruplicated thus the standard deviation shown is one of the mean values of the replicates. Y-axis represents 
the fold change whereas the X-axis represents the time course of interaction. 
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IV- Discussion 

Our studies of interactions between G. intestinalis and TC7 cells confirmed that there are gene 

expression changes in TC7 cells upon interaction with G. intestinalis in vitro.  

 

 

IV-1 proliferative vs differentiated TC7 cells gene expression pattern 

As mentioned in the introduction, the intestinal epithelium is made up of cells in two states: 

proliferative (intestinal epithelial stem cells) in the crypts and differentiated cells in the villi (Fig.3). 

In the first experiment, where gene expression of genes in TC7 cells at different states (proliferative 

and differentiated) was assessed, we observed different patterns of expression. In the differentiated 

cells, three main patterns of expression were noticeable:  

a) there were genes that showed a rapid and strong increase within 1.5 h of interaction, 

followed by a fast down-regulation (cxcl3, irf1, nr4a1 and zc3h12a) (Fig.5b). 

 b) There were genes showing a ‘slow’ and progressive up-regulation all through the 

experiment till the late 4.5 h time point (ccl20, ddit4). 

c) There were genes that were down-regulated within 1.5 h of interaction and starting 

to go up again thereafter (rfx5, atg7, nox1).  

In this data set, one gene seemed to be relatively unchanged or only slightly up-regulated (chac1), 

whereas almost all genes that had either a strong early response (up-regulation) or a long persistent 

response could be related to immune response, cell cycle regulation or DNA damage response. In 

other words, differentiated TC7 cells exhibited a strong stress response at the RNA level. Keeping in 

mind that differentiated cells form the villi in the intestine, this may suggest that in a normal 
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intestinal epithelium, villus enterocytes play a major role in inducing immune response or stress 

response against intestinal infections such as giardiasis. This further confirms the role of the 

intestinal epithelium as a protective barrier against infective agents and toxic substances [11, 14, 40].  

In differentiated cells, the highest upregulated genes were ccl20 and cxcl3 in both early and late 

passage cells. These genes code for chemokines which attract leukocytes (macrophages, neutrophils,  

etc.) to the sites of infection. This suggests that the intestinal epithelial cells initiate a strong immune 

response upon interaction with G. intestinalis, which could be the basis for the clearance of the 

parasite in many individuals. In the case of proliferative cells, there were two distinctive patterns of 

expression (Fig.7): 

a) genes that were up-regulated within 1.5 h and thereafter were down-regulated (ccl20, 

chac1, cxcl3, ddit4, nr4a1 and zc3h12a) 

 b) a set of genes that were either relatively unchanged or slightly down-regulated (nox1, 

rfx5, atg7). 

Again, genes involved in stress response and immune response were the ones that were more 

dynamically going up and down.  

When comparing expression between differentiated and proliferative TC7 cells from this experiment, 

we noticed some interesting differences. For example ccl20 and ddit4 showed a continuous up-

regulation in differentiated cells, but in proliferative cells their expression peaked within 1.5 h and 

then started to decrease. Nonetheless these two genes were generally up-regulated in the first 

experiment and in the RNAseq data. A difference of expression was observed in the second 

experiment where both genes peaked by 3 h and not 1.5 h of interaction. The second experiment was 

performed with less parasites added per flasks (7x106 vs 7x107 in the first experiment), and the cells 

were not cooled on ice prior to RNA sampling. These differences might have been the reason for the 
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delayed upregulation of these two genes. It has been shown previously, that CCL20 ‘s expression  is 

increased in Caco-2 cells upon interaction with Giardia [15] and that this  up-regulation was cell 

density dependent [15], which could explain the reason behind the striking difference between 

proliferative and differentiated cells observed in our experiment. When TC7 cells are grown to 

differentiate, they grow to full confluence first, then make layer upon layer of cells. They are later on 

committed to differentiation and develop microvilli mimicking the structure of the intestinal 

epithelium with differentiated cell towards the lumen of the intestine [11]. The culture flask with 

differentiated cells will therefore contain a lot more cells than flasks with proliferative cells, which 

are basically used for interaction while cells are subconfluent. The correlation between the 

upregulation of ccl20 and cell density may be explained by a higher amount of cells in the 

experiment with differentiated cells, and the crosstalk between cells upon interaction with G. 

intestinalis. Moreover our second experiment throws a new light on the importance of the amount of 

parasites as well in inducing a strong or mild change in gene expression at least for certain genes 

(ccl20, ddit4). 

For other genes such as cxcl3 and zc3h12a, where the pattern of response was alike (Fig 5 a,b and 7) 

under both conditions, the extent of fold up-regulation was strikingly different. Differentiated cells 

exhibited a much stronger response in terms of fold up-regulation (e.g. about 400 fold for late 

passage and 150 fold for early passage cells versus about 43 fold for cxcl3, nr4a1Fig.5b and 7). For 

other genes like irf1, the differences resided in the response time, which was faster in differentiated 

cells compared to proliferative cells (Fig.5b and 7). 

In a study of HIV infection, it was shown that HIV regulates the expression of interferon alpha and 

beta through the up-regulation of irf1 [41]. In that study, RNA samples were collected from 6 h to 48 

h after infection and irf1 showed an up-regulation within 6 h of infection in monocyte derived 

dendritic cells. The described irf1 up-regulation was to about three fold and this level was steady up 

to 48 h. These findings suggest that infective agents are able to interfere with the gene expression of 
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some important genes. In our first experiment, irf1 up-regulation was between 1.5 and 3 fold for all 

the tested conditions except RNAseq spl, where it was even higher (about 5 folds). With regards to 

previous studies in HIV [41], we could postulate that the up-regulation of irf1 may be specifically 

induced by the parasite G. intestinalis during interactions. This is also supported by the fact that 

giardiasis is inducing no or very little inflammation. Therefore, the rapid increase followed by 

decrease in expression of irf1 in both proliferative and differentiated TC7 cells may be due to 

interplay between host and parasite to either induce or dampen the immune response. However, 

irf1’s expression in the second experiment was not consistent with the first one, maybe due to be 

presence of less parasites in the assay flasks as argued above. Many infectious bacteria dwelling in 

the guts are known to interfere with their host immune response by targeting and modulating the 

expression of genes involved in immune response as well as apoptosis [40].  

In addition, in proliferative cells, genes involved in cell cycle regulation or apoptosis (chac1) were 

more prone to changes upon interaction with G. intestinalis compared to differentiated cells. This 

suggests that whether the cells proliferate or are differentiated might be important for how they 

respond to Giardia infection. By extrapolation to the in vivo situation, this may mean that the cells in 

the crypts of the intestine might react differently compared to the enterocytes present in the villi 

during Giardia infection.  

 

 IV-2 Comparing gene expression between early and late passage TC7 cells 

In the first experiment, we settled for investigating whether gene expression in TC7 upon interaction 

with G. intestinalis isolate WB could be different when using TC7 cells at an early or late passage. 

Fig.7 shows the gene expression changes in both cells states at 1.5 h of interaction with G. 

intestinalis isolate WB. Here, except for a couple of genes (atg7 and rfx5), gene expression had the 

same trend, with differences residing in the fold change. atg7, cxcl3, and nr4a1 showed a stronger 
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change in late passage TC7 cells, whereas ccl20, chac1, and zc3h12a showed a stronger upregulation 

in early passage TC7 cells. These genes that were higher up in either early or late passage cells were 

involved in immune response and cell cycle regulation / apoptosis. This suggested that these 

differences might not be very specific, but could be attributed to random variation. Thus it does not 

seem that being at an early or late passage affects TC7 cells’s response to G.intestinalis interaction. 

IV-3 Comparing gene expression from the first experiment with gene expression 

from RNAseq samples 

Comparing results of the first experiment (qPCR) with the results obtained by RNAseq and qPCR 

performed on RNAseq samples (Fig.8) we noticed that 7 genes (ccl20, chac1, cxcl3, ddit4, irf1, 

nr4a1 and zc3h12a), were up-regulated within 1.5 h, but the number fold of up-regulation was 

different from sample to sample. Several reasons may explain these differences such as variations 

linked to experimental handling of the cells and fluctuations observed on cultured cells. In addition, 

the isolate AS175 which is clinical isolate of G. intestinalis assemblage A is difficult to grow in 

vitro. For this isolate, interactions used for RNAseq analysis were performed with less than 7x106 

trophozoites per TC7 flask. Therefore the differences observed in samples infected with this isolate 

could be partly explained by the fact that the number of infecting parasites might contribute to the 

strength of gene expression change. Moreover, AS175 is a recent isolate from a patient and has not 

fully adapted to in vitro life yet. In contrast the WB isolate has been grown in vitro for many years 

[42]. This indicates also that in vitro adaptation of the parasite plays a role for how the host responds. 

As mentioned earlier, the state of the cells (proliferative versus differentiated) may explain some of 

the differences in gene expression changes observed. Nevertheless, upon interaction with G. 

intestinalis, TC7 cells more or less up-regulate genes involved in different types of immune response 

(ccl20, cxcl3, irf1, zc3h12a) and stress responses related to DNA damage (ddit4, nr4a1) or apoptosis 

induction (chac1, atg7).  
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 IV-4 Early time points experiment: a new world of host-parasite interaction 

In a second experiment carried out on differentiated TC7 cells only we took into account earlier time 

points. The results outlined in Fig.9 suggest that the molecular interplay between G. intestinalis 

isolate WB and TC7 cells arises as early as after 15 to 30 min of interaction. In the field of Giardia 

research such early time points had never been tested before. This fast response from the human 

intestinal epithelial cells suggests that either cell to cell contact between TC7 and G. intestinalis 

trophozoites are made very quickly upon interaction or that both cells types sense each other through 

secreted substances.  

We observed that the cytokine response is fast, strong and lasting, depending on the state of the cells 

(ccl20 and cxcl3 in Fig.9). As suspected from the first experiment, gene expression of our selected 

genes was more dynamic when looking at earlier time points. nox1, which in the first experiment 

seemed to drop during at 1,5 h of interaction (though from a relatively low amount) was instead 

found to fluctuate before peaking. Considering later time points of this second experiment, we saw 

that nox1 is up-regulated as opposed to previous observations in the first experimental setup. This 

suggests that there is an early response of TC7 cells involving the production of reactive oxygen 

species (ROS). It is documented that eukaryotic cells use the production of ROS as a defense 

mechanism [31].  However, repeating the experiment would probably cast a clearer insight into these 

results. There could be once again an effect related to the number of parasite. 

Remarkably zc3h12a seemed to have a similar pattern of expression in all tested samples. A fast and 

strong increase followed by a decrease (Figs. 5a, b, 6 and 9). This quick rise followed by a decrease 

could be due to zc3h12a RNA being quickly degraded or being transcribed. This is peculiar if we 

take into account that zc3h12a is a Toll-like receptor inducible gene that encodes for an RNAse 

specialized in degrading IL-12b and IL6 RNAs [38, 39]. IL6 and IL12b are inflammatory cytokines. 

Given the fact that no or very little inflammation is observed during giardiasis, this could mean that 

zc3h12a is transcribed early during the interaction. The product of this transcription, an RNAse, 
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actively degrades pro-inflammatory cytokines’ transcripts and contributes to reducing the 

inflammatory responses triggered by the infecting parasites. 

In this experiment, although there were genes that were up-regulated very early upon interaction, 

there were also genes that showed a later up-regulation and ddit4 is one of them. ddit4 is induced 

upon DNA damage and it has been shown to be induced in Caco-2 cells exposed to marine diarrheal 

toxins [26]. This suggests that at some point during the interaction of TC7 cells and G. intestinalis 

isolate WB, there is induction of DNA damage thus triggering the DNA damage response pathway as 

well apoptosis induction response genes (atg7, chac1 and nr4a1). The expression of these genes 

peaks at the same time (Fig.9) early in interaction, but also later at 1.5 h suggesting a dynamic 

process.  

It seems that G. intestinalis induces a specific and multi-phased type of response in TC7 cells during 

interaction. An early response characterized by the induction of chemokines which is probably due to 

the recognition of some specific parasites traits and probably ROS. This phase is followed later on by 

induction of DNA damage response, endoplasmic stress response and general stress response genes. 

The balance of these response genes would eventually determine the fate of the affected cell. By 

extrapolation to the in vivo context this would mean weakening of cell to cell adhesions, loss or 

imbalance of absorption properties, maybe cell death, all leading to disease manifestation. With 

regards to some genes, these experiments’ results were not alike the first one for the differentiated 

cells. Keeping in mind that for the second experiment less parasites were added and they were not 

detached on ice before sampling the RNA, we think that the discrepancies may have resulted from 

these alterations in the experimental protocol.  
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V- Conclusions and perspectives 

Giardiasis is a diarrheal disease of significant impact in society and knowing more about how the 

causative agent G. intestinalis establishes disease is of great importance. We have established an in 

vitro method that is useful to study Giardia-host cells interactions. This setup has been used before 

to investigate G. intestinalis-host interaction, looking at the gene expression changes both in human 

cells and parasites [3, 15]. In an attempt to determine to which extent G. intestinalis induced gene 

expression changes in intestinal epithelial cells, RNAseq was performed from RNA samples 

harvested during interaction with Giardia intestinalis isolate WB and differentiated TC7. Over 5000 

genes were screened and classified according to whether they were up or down-regulated and to what 

extent (unpublished data). We selected 10 genes from this data set to be verified by qPCR. 

Furthermore we thought of comparing the potential changes occurring in differentiated and 

proliferative cells and included qPCR on RNA samples used for RNAseq. We found that 

independent of their state (proliferative or differentiated, early or late passage), TC7 cells were 

affected by interaction with G. intestinalis isolate WB and also with the clinical isolate AS175.  This 

could be verified by the change of expression of some genes that are involved in processes like 

immune response (ccl20, cxcl3,irf1,zc3h12a), DNA damage response (ddit4), cell cycle arrest, and 

cell death (atg7, nr4a1, chac1). Although genes expression changes were observed in these 

experiments, further investigation should be made to look at the protein level expression of the 

selected gene products. Such an experiment could look at the abundance and the life time of those 

proteins during interaction and give insights on the dynamics of intestinal cells response and 

management of RNA and proteins upon interaction with G. intestinalis. It could also be interesting to 

look into the specific pathways involved during these host-parasites interactions.  

We also found that these gene expression changes were quite dynamic and as early as 15 to 30 

minutes of interaction, suggesting a marked susceptibility of human intestinal epithelial cells to 

Giardia infection. 
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Although differences were found between the expression profiles of the selected genes from our 

experiments as compared to RNA-seq, RNA-seq was mainly in accordance with the qPCR data of 

the RNA samples used for RNA-seq experiment. This suggests that RNA-seq is a good and reliable 

tool to study transcriptomics related to infection.  
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Appendix 

Supplementary Table S1: TYI S 33 (TYDK) medium composition for a final volume of 1l. For 

all experiments the pH was adjusted at 6.8 and the medium sterile filtered before addition of sterile bile and 

serum. Adapted from [43]. 

Component Quantity/volume Final 
concentration 

K2HPO4.H2O 1g 4.4mM 
KH2PO4 600mg 4.4Mm 
Peptone 30g  
Glucose 10g 56nM 
NaCl 2g 34mM 
L-Cysteine 2g 16,5mM 
Ascorbic acid 200mg 1.1mM 
Ferric NH4-citrate 22.8mg  
Bovine bile 125mg  
Bovine serum 100ml 10% 
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Supplementary Table S2: Genes studied and qPCR primers used for gene expression 

evaluation 

Genes qPCR primers/ melting temperature 

atg7 
F: GGGTTATTACTACAATGGTGACTCTG /Tm: 58.8˚C 

R: GGTGGGAGCACTCATGTCAA /Tm: 58.6˚C 

ccl20 
F: GCGGCGAATCAGAAGCA /Tm: 66.6˚C 

R: GAAGAATACGGTCTGTGTGTATC / Tm: 65.1˚C 

chac1 
F: CCTGAAGTACCTGAATGTGCGAGA /Tm: 63.4˚C 

R: GCAGCAAGTATTCAAGGTTGTGGC /Tm: 65.1˚C 

cxcl3 
F: CCGTGGTCACTGAACTGCG /Tm:58.1 

R: GGACCTTACATTCACACTTTGGAT /Tm: 56.84˚C 

ddit4 
F: GCTCCGCCAACTCTCCCT /Tm: 57.7˚C  

R: AAGCCAGTGCTCAGCGTCA /Tm:  58.8˚C 

irf1 
F: AGATGAGGATGAGGAAGGGAAAT /Tm: 56.27 

R: CCACTCCGACTGCTCCAAGA /Tm: 58.5 

nox1 
F: CCTTGGCTTAGGGATTCACG  /Tm: 55.32˚C 

R: TCATTCATGCTCTCCTCTGTTTG /Tm: 56.41˚C 

nr4a1 
F: ATGGGACACCAGCACCGAG /Tm: 58.6˚C 

R: ACTCAGGGGTCAGGGGGTC /Tm: 59.1˚C 

rfx5 
F: AACGGTCCTTCAGTTCCATCG /Tm: 57.6˚C 

R: GCAGATCGGGCAGAGATGAGA /Tm: 58.9˚C 

zc3h12a 
F: GCCCCCTGCCTTTCCA /Tm: 54.2˚C 

R: CCTGAAGGACTGATGTGGGTG /Tm: 57.54˚C  

 


