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Abstract 
 

Giardia intestinalis is a unicellular protozoan parasite responsible for 280 million 

gastrointestinal infections every year. When colonizing its host, Giardia interacts closely with 

the small intestine epithelium by attaching to enterocytes and releasing multiple proteins to the 

extracellular environment. Some of the released proteins have been shown to aid the parasite’s 

survival in the intestine by disrupting various host defense mechanisms. Here, we attempt to 

characterize the specific localization of five proteins after their secretion by Giardia. In parallel 

we aim to produce and identify parasite’s molecules potentially working as triggers of the 

immune response built during infection. To study the localization of specific secreted proteins 

during in vitro interactions with differentiated Caco-2 cells, we started by creating transgenic 

parasites expressing the ADI, EF1α and G3PD proteins with a downstream detectable tag. To 

identify candidate proteins from Giardia, thought by our lab to be involved in immune system 

activation, we established a mammalian expression system for the production of recombinant 

versions of the selected candidate giardial PAMPs. We achieved the expression of the VSP1267 

protein, natively present on the parasite’s surface. However, we found that this protein was not 

secreted after expression, thus complicating its purification and later use in TLR-activation 

experiments. In the future, we aim to localize the tagged proteins, expressed by the produced 

transgenic trophozoites, and optimize the mammalian expression system in order to identify 

candidate immune triggers during giardiasis. 

Keywords  
 

Excretory-secretory products (ESP), Variable surface proteins (VSPs), High cysteine 

membrane proteins (HCMPs), Tenascins, Pathogen-associated molecular patterns (PAMPs), 

Host-parasite interactions. 
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Popular scientific summary  

The pear-shaped diarrhea parasite and its hidden features 

Giardia intestinalis is one of many microorganisms that one wants to avoid while 

travelling to developing countries. This intestinal parasite can easily cause infection after 

entering the human body through contaminated water or food. Around the world, it is estimated 

that Giardia accounts for 280 million symptomatic infections every year, ranging from watery 

diarrhea to more severe complicated infections that result in post-infectious syndromes, 

ultimately affecting the overall intestinal health of the host. 

As a consequence of its morphology and proteins, Giardia has the ability to attach onto 

the small intestinal walls and fight against the harsh environment of the small intestine. During 

this close contact with the intestinal cells, the parasite influences the host’s responses towards 

its advantage. It tries to survive and combat with the immune system response, a mechanism 

essential for Giardia elimination from the human body. Despite the knowledge on the 

importance of many of these proteins for parasite survival and disease development, there are 

still many other proteins from Giardia that still need to be characterized.  

One of the aims of this study was to investigate if some of the proteins released by Giardia 

throughout infection could bind or internalize into intestinal cells. In a later perspective, it 

would be interesting for the field to understand if these proteins are of importance during 

infection or if they somehow reduce the host’s ability to fight against infection.  

It is known that there is an immune response which effectively contributes for eliminating 

the parasite from our body. However, one still needs to understand how the immune system is 

actually activated during the early stages of infection. Therefore, in this study we also aimed to 

use proteins from the parasite and characterize their ability to trigger immunity receptors 

generally present on the intestine.  

With the objective of localizing specific proteins released by the parasite during infection, 

it was necessary to create modified Giardia parasites producing the proteins of interest. Protein 

production by the parasites was confirmed by two different techniques based on the detection 

of specific signals present on the targeted proteins. In future experiments the objective would 

be to use these modified parasites and infect intestinal cells, so that later one could check their 

localization after secretion.  

In order to test the ability of specific candidate parasite proteins to trigger the immune 

system, we attempted to produce the parasite proteins conserving their structure. We used 

engineered cells and managed to express one of the targeted parasite proteins. Yet, this 

production needs to be further optimized in the future, so that we can purify it and test it on 

immune system receptors. Ideally, we would try different candidate proteins and identify the 

ones responsible for immune system activation. The identification of proteins activating 

immune system receptors would provide information that could be used in therapeutics or even 

vaccination. 
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Introduction 

Biology of Giardia intestinalis and Giardiasis 

Giardia intestinalis, also named as Giardia lamblia or Giardia duodenalis, is the 

etiological agent of giardiasis in humans. This is a diarrheal disease resulting from the ingestion 

of parasite cysts directly via the fecal-oral route, or indirectly via contaminated water and food 
1. G. intestinalis is a unicellular protozoan parasite causing infection in a wide range of hosts, 

and its host specificity varies within its different genetic assemblage (A-G) 2–4.  Assemblages 

A and B are the ones responsible for causing giardiasis in humans, but they can also infect other 

mammals 5. Therefore, Giardia infections in companion and food-producing animals concerns 

humans due to possible production shortfalls and risk of zoonotic transmission  6. 

As a consequence of the different developmental stages in its life cycle, Giardia alternates 

between two morphologically different parasitic forms: a pear-shaped trophozoite or a dormant 

ovoid cyst (Figure 1) 7–9. Giardia’s life cycle starts when a new host ingests the infectious 

cysts, well known for their resilient cell wall, which gives them the ability to survive and 

disseminate in harsh environmental conditions 10,11. After ingestion, cysts are exposed to the 

acidic environment in the host’s stomach and as they progressively reach the upper intestine 

they come in contact with bile and trypsin which altogether start the excystation process 12,13. 

During excystation, multiple morphological and cellular changes occur leading to a quick 

release of a tetranucleated excyzoite into the host’s upper intestine lumen 14,15. The excyzoites 

further transform and originate two binucleated trophozoites 8. Giardia trophozoites are the 

motile and flagellated form of the parasite which adhere and colonize the host’s upper intestine 

epithelium, causing with this the disease as we know it 16. The trophozoites succeed to attach 

to the host’s body through their adhesive discs, a cytoskeleton element considered to be a 

virulence factor  8,13,17. Later in infection, after being slowly pushed further down in the 

intestinal tract, trophozoites sense that the environment of the colon is not ideal for their 

Figure 1: G. intestinalis life cycle and trophozoite cell morphology. Figure adapted from 

reference 9. 
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replication 13,18. As a response, the encystation process is triggered and the parasite duplicates 

its DNA and undergoes a series of morphological changes. The formation of the cyst wall is 

one of them and results from the biogenesis and deposition of encystation vesicles on the 

membrane 10.  Through this thick and protective barrier, cysts are able to survive in the 

environment as well as tolerate the acidic conditions in the stomach of newly infected hosts 10. 

Ultimately, the versatility of Giardia’s life cycle explains how successful its survival and 

transmissibility are in the environment.  

G. intestinalis is a major cause of diarrhea worldwide and it has recently been added to 

the WHO’s “Neglected Disease Initiative” 19. It is estimated that there are 280 million 

symptomatic infections every year, yet the prevalence of giardiasis in developing countries and 

endemic areas is highly underestimated due to multiple unreported cases 6.  Despite the big 

proportion of asymptomatic infections, symptomatic human infections are characterized by 

nausea, flatulence, abdominal distension and watery diarrhea 6,20. Later, the infection is 

characterized by weight loss, malabsorption, malaise, and fatigue 6,21. While most infections 

are classified as asymptomatic and non-problematic, there have been reports of the development 

of irritable bowel syndrome and chronic fatigue post-giardiasis, even if the disease has been 

cleared for a few years 20,22. When it comes to the treatment of infection, there are two main 

classes of drugs being actively used, the nitroimidazoles and the benzimidazoles 23. In the early 

1960s, Darbon et al. demonstrated how metronidazole was effective in the treatment against 

Giardia, making it up until now the most commonly used drug against giardiasis in the world 
24. 

Pathogenesis 

In the past decades, studies have enlightened multiple parasite and host’s mechanisms 

involved in Giardia’s pathogenesis, yet the whole picture is still not fully understood. For the 

establishment of a successful infection Giardia attaches strongly to the epithelium of the small 

intestine with the aid of the ventral disc, helping the parasite to overcome the noxious and rough 

conditions of the intestinal lumen such as the intraluminal fluid flow and peristaltic waves 25. 

As illustrated in Figure 2, Giardia’s close contact with the intestinal epithelium is complex and 

leads to a series of events which are important for its survival. Some of the factors that play a 

role in this interaction can be as simple as the parasite’s physical contact with the epithelium or 

the secretion of proteins that will modulate pathogenesis and host responses. 

Microvilli morphologic changes on intestinal epithelial cells (IECs) are one of the most 

characteristic consequences of giardiasis that lead to maldigestion, malabsorption and watery 

diarrhea as it has been shown in multiple studies 26–30. Giardia achieves this through the injury 

and shortening of the microvilli, ultimately leading to the loss of absorptive surface area and 

function of digestive enzymes, such as disaccharidases, which are essential for nutrient 

digestion and absorption 31,32. Thus, through a series of events, Giardia manages to block 

nutrient and water absorption through the impairment of brush border microvilli and stimulation 

of electrolyte secretion (Figure 2) 26.  
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Consistent with the initial histologic studies from infected patients 33,34, the colonization 

of the small intestine results in epithelial damage and disruption, increased rate of enterocyte 

apoptosis, and the degradation of the mucus layer and apical junction complex by the activity 

of cysteine proteases released by Giardia (Figure 2) 27,35–39. As the gastrointestinal barrier 

architecture is gradually lost, it is then observed a significant increase of transepithelial 

permeability. Thus, allowing for an upsurge of bacterial and luminal antigen translocation into 

the lamina propria, leading to the activation of immune-dependent pathological pathways 

(Figure 2), relevant in post-infectious gastrointestinal disorders 40–42. 

30,35,39,43–47 

Virulence factors and Giardia’s interactions with the host 

As it was covered in the last paragraphs, multiple elements contribute for both Giardia’s 

successful infestation of the intestine and to the development of the diarrheal disease. These 

parasite factors that effectively contribute for pathogenesis are called virulence factors. In the 

past years, some of these virulence factors were identified and came to clarify how giardiasis 

works. However, it is hypothesized that many other factors play an important role on how 

Giardia takes advantage of the small intestinal environment for its survival. As it is listed in 

Table 1 and illustrated in Figure 2, there are multiple virulence factors described to date. 

Indeed, these are factors that are linked to multiple aspects of infection such as the colonization, 

parasite survival, immune evasion, pathogenesis, and some were simply shown to be released 

or expressed by the parasite during host-parasite interactions, but their function still needs to be 

characterized. 

For the establishment of infection, Giardia must get through the mucus layer of the small 

intestine for a successful attachment onto the epithelium. Thus, as it was mentioned in the 

Figure 2: Host-pathogen interactions important for pathogenesis during infection. Figure created 

considering reference 30, 35, 39, 43-47. 
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previous section, Giardia uses many of its excretory-secretory products (ESPs) such as some 

of its cysteine proteases to break through the mucus layer, microbiota and epithelium 45,48. This 

allows the trophozoites to reach and attach onto the small intestinal epithelium through the aid 

of the ventral disk and its cytoskeleton components, which prevents the parasites from being 

washed away in the intestine 49. 

Together with cysteine proteases, there are other ESPs that play important roles during 

interaction with IECs. Arginine deiminase (ADI) and ornithine carbamoyl transferase (OCT) 

are two metabolic enzymes involved in the arginine dihydrolase pathway, essential for both 

parasite and enterocyte survival (Figure 2). As it was pointed in 2008 by Ringqvist et al., these 

two proteins were identified in the secretome of Giardia upon contact with IECs 50. In similarity 

with other pathogens, Giardia’s secretion of ADI and OCT creates a competition between these 

enzymes and the host’s inducible nitric oxide synthase (iNOS) for L-arginine uptake, ultimately 

leading to a reduced nitric oxide (NO) production by the IECs 51. NO is considered to be an 

important immune system regulatory and antimicrobial molecule, which has been characterized 

of importance for the inhibition of encystation, excystation and the overall parasite proliferation 

in the intestine 51. In this project, we will focus on some of the proteins considered to be 

virulence factors of G. intestinalis. In particular, we will investigate the localization of the ADI, 

OCT, CK, EF1α and G3PD proteins after their secretion from Giardia during in vitro infection 

of differentiated Caco-2 cells. 

 

 

Virulence factor Function Reference 

Cysteine Proteases 

Degradation of cytokines, antimicrobial 

peptides, and immunoglobulins.  

Disruption of the mucus barrier, microbiota, 

and intestinal epithelial cell junctional 

complexes. 

30,44,45,48,52  

 Arginine Deiminase 

Arginine starvation and inhibition of NO 

production; role in antigenic variation and 

cytokine production. 

50,53–57  

Thiol Proteinase Degradation of IgA.  58 

Ornithine carbamoyl 

transferase 
Arginine starvation. 50,55 

 Variable Surface 

Proteins 

Antigenic variation, protection against 

intestinal proteases and attachment onto IECs. 
47,59–61  

Ventral disk and 

flagella proteins  
Attachment to the host’s IECs.  25,49 

Elongation factor 1 

alpha and 

Glyceraldehyde 3-

phosphate 

dehydrogenase 

Candidate virulence factors in G. intestinalis. 

Considered to be virulence factors in other 

systems such as bacteria and other parasite 

species, such as Leishmania. 

62,63 

Table 1: Giardia’s virulence factors and their respective functions during giardiasis. 
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Another important feature that has been known since the late 1980s is the ability of 

Giardia to undergo antigenic variation (Figure 2). This is a mechanism present in many other 

pathogens that gives them the ability to avoid antibody recognition by the host, yet it was 

described for the first time in Giardia in 1988 61. This process allows Giardia to change its 

surface antigens, also known as variable surface proteins (VSPs). VSPs are cysteine rich 

proteins compromising three different regions, an N-terminal variable region (containing 

several CXXC motifs), a conserved C-terminal transmembrane domain and a conserved 

cytosolic CRGKA tail that is post-translationally modified 47. In Giardia there are 200 VSP 

genes and at any given time each parasite only expresses one VSP on its surface 47. Besides 

their importance for immune evasion, VSPs have also been reported to protect the parasite 

against intestinal proteases and aid the attachment onto IECs 47,59,60. As a result of its variability 

and direct contact with both intestinal lumen and host’s immune recognition mechanisms, the 

N-terminal region of each VSP aids Giardia to avoid antibody recognition by the host 47. 

Moreover, VSPs are secreted into the medium through a mechanism cutting them close to the 

transmembrane region, releasing them into the intestinal lumen. Therefore, these proteins might 

be of importance when it comes to Giardia’s pathogenesis and immune system recognition at 

an early stage of infection. 

Despite little knowledge, high cysteine membrane proteins (HCMPs) and tenascins are 

two other major protein groups found in Giardia’s ESPs, especially during host-pathogen 

interactions 64. As the name indicates, HCMPs are a family of cysteine rich proteins sharing 

similarities with VSPs, such as the presence of the tetrapeptide CXXC motifs and a 

transmembrane domain 65. Their exact role during giardiasis is still poorly understood, however 

some studies have highlighted that they are upregulated in response to oxidative stress and that 

they might provide protection against proteolysis 65,66. Moreover, tenascins are proteins whose 

role during giardiasis still needs to be identified, nonetheless in mammals they have been found 

to influence cell adhesion and migration 67. Unlike VSPs and HCMPs, tenascins do not have a 

transmembrane domain 68. Due to the presence of EGF-like repeats, these proteins would be 

able to act as weak ligands for EGF receptors, yet if this would be of importance during 

giardiasis is still unknown 69. In this project, we attempt to characterize and test the ability of 

certain VSPs, HCMPs and tenascins to act as pathogen-associated molecular patters (PAMPs) 

and immune activators during giardiasis. 

Giardia and the host immune response at gut level  

The immune response built around giardiasis is a research topic, which has been studied 

with the help of mice models, in vitro culture of immune system cells and cohort studies among 

individuals previously infected with Giardia. At the intestinal level, there are cellular, soluble 

and physical innate immunity elements playing a protective role against pathogens. During 

giardiasis, it has been shown that the mucus layer, the complement system and antimicrobial 

molecules, such as NO and α-defensins, play an important role in controlling infection (Figure 

3) 55,57,70,71. The different elements complement each other by restricting Giardia proliferation, 

protecting IECs and maintaining the integrity of the small intestinal barrier. Apart from the 

physical and soluble elements of the innate immune system, macrophages, mast cells and 

dendritic cells (DCs) are critical for early parasite control and stimulation of adaptive immunity 
72–75 . 

The second line of defense from pathogens is the adaptive immunity. During giardiasis, 

T and B lymphocytes play essential roles in parasite clearance and prevention of chronic 

giardiasis 76–78. This response is thought to be stimulated mainly by the presentation of parasite 

antigens by the MHC II in DCs, which contacts and stimulates naïve B and T cells into 
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differentiation. Furthermore, antibody production, namely IgA and IgG, by B cells comes also 

into play and ultimately contributes for the eradication and control of Giardia spp. in the 

intestine 79,80. The antibodies produced by the host most frequently target the VSPs present on 

the surface of the parasite, nevertheless other studies have reported the presence of antibodies 

in human sera against other parasite proteins such as ADI, OCT, cyst wall proteins and enolase-

α 81. Even with all the mechanisms present to defend the host against infection, Giardia has 

evolved to fight and evade some of the immune system elements with its virulence factors 

(Figure 3). 

Despite all the knowledge gathered around the immune response and its role in infection 

clearance, there is still a big gap on the understanding of how the immune system is activated 

during early stages of infection. Toll-like receptors are one of the class of receptors from the 

innate immune system thought to be responsible for detecting PAMPs from Giardia. The 

expression of TLRs varies within the organism, with cell type and cellular compartments. In 

the small intestine epithelium, where Giardia colonizes its host, there is the expression of 

TLR2, TLR4 and TLR5 84. Up to date, there have been two major reports of TLR2 and TLR4 

activation during Giardia infection in both in vitro and mouse models, yet these have not 

clarified if the immune response starts with their activation, and it remains unclear which 

Giardia’s elements are triggering the immune response during giardiasis 85,86.  

Aim 

 

The infestation of the small intestine with G. intestinalis has been studied in the past 

decades by the understanding of specific aspects of giardiasis. Yet, questions regarding the 

function of some parasite proteins during infection or how the parasite activates the immune 

Figure 3 – Immune response built during Giardia’s infection of the small intestinal epithelium. Theory 

behind mechanisms was taken from reference 55, 71, 73-76, 80-83. 
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system are yet to be answered. When in close contact with IECs, the parasite releases multiple 

ESPs whose contribution for pathogenesis is already known. Nonetheless, the function of many 

other ESPs during host-parasite interactions still needs to be understood. Here, we attempted to 

characterize the localization of some giardial ESPs, after their secretion during host-parasite 

interactions. Additionally, we aimed to produce and test parasite proteins which can either be 

secreted or sit on the parasite surface. Thus, investigating their role as PAMPs and influence on 

the activation of the immune system response. 
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Materials and Methods 

General 

 

Cell cultures 

G. intestinalis trophozoites (isolate WB clone C6, assemblage A) were cultured in TYDK 

medium (pH = 6.8) supplemented with 10 % heat-inactivated bovine serum (Gibco) and bile 

according to Keister 1983 (Appendix A) 87. Trophozoites were either cultured in flat 10 mL 

tubes or in 50 mL Falcon tubes, depending on the experiment, and incubated at 37 ⁰C with 6 % 

CO2. During cloning protocols, bacterial cultures of Escherichia coli DH5α and E. coli TOP10 

were grown in LB medium supplemented with 10 µg/mL of ampicillin at 37 ºC and 220 rpm 

for periods of 12-16 h. The colon adenocarcinoma cell line, Caco-2 TC7, was cultivated in 

Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, catalog no. D6546) 

supplemented with non-heat inactivated bovine serum (Gibco), 1X GlutaMAX™-I (100X) 

(Gibco), 1X MEM non-essential amino acids (100X) (Gibco, catalog no. 11140050), and 1X 

antimycotic solution containing penicillin and streptomycin (100X) (Merck, catalog no. A5955-

20ML). The engineered Chinese Hamster Ovary cell line, ExpiCHO-S™, was grown in 

suspension with ExpiCHO™ Expression Medium in a 37 ºC incubator under >80 % humidity 

and 8 % CO2 (120 rpm). The medium and cells were acquired from Thermo Fisher Scientific 

(catalog no. A29133). 

Extraction of plasmid constructs using “Miraprep” 

An adaptation to the miniprep kit for plasmid extraction, as described previously in 88, 

was used to obtain higher plasmid concentration for G. intestinalis transfections. The reagents 

and materials used for this protocol were gathered from the miniprep kit GeneJET Plasmid 

Miniprep Kit (Thermo Fischer Scientific, cat no. K0502). E. coli containing the plasmid of 

interest was grown overnight (ON) at 37 ºC in 50 mL of LB media. After centrifugation, the 

pelleted bacterial culture was resuspended and the bacteria were lysed. The solution was 

neutralized and centrifuged at high speed. The supernatant was collected, and 1 volume of 

absolute ethanol was added for optimal plasmid DNA precipitation. Following homogenization, 

the solution was poured into multiple plasmid purification columns from the miniprep kit used. 

The columns were washed twice and the plasmids eluted from the columns through the addition 

of sterile water. Following quantification in the Nanodrop, plasmids were frozen at -20 ºC. 

SDS-PAGE and Western blotting analysis 

All protein samples analyzed through SDS-PAGE were first prepared by the addition of 

4X Laemmli Sample Buffer (Bio-Rad, catalog no. 1610747) to a final concentration of 1X and 

boiled for 10 min at 95 ºC. Following boiling, dithiothreitol (DTT) (Thermo Fischer Scientific, 

cat no. 20290) was added to each sample to a final concentration of 150 mM, and samples were 

frozen at -20 ºC until analyzed with SDS-PAGE. For protein analysis of G. intestinalis 

trophozoites, samples were prepared from a 70 % confluent trophozoite culture tube. After 

dislodging, washing, and resuspending cells in PBS, cells were prepared as described above. 

Protein samples taken during the purification steps of recombinant proteins produced in 

ExpiCHO cells, were also prepared as it is described above.  Protein samples were separated 

and analyzed in Any kD™ Mini-PROTEAN® TGX Stain-Free™ Protein Gel (Bio-Rad, 

catalog no. 4568126).  
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When necessary, SDS gels were transferred to the Trans-Blot Turbo Mini 0.2 µm 

Nitrocellulose membrane (Bio-Rad, catalog no. 1704158) by semidry blotting using the Trans-

Blot Turbo Transfer System (Bio-Rad). The membranes were blocked with either 5 % (w/v) 

dry milk or 5 % Bovine Serum Albumin (BSA) (VWR, catalog no. 422351S) in Tris-buffered 

saline (TBS) supplemented with 0.1 % Tween 20 (TBST).  

Giardial ESPs expressed with the 3xHA tag were targeted with the anti-HA antibody 

produced in rat (Roche, catalog no. 11867423001) (1:2500) and recombinant proteins expressed 

in ExpiCHO system were targeted with the primary anti-His antibody produced in mouse 

(Thermo Fisher Scientific, catalog no. MA1-21315) (1:6000). The incubation with primary 

antibodies was performed ON at 4 ºC. The rabbit IgG (expressed as positive control for the 

ExpiCHO system) was targeted by the anti-rabbit IgG peroxidase-linked antibody produced in 

donkey (1:5000) (Cytiva, catalog no. 10794347) and incubated for 1 h at room temperature 

(RT). The secondary anti-mouse and anti-rat peroxidase-liked antibodies (1:10000) (Cytiva, 

catalog no. NA931-100UL and NA935 respectively) were incubated for 1 h at RT. All the 

antibody dilutions were performed using blocking buffer containing either BSA or dry milk. 

The membranes were revealed by the addition of Clarity Western ECL Substrate (Bio-Rad, 

catalog no. 1705061) and images were taken with the Gel Doc (Bio-Rad) and analyzed in the 

Image Lab software. 

 

Localization of Giardia’s ESPs secreted during infection of differentiated Caco-2 cells 

Cloning into pPAC-3xHA/pPAC-integration-Hehl vectors for expression in Giardia cells 

To study whether some secreted proteins from G. intestinalis bind or internalize into 

IECs, five different ESPs genes were cloned into two different vectors, one which after 

trophozoite transfection sits as an episomal plasmid (pPAC-3xHA) and another consisting of 

the gene of interest flanked by two recombination sites for the integration into Giardia’s 

chromosome (pPAC-integration-Hehl). Both vectors contain genes that allow them to be 

replicated and kept in E. coli for the cloning steps and at the same time the gene codifying for 

the puromycin N-acetyltransferase (PAC), allowing the selection of Giardia transfectant 

trophozoites in the presence of puromycin. Each gene was cloned upstream of a three-HA 

epitope (3xHA) tag which was used later for the detection of expressed proteins during 

immunofluorescence microscopy and western blotting. The backbone of both plasmids is 

pictured in Figure 4. 

Each gene and its native promoter were amplified from Giardia’s chromosomal DNA 

with the Phusion Hot Start II DNA Polymerase (Thermo Fischer Scientific, cat no. F549S). The 

primers used in the Polymerase Chain Reaction (PCR) are presented on Appendix D. The 

amplified gene fragments and purified pPAC-3xHA/pPAC-integration-Hehl vectors (using 

GeneJET Plasmid Miniprep Kit) were digested for 1 h at 37 ºC (with the enzymes mentioned 

on Appendix D). The digested PCR fragments were ligated with the digested plasmids to a ratio 

of 3:1 (insert:vector) using the T4 DNA Ligase (Thermo Fischer Scientific). Competent E. coli 

DH5α bacteria were transformed with the ligation reactions through heat shock and grown on 

pre-warmed selective plates of LA supplemented with 100 µg/mL of ampicillin. Transformants 

were checked for correct fragment insertion and the positive clones were picked and used for 

liquid growth and plasmid extraction. The purified plasmids were sent for sequencing using 

Mix2Seq Kit (supplied by Eurofins Genomics) together with adequate sequencing primers 

covering the cloned fragments. Colonies with the correct plasmids were then used for -80 ºC 
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stocks preparation and for bigger scale plasmid extraction for future applications (“Miraprep” 

plasmid extraction). 

Transfection of G. intestinalis trophozoites with both episomal and integration vectors 

G. intestinalis trophozoites were grown until 70 % confluency and harvested by chilling 

on ice for 10 min and centrifuged for 5 min at 500 x g (4 ºC). Cells were resuspended with ice 

cold TYDK medium to a cell density of 107 cells/mL. The cell suspension was then placed in a 

cold pre-capped 4 mm electroporation cuvette (Bio-Rad, cat no. 1652088). The transfection of 

episomal plasmids was performed with 40 µg of purified plasmid. The integration vectors were 

first digested with SmiI/SwaI (Thermo Fischer Scientific, cat no. FD1244) and then around 20 

µg of linearized plasmid were transfected. The electroporation was performed using a Gene 

Pulser Instrument (Bio-Rad) with the following parameters: 350 V, 800 Ω and 960 µF, 

delivered for a period of 80-98 ms. The electroporated cells were incubated for 10 min on ice 

before being transferred to culture tubes containing 10 mL of TYDK medium at 37 ºC. One day 

later the selection drug (puromycin) was added to a final concentration of 50 µg/mL and every 

3 days the medium supplemented with puromycin was changed until confluency was reached. 

New transfectant Giardia strains were cryopreserved at -80 ºC with 10 % DMSO. 

Immunofluorescence microscopy  

Transfected trophozoites were prepared for immunofluorescence microscopy as 

described in 35,89 with some modifications. Trophozoites were collected by chilling on ice for 

10 min, washed twice with ice-cold PBS and droplets of 20 µL were added to the diagnostic 

microscopy slides (Thermo Fischer Scientific). Trophozoites were attached to the slide after a 

10 min incubation step at 37 ºC and fixed for 20 min using 2 % paraformaldehyde (PFA) 

(Thermo Fischer Scientific) at 37 ºC in a humidity chamber. Unreacted aldehyde groups were 

then quenched for 10 min through the addition of 100 mM glycine in PBS and cells were 

permeabilized with 0.2 % Triton-X 100 in PBS for 30 min at RT. Blocking solution consisting 

of 2 % (BSA) and 0.05 % Triton-X 100 in PBS was added to each spot and slides were incubated 

at RT for 1 h. Following the blocking step, the direct anti-HA antibody conjugated with Alexa 

594 (1:200) (BioLegend®, catalog no. 901511) was added and incubated for 1 h in a dark 

humidity chamber. Each spot was washed 6 times with 0.1 % Triton-X 100 in PBS and mounted 

with VectaShield + DAPI (Vector Laboratories, catalog no. H-1200-10). The slide was covered 

with a coverslip and sealed with nail polish before analyzing on the microscope. Microscopy 

images were taken in an Eclipse Ti Series microscope (Nikon). 

Characterization of G. intestinalis PAMPs 

 

Bioinformatic analysis: Domain prediction for recombinant proteins 

With the objective of producing recombinant proteins of HCMP115066 

(GL50803_115066), VSP1267 (GL50803_112208), VSP_417 (TSA) (GL50803_113797) and 

Tenascin10330 (GL50803_10330) (Appendix B) it was important to analyze how different 

protein domains are distributed and contribute for the secondary conformation of these proteins. 

For that, amino acid sequences were collected from GiardiaDB (www.giardiadb.org) and 

submitted into different online tools and servers, namely InterProScan 

(www.ebi.ac.uk/interpro/) and Phyre2 (www.sbg.bio.ic.ac.uk/~phyre2) for domain recognition 

and secondary structure prediction. 
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Subsequently, the primers were designed to amplify exclusively the extracellular domain 

of these four proteins together with specific elements on the 5’ overhang of both forward and 

reverse primers (Appendix C). On the forward primers, a Kozak consensus sequence and the 

secretion signal of the murine Ig k-chain (METDTLLLWVLLLWVPGSTG), and on the 

reverse primers a STOP codon, a linker, and a purification tag (6xHistidine).  

Cloning into pcDNA™ 3.4 – TOPO® vector 

The gene sequences were amplified from purified Giardia’s chromosomal DNA using 

Phusion Hot Start II DNA Polymerase (Thermo Fischer Scientific) and the primers presented 

in Appendix C. The amplified fragments were later cloned into the pcDNA™ 3.4 TOPO® vector 

with the aid of the pcDNA™ 3.4 TOPO® TA Cloning® Kit (Thermo Fischer Scientific, cat no. 

A14697). This vector (Figure 8) allows for genes of interest to be easily cloned downstream of 

a CMV promoter which following transient transfection grants high level expression of secreted 

proteins in mammalian cell suspension culture. The signal peptide used was the murine Ig κ-

chain leader sequence (Appendix C), and it was added to the PCR products together with a 

Kozak consensus sequence through the use of the 5’ overhangs of the forward primers. The 

STOP codon, linker, and purification tag (6 Histidine residues) were added to the ORF with the 

aid of the 5’ overhangs of the reverse primers (Appendix C). The cloning reaction was 

performed according to the recommendations on the kit. Transformants were streaked for insert 

and plasmid presence with the use of Colony PCR and positive transformants were selected for 

plasmid purification using the GeneJET Plasmid Miniprep Kit (Thermo Fischer Scientific). 

Purified plasmids were sequenced using Mix2Seq Kit (supplied by Eurofins Genomics). The 

plasmids cloned successfully and without any mutations present were extracted and purified 

using the PureLink™ HiPure Plasmid Midiprep Kit (Thermo Fischer Scientific, cat no. 

K210005) to remove endotoxins from E. coli, which would be problematic in later steps. 

ExpiCHO transfection and protein expression 

ExpiCHO cells were grown until the recommended cell density (by Thermo Fisher 

Scientific) for transfection was reached. On the day of transfection, cells were diluted with fresh 

ExpiCHO™ Expression Medium and were left to grow for 1 h. In the meantime, the 

ExpiFectamine CHO reagent and plasmid DNA were added together and the complexation 

reaction took place for 5 min at RT. Ultimately, the ExpiFectamine CHO reagent and plasmid 

DNA complexes were added to the cells. At 22 h post-transfection, the ExpiFectamine CHO 

Enhancer and ExpiCHO Feed were added to the cell suspension. The cells were then incubated 

at 37 ºC (with 120 rpm and 8 % CO2) for 10 days until protein collection. 

Purification of recombinant proteins 

10 days post-transfection, cells were collected and centrifuged for 30 min at 4 ºC (4.400 

x g). The supernatant was collected and filtered (pore size: 0.2 µm). The cleared supernatant 

was incubated with HisPur™ Ni-NTA Resin (Thermo Fischer Scientific, catalog no. 88223) 

with end-to-end rotation ON at 4 ºC. The cell pellet was resuspended in PBS and sonicated 4 

times for 4 min (65 watts). The cell lysate was then centrifuged for 30 min at 4 ºC (4.400 x g) 

and the supernatant saved to be filtered and incubated with the HisPur™ Ni-NTA Resin.  

After the ON incubation with resin, the mixture was added to a pre-equilibrated column 

(with 20 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, pH 7.4) and the 

flowthrough was collected. The column was washed with 4 column volumes of wash buffer 

(with 20 mM sodium phosphate, 300 mM sodium chloride, 25 mM imidazole, pH 7.4). The 
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protein of interest, containing the hexa histidine-tag was eluted from the resin retained in the 

column with the addition of elution buffer (20 mM sodium phosphate, 300 mM sodium 

chloride, 500 mM imidazole, pH 7.4). The elute fraction of the purification was then 

concentrated in a Pierce™ Protein Concentrator PES, 10K MWCO (Thermo Fisher Scientific, 

catalog no. 88527) and further concentrated using the Microcon-10kDa Centrifugal Filter Unit 

(Merck Millipore, catalog no. MRCPRT010). Simultaneously, the buffer was gradually 

replaced through the addition of PBS, with the objective of removing the imidazole. The 

concentrated fraction was collected and its protein concentration analyzed using the Qubit 

Fluorometric Quantification (Invitrogen). The total volume of protein was aliquoted and frozen 

at -20 ºC. For each step of the purification, strategic samples were taken to be analyzed through 

SDS-PAGE and western blotting. Each protein sample was prepared accordingly with the 

procedure above-mentioned in this section. 
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Results 

Localization of Giardia’s ESPs secreted during infection of differentiated Caco-2 cells 

The giardial ESPs identified during host-pathogen interactions, consist of an extensive 

list of proteins whose functions during pathogenesis are either described or still unknown 90. In 

this study we aimed to localize five ESPs secreted by the parasite during in vitro interactions 

between trophozoites and differentiated Caco-2 cells, which resemble the characteristics of the 

small intestine in humans 91. 

 

Construction and transfection of parasite expression vectors for genes of interest 

To study in depth the localization of the specific giardial ESPs that are secreted during 

infection of differentiated Caco-2 cells, it was necessary to create functional transfectant strains 

expressing the ESPs of interest with a C-terminal 3xHA tag that could later be detected in both 

western blotting and immunofluorescence microscopy.  

The five genes of interest, listed in Table 2, were cloned in both episomal (pPAC-3xHA) 

and integration (pPAC-integration-Hehl) vectors (Figure 4). 

Table 2 – Episomal and integration vector transfection in G. intestinalis trophozoites. 

Protein of interest / ESP 
Transfected vectors 

(episomal/integration)  

Survival after 

transfection 

Arginine deiminase (ADI) Episomal Yes (episomal) 

Ornithine carbamoyl 

transferase (OCT) 
Both No 

Carbamate kinase (CK) Both No 

Elongation factor 1 alpha 

(EF1α) 
Episomal Yes (episomal) 

Glyceraldehyde 3-phosphate 

dehydrogenase (G3PD) 
Both Yes (both) 

 

The transfection of trophozoites with the constructed plasmids and how successful it 

worked are listed on Table 2. It was possible to transfect the episomal vectors for the ADI, 

EF1α and G3PD genes, but not the vectors for the OCT and CK. We saw that by analyzing 

parasite survival and growth 10 days post-transfection. Furthermore, when transfecting 

trophozoites with the OCT, CK and G3PD integration vectors, only the G3PD transfectant 

survived and produced a functional transgenic strain. The ADI and EF1α integration vectors 

were not transfected as a consequence of available time. 
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Trophozoite transfectants for ADI, EF1α and G3PD express the proteins of interest 

Prior to infection of differentiated Caco-2 cells with the transgenic trophozoite cell lines, 

we confirmed the successful and correct expression of the HA-tagged giardial proteins, 

naturally secreted by the parasite (Table 2). The produced transfectant trophozoites were used 

for the collection of protein extracts, which were later analyzed by western blotting with the aid 

of an anti-HA antibody. Overall, it was possible to detect the expression of all the proteins of 

interest (Figure 5). The transfectants with the episomal vector coding for EF1α and G3PD and 

the transfectant with the G3PD gene integrated in the chromosome appear to have a strong band 

with the correct estimated molecular weight for the protein (Figure 5). In the particular case of 

the ADI protein, the band corresponding to the predicted molecular weight was faint in the 

western blot. Although all transfectants displayed a band corresponding to the correct 

expression of the protein of interest, traces of degradation products were found along the 

specific lanes (Figure 5).  

Figure 4 – Constructed plasmids for G. intestinalis trophozoites transfection. pPAC-3xHA is the vector 

that sits as an episome inside the trophozoites after transfection (multiple copies of the gene of interest inside 

the parasite). pPAC-integration-Hehl is the vector used to integrate one single copy of the gene encoding for 

the ESP of interest inside Giardia’s chromosome. The PAC gene provides resistance to puromycin. The 

AmpR and ColE1 origin were important for the cloning steps in E. coli. The 3xHA tag was used for protein 

detection. The integration vector required to be linearized with the SwaI restriction enzyme prior to 

transfection. The recombination sites were important for the integration in Giardia’s chromosome.  
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The same observations were found by looking at the immunofluorescence microscopy 

images with the trophozoite transfectants. As it is presented in Figure 6, there was fluorescence 

detection for all the transfectants, but the signal was presented with different intensities 

depending on the transfectant cell line. The ADI transfectant was the one with the highest 

fluorescence signal. On the other hand, the transfectant with an extra copy of the G3PD gene, 

integrated in its chromosome, presented the lowest fluorescence signal. When compared, the 

different transfectant trophozoite lines presented different intracellular localizations of the ESP 

being expressed. For the ADI transfectant, the signal was mainly coming from the cytosolic 

areas close to the cellular membrane, yet it was also distributed faintly in the cytosol. 

Additionally, while the ADI transfectant was grown, the cells looked visually unhealthy and 

their attachment to the culture tube was significantly reduced when compared with the wild 

type (data not shown, based on visualization on the microscope). For the G3PD and EF1α 

transfectants, the fluorescence signal came from the cytosol but mainly underneath the two 

nuclei, suggesting the localization of these proteins in the endoplasmic reticulum (ER), and 

alongside the axostyle of Giardia’s cytoskeleton. 

Figure 5 – Trophozoites transfected with ADI, G3PD and EF1α genes express proteins of interest. 

The expression of the ESPs tagged with a 3xHA tag was confirmed through the western blotting of the 

protein extracts collected from each transfectant trophozoite cell line. The expressed proteins were targeted 

with the rat monoclonal anti-HA antibody (1:2500). WB represents the lab strain commonly used to study 

the assemblage A of G. intestinalis (negative control). 
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Figure 6 – The generated transfectant trophozoites express the ADI, EF1α and G3PD proteins with a 

C-terminal 3xHA tag. The ESPs of interest were detected in fixed transfectant trophozoite cells by 

immunofluorescence microscopy using an anti-HA antibody conjugated with the fluorophore Alexa 594 

(1:200). WB represents the lab strain commonly used to study the assemblage A of G. intestinalis (negative 

control). * For the G3PD gene copy integrated in the chromosome, it was necessary to expose samples for 

longer periods (600 ms, while for the other strains the exposition time was 240 ms), due to low protein 

overexpression. Scale bar: 10 µm. 

* * 
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Characterization of G. intestinalis PAMPs 

Several studies have explored different immunoreactive proteins from Giardia spp., 

which are proteins that bind to antibodies present in the sera of previously infected individuals 
81. Yet, there is a gap of knowledge on which parasite factors trigger the activation of the 

immune response during infection. Therefore, in this study we intended to produce recombinant 

versions of the parasite proteins: VSP1267, VSP417 (TSA), HCMP115066 and Tenascin10330 

(Appendix B) and test their ability to act as PAMPs and activate TLR2 and TLR4 dependent 

immune pathways. The mammalian ExpiCHO expression system was selected with the 

objective of producing proteins with a structure as reliable and comparable as possible to the 

one found in the parasite and additionally to reduce any background effects, from contaminants 

present in other systems such as bacteria or yeast, during the TLR activation studies. 

Identification of extracellular domains in the candidate G. intestinalis PAMPs 

As a consequence of its localization and exposure to the immune system, it was necessary 

to identify the extracellular domain in the candidate proteins since this is the portion of the 

protein we aimed to produce and test as a PAMP. The search and localization of the extracellular 

domains was conducted through the aid of the online bioinformatic tools Phyre2 and 

InterProScan. The output from these two engines was highly identical and it is depicted in 

Figure 7. 

For each submitted protein sequence, it was possible to delineate specific domains and 

their respective amino acid coordinates. All four proteins were found to have a short secretion 

signal on the N-terminal followed by an extracellular domain of variable length. In particular 

for the VSPs and HCMP, two additional domains were identified, a transmembrane domain and 

cytosolic domain. For the tenascin protein, only the signal peptide and extracellular domain 

were identified. Ultimately, the knowledge on the distribution and amino acid coordinates of 

the specific domains, assisted the oligonucleotides design used to amplify the extracellular 

domain for the cloning steps. 

Figure 7 – Schematic representation of the protein domain prediction results, obtained through 

InterProScan and Phyre2, for each PAMP candidate to be expressed in the ExpiCHO system. The 

amino acid sequences for the four proteins were collected in GiardiaDB and submitted into the online tools 

Phyre2 and InterProScan to identify the different domains present in the proteins of interest. The amino 

acid coordinates delineating the extracellular domain are given for each protein. 
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Construction and transfection of pcDNA 3.4 TOPO vector for expression of candidate 

PAMPs in the ExpiCHO system 

The bioinformatic prediction of the protein domains allowed us to target the specific 

nucleotide sequence coding for the extracellular portions of the candidate proteins. With the 

objective of overexpressing the candidate proteins in the ExpiCHO system, it was necessary to 

clone the extracellular portions into an expression vector (pcDNA 3.4 TOPO vector). During 

the length of this project, it was possible to successfully construct the plasmids for the 

VSP1267, HCMP115066 and Tenascin10330 genes (Figure 8). It was not possible to create a 

stable vector for the VSP417 gene, due to cloning difficulties (dashed red arrow in Figure 8).  

In a pilot experiment, ExpiCHO cells in the correct cell density were chemically 

transfected using the ExpiFectamine reagent, provided by the supplier company, and with either 

the constructed VSP1267 plasmid DNA or the Antibody-Expressing Positive Control Vector 

(expressing a rabbit IgG antibody). Following 10 days post-transfection, both cell cultures 

showed a cell viability of ≥ 80 % and overall, during cell counting, the cells looked larger than 

during normal growth. 

VSP1267 and rabbit IgG are expressed in the ExpiCHO system 

The extracellular domain of each candidate giardial PAMPs were designed to be 

expressed with a C-terminal 6xHistidine-tag, which would be used together with the HisPur™ 

Ni-NTA Resin for their purification. After cell harvest, the supernatant was separated from the 

cells by centrifugation, and the cells were sonicated. The supernatant and cell lysate were 

separately incubated with the nickel resin in order to purify the recombinant protein of interest. 

To investigate where the recombinant protein was during the purification protocol, multiple 

Figure 8 – Constructed mammalian expression vectors for the candidate giardial PAMPs. The 

extracellular domains were cloned with the mouse Ig kappa gene secretion signal on the N-terminal and with 

a linker (five amino acids) and a 6xHistidine tag on the C-terminal. The Woodchuck Hepatitis Virus 

Posttranscriptional Regulatory Element (WPRE) and the HSV TK poly(A) signal are two regulatory elements 

enhancing the protein expression. The AmpR gene allowed for the selection of bacterial clones during cloning. 
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samples were collected, prepared and analyzed through SDS-PAGE (TGX Strain-free gel) and 

western blotting (Figure 9, 10, 11). 

In figure 9, with the stained SDS gel (TGX Strain-free) from the rabbit IgG purification 

samples (Antibody-Expressing Positive Control Vector), it was observed the proteins bands 

corresponding to both the heavy and light chain from the IgG antibody, with an approximate 

size of 50 kDa and 25 kDa, respectively. The bands corresponding to these two chains were 

found on the supernatant and flowthrough samples during the protein purification protocol 

(Figure 9A). The western blot targeting the rabbit IgG revealed bands in all protein samples 

for the heavy chain of the antibody, yet the samples corresponding to the supernatant and 

flowthrough were the ones with significant intensity (Figure 9B). 

The samples taken during the purification of the recombinant protein VSP1267 were 

analyzed through SDS-PAGE and western blotting targeting the His-tag (Figure 10). A protein 

band corresponding to the recombinant VSP1267 was confirmed to be present in the cell sample 

lane, in both the stained protein gel (TGX Stain-free) and western blot, with an approximate 

size of 59 kDa. The remaining lanes of the gel/membrane did not show any other relevant 

protein bands (Figure 10). 

The cell pellet obtained during cell harvest was used to ensure that proteins being 

expressed but not secreted from the cells could be released and purified using the nickel resin. 

Consequently, the ExpiCHO pellet was lysed through sonication, and the purification protocol 

was followed. In figure 11, the samples collected through the purification protocol were 

analyzed on a stained SDS gel and western blot targeting the His-tag. On the stained SDS gel 

there was evidence of significant protein degradation due to the smear present in the first 4 

lanes (Figure 11A). On the lanes corresponding to the remaining cell debris and flowthrough, 

there were bands corresponding to the approximate molecular weight of the recombinant 

VSP1267 (59 kDa). Yet, these bands were not visible during the western blot. The western blot 

revealed a protein band of 59 kDa on the cell debris sample and faint bands on the supernatant 

and flowthrough lanes. The concentrated elute sample, corresponding to the purified and 

concentrated protein, displayed a strong band around the expected size for the VSP1267 and at 

the same time a smear and fragments of lower molecular weight (Figure 11B). 
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Figure 9 – The rabbit IgG heavy and light chain are expressed and secreted from the ExpiCHO system 

into the supernatant. Analysis of protein samples collected from ExpiCHO cells transfected with the positive 

control antibody expression vector. The different samples, taken during IgG purification using HisPur™ Ni-

NTA Resin, were analyzed on a TGX stain free gel and through western blotting targeting the rabbit IgG. The 

expression of this antibody was used as a positive control for protein expression in the ExpiCHO system. (A) 

– SDS gel (TGX stain-free). (B) - Western blot using the anti-rabbit IgG antibody (1:5000). 

A 

B 
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Figure 10 – VSP1267 is expressed in the ExpiCHO cells but it is not secreted. Analysis of protein samples 

collected from ExpiCHO cells transfected with the pcDNA™ 3.4-TOPO®_VSP1267. The different samples, 

taken during VSP1267 purification using HisPur™ Ni-NTA Resin, were analyzed on a TGX stain free gel and 

through western blotting targeting the C-terminal His-tag. (A) – SDS protein gel (TGX Stain-free gel). (B) – 

Western blot of expressed VSP1267 in ExpiCHO cells using the mouse monoclonal anti-His antibody 

(1:6000). 

A 

B 
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A 

Figure 11 – Sonication of ExpiCHO cells expressing the recombinant VSP1267 does not lead to a 

successful release and purification of the protein. Analysis of protein samples collected from ExpiCHO 

cells transfected with the pcDNA™ 3.4-TOPO®. The ExpiCHO cells expressing the recombinant VSP1267, 

were sonicated with the aim of releasing the expressed protein into the supernatant. The different samples, 

taken during VSP1267 purification using HisPur™ Ni-NTA Resin, were analyzed on a TGX stain free gel and 

through western blotting targeting the C-terminal His-tag. (A) – SDS protein gel (TGX Stain-free gel). (B) – 

Western blot of expressed VSP1267 in ExpiCHO cells using the mouse monoclonal anti-His antibody 

(1:6000). 

B 
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Discussion 

Localization of Giardia’s ESPs secreted during infection of differentiated Caco-2 cells 

Giardiasis is a multifactorial disease not only shaped by the parasite and its virulence 

factors, but also by the host’s health and other physiological conditions. In the past years, 

multiple studies have tried to characterize the host-parasite interactions through the 

investigation of how different proteins from the parasite contribute to pathogenesis and immune 

system escape and evasion 43,52,90. In a previous study investigating the role of leishmania’s 

EF1α,  it was found that during infection this protein helps the parasite to manipulate the host’s 

immune responses by interacting with specific host components 63. Hence, the importance of 

studying specific proteins released by Giardia and the need of identifying possible pathogenic 

mechanisms during infection. 

The proteins selected to be studied in this project were previously identified to be part of 

the large group of ESPs, consisting of proteins released by Giardia during in vitro infection 

simulations with Caco-2 cells 43,90,92. In a study done by Showgy et al. 2017, released ESPs 

were tagged so that their localization during interactions with IECs could be followed 90. In that 

study, it was observed that the ESPs would stay in the intercellular space or interact with IECs 

by binding to the cell surface or by being internalized. Now, it is hypothesized that the binding 

or internalization of parasite proteins inside enterocytes might manipulate or influence 

mechanisms that ultimately get disrupted for the parasite’s benefit. Therefore, we selected five 

ESPs (Table 2), that recently exhibited the ability to bind to the surface of differentiated Caco-

2 cells (unpublished study), and we intended to explore in depth their binding or internalizing 

ability into IECs during infection.  

To achieve that, it was necessary to create transgenic trophozoites correctly expressing 

the selected proteins in a detectable manner and then use them to infect IECs and localize the 

secreted ESPs of interest. From the five constructed episomal vectors for the expression of these 

tagged proteins inside Giardia’s trophozoites, only the transfection with the ADI, EF1α and 

G3PD episomal vectors created stable transfectant cell lines (Table 2). We hypothesized that 

the unsuccessful transfection of the OCT and CK genes was due to high expression resulting 

from multiple episomal vectors inside the parasite. Thus, leading to metabolic distress or 

accumulation of toxic metabolites, ultimately restricting the parasite’s survival. We then 

thought that with the integration of these genes in the chromosome, we could achieve a more 

stable expression of the proteins and exclude possible toxic effects due to overexpression. For 

this reason, we attempted to integrate the CK, OCT and G3PD genes into Giardia’s 

chromosome, using the created integration vectors (Figure 4). Nonetheless, the trophozoites 

transfected with the CK and OCT integration plasmids did not survive, while the G3PD 

transfectant parasites did (Table 2). Ultimately, it was considered if the PAC gene, providing 

resistance to puromycin, was mutated in these particular vectors and consequently inhibiting 

the production of viable parasites for these two genes. However, the sequencing results of the 

constructed CK and OCT vectors did not detect any mutation in the PAC gene (data not shown). 

Future studies should address other possible constrains influencing the success of transfection 

with these two genes, such as using inducible promoters for the expression of these proteins or 

using other tags that might work better with our proteins. 

Following transfection, we checked for protein expression in the generated trophozoite 

transfectants by both western blotting and immunofluorescence microscopy (Figure 5 & 6). 

After collecting protein extracts from the transfectant parasites and analyzing them through 

western blotting, the protein separation pattern found was the standard for proteins being 
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expressed through external vectors (Figure 5). The proteins of interest were confirmed to be 

correctly expressed by observing the proteins bands with the expected molecular weight 

(Figure 5). Nonetheless, besides the correct protein bands, we observed for each protein the 

presence of a smear and fragments of lower molecular weight, suggesting protein degradation. 

In the particular case of ADI, the band corresponding to the exact expected size was 

significantly faint, indicating that there was protein degradation. The gene coding for the G3PD 

protein was not only transfected in an episomal vector but also integrated in the chromosome. 

We could notice the slightly different expression levels of this protein, as a consequence of 

gene copy number inside the cell, which was higher for the transfection with the episomal vector 

(Figure 5).  

In consonance with these results, the immunofluorescence microscopy pictures came to 

prove that the proteins were being expressed inside the trophozoites and were detectable by 

using the direct anti-HA antibody conjugated with the fluorophore Alexa 594 (Figure 6). The 

created transfectant trophozoites presented different fluorescence intensities, suggesting 

variable expression levels of each ESP. The EF1α protein was observed to localize right 

underneath the nuclei, suggesting its localization in the ER. This was expected since this is a 

protein involved in translation and known to bind to ribosomes. Although the ADI transfectant 

was the one with the highest fluorescence signal, the western blot results did not support this, 

since the protein band for the expected molecular weight of ADI was not strong (Figure 5). 

One of the possible explanations for these results could rely on the fact that the trophozoites 

were harvested at different growth stages, consequently, having different metabolic demands 

and different expression levels. A possible solution for this would be to first check that the 

parasites are collected at the same growth stage. Another hypothetical explanation could be that 

during the preparation of samples for the western blotting the proteins suffered degradation, 

while during the immunofluorescence microscopy, cellular proteases were inhibited due to 

fixation with paraformaldehyde. Moreover, as a consequence of such suboptimal expression of 

the ADI protein, with high levels of degradation, it would be interesting to try to integrate the 

ADI gene in the chromosome and evaluate if protein expression would be more stable and 

present less protein degradation.  

In future experiments, with the infection of differentiated Caco-2 cells, we aim to 

investigate in detail the localization of the 3xHA-tagged proteins being secreted by the 

produced transfectant parasites. Furthermore, if shown to be internalized or binding to the 

surface of IECs, the role of these ESPs during pathogenesis could be investigated and put into 

perspective of giardiasis. 

Characterization of G. intestinalis PAMPs 

The immune response developed during giardiasis has been slowly explored and relies 

significantly on the understanding between the host’s immune system and the parasite’s 

proteins. Although the immune response has been partially characterized throughout previous 

studies, how it is activated and which molecules trigger the development of immunity remain 

unknown. The characterization of PAMPs has not been achieved yet in any parasite species. 

Therefore, their discovery would be of extreme importance, because enlightening the 

mechanisms involved at early stages of infection and their influence in the development of 

immunity would help us in the development of effective vaccines and therapeutics. During 

infections, the pathogen antigens or PAMPs will trigger the beginning of the immune response, 

and this is directly associated with innate immunity cells and receptors, such as TLRs. The 

activation of TLRs by giardial proteins has only been addressed in a few studies, where specific 

proteins from Giardia were tested against either TLR2 or TLR4. The most recent study, 
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published in 2019 by Serradell el al., aimed to study VSPs and their potential use in oral 

vaccination 93. In this study, the authors demonstrated that the VSP1267 leads to the activation 

of TLR4-dependent immune pathways and antigen presenting cells in vitro. 

In our study, we picked four candidates PAMPs from G. intestinalis to be tested during 

in vitro TLR activation assays. One of the proteins selected was the VSP1267 that has already 

been proven to induce effective TLR4 activation in a previous study, and the remaining three 

are proteins that can be either present at the surface of the parasite or secreted by it. In this part 

of the project, it was necessary to decide and plan how the proteins of interest would be 

produced and tested as PAMPs. We chose the ExpiCHO mammalian expression system, using 

Chinese Hamster Ovary cells, to achieve protein structures identical to the ones found natively 

in the parasite and to avoid the presence of contaminants which would be associated with other 

expression systems. 

Due to the different domains present in these giardial proteins, only the extracellular 

domains were selected to be cloned and expressed in the ExpiCHO system. These domains 

were picked because of their potential to be recognized as antigenic epitopes by the immune 

system during infection. For both VSPs and the HCMP, there were identified three different 

domains (Figure 7), an extracellular, a transmembrane and a cytosolic domain, reflecting the 

protein localization in the cellular membrane of the parasite 47,65,94. For the tenascin protein, the 

only domain identified was the extracellular domain, given the fact that this protein is directly 

secreted by the parasite 94. The knowledge in the domain composition and distribution allowed 

us to clone specifically the extracellular domain of the proteins of interest into an expression 

vector (Figure 8), together with the secretion signal from the mouse Ig kappa chain gene 

(Appendix C) on the N-terminal and a five amino acid linker followed by a 6xHistidine tag on 

the C-terminal (Figure 8).  

The expression system was tested with the transfection of cells with the VSP1267 vector 

and the positive control antibody expression vector, responsible for the expression of a rabbit 

IgG antibody. The analysis of protein expression was carried out through SDS-PAGE (TGX 

Stain-free) and subsequently western blotting (Figure 9, 10 and 11). Overall, there was protein 

expression for both the parasite VSP1267 and the rabbit IgG (positive control). The rabbit IgG 

was expressed and secreted into the culture supernatant as it was observed in the SDS gel (TGX 

Stain-free) and the western blot (Figure 9). However, even if not expected to be purified 

through the nickel resin, due to the absence of a 6xHistidine tag, the rabbit IgG antibody was 

observed to be binding, in an unspecific manner to the nickel resin, given the presence of bands 

in most of the samples taken during purification (Figure 9B). Yet, the expression and secretion 

of the rabbit IgG antibody gave us enough information to assume that the transfection and the 

conditions used for protein expression were minimally ideal for our experiments. Although the 

VSP1267 was expressed in the ExpiCHO cells with the correct estimated size, the protein was 

not secreted and was trapped inside the cells (Figure 10B). Therefore, we attempted to lyse the 

cells through sonication and purify the recombinant proteins from there. Nevertheless, in the 

western blot presented in Figure 11B, it was still observed a strong band from the cell fraction. 

The concentrated elute fraction gave us enough information to say that our recombinant protein 

of approximately 59 kDa bound to the HisPur™ Ni-NTA Resin and was eluted successfully 

(Figure 11B). Yet, together with the correct band of interest, a smear of low molecular weight 

was present, possibly suggesting both unspecific protein purification, protein degradation and 

suboptimal solubility, given the fact that we are expressing the protein without the membrane 

spanning domain.  
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Our results clearly suggest that the expression protocol used is still suboptimal and that 

requires to be troubleshooted and optimized in order to achieve the secretion of the VSP1267 

into the supernatant or somehow removed from the cells. Considering that the secretion signal 

used was confirmed to be the one recommended by the company, it would be interesting to 

study where our protein is inside the ExpiCHO cells (stress vesicles or membrane of ER) and 

test different methods to either achieve protein secretion or the release of the protein during the 

purification protocol. Besides that, the constructs for the other candidate PAMPs could be used 

to test protein expression and secretion to the supernatant, as a possible way of identifying 

specific protein characteristics hindering secretion. Moreover, improving the binding of the 

proteins of interest to the nickel resin used or replace the purification tag for another one that 

works better with our system could be investigated. All in all, an optimized protocol will allow 

us to produce, purify and test different proteins thought to be activating the immune system 

during giardiasis. Ultimately, it will be possible to test if the VSP417, present mostly in the 

surface of cysts, or the VSP1267 present in the surface of trophozoites, or any other proteins 

present at specific life stages of the parasite and evaluate their role as PAMPs in the small 

intestinal environment 95–97. 

In sum, we managed to create four different transgenic trophozoite cell lines for the 

expression of HA-tagged ADI, EF1α and G3PD. In future experiments, these trophozoites will 

be used to infect differentiated Caco-2 cells and localize the HA-tagged proteins after their 

secretion. Additionally, we established the ExpiCHO expression system in our lab and 

expressed one of the VSPs present at the surface of Giardia. However, to test the ability of 

specific giardial proteins to act as PAMPs during giardiasis, it is still crucial to optimize the 

protocol for an efficient protein purification. 
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Appendixes 

 

Appendix A – Media and solutions 

 

TYDK medium (Keister 1983 87) 

 

Component 
Amount 

(g/L) 

Peptone 30 

Glucose 10 

NaCl 2 

L-Ascorbic acid 0.2 

KH2PO4 0.6 

K2HPO4 1 

L-cysteine 2 

Ferric ammonium 

citrate 
0.22 

Bile extract 0.125 

 

Appendix B – Table with the gene IDs for the proteins studied during this project 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene ID Gene name 

GL50803_112103 Arginine deiminase 

GL50803_10311 Ornithine carbamoyl transferase 

GL50803_16453 Carbamate kinase 

GL50803_112304 Elongation factor 1 alpha 

GL50803_6687  
Glyceraldehyde 3-phosphate 

dehydrogenase 

GL50803_113797 VSP_417 (TSA) 

GL50803_112208 VSP_1267 

GL50803_115066 HCMP_115066 

GL50803_10330 Tenascin_10330 
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Appendix C – Table with the primers used for the cloning of the proteins to be tested as 

PAMPs 

Target Gene 

ID 
Sequence (5’ to 3’) 

5' Overhang 

content 

GL50803_113797 

(FW) VSP 417 

TSA 

CTGCTGCTTTGGGTCCCAGGCTCTACAGGA 

gcctgcacccaagaagctga 

Murine IgG k chain leader 

sequence (31-60 nt) 

GL50803_113797 

(RV) VSP 417 

TSA 

CTA ATGGTGATGGTGATGGTG 

ACTGCCGCCCCCGCC accagtggagagcccgct 

STOP codon, 6xHis tag, 

Linker 

GL50803_112208 

(FW) VSP 1267 

CTGCTGCTTTGGGTCCCAGGCTCTACAGGA 

gtagattgcaagaatagtggaaatagttgtg  

Murine IgG k chain leader 

sequence (31-60 nt) 

GL50803_112208 

(RV) VSP 1267 

CTA ATGGTGATGGTGATGGTG 

ACTGCCGCCCCCGCC gccgctcttgttggtgct 

STOP codon, 6xHis tag, 

Linker 

GL50803_115066 

(FW) HCMP 

115066 

CTGCTGCTTTGGGTCCCAGGCTCTACAGGA 

gcgaagtgtacgcactcctacc  

Murine IgG k chain leader 

sequence (31-60 nt) 

GL50803_115066 

(RV) HCMP 

115066 

CTA ATGGTGATGGTGATGGTG 

ACTGCCGCCCCCGCC ggctgtcttccttgtcgagc 

STOP codon, 6xHis tag, 

Linker 

GL50803_10330 

(FW) 

CTGCTGCTTTGGGTCCCAGGCTCTACAGGA 

gaggacgaggttcttatcgacg 

Murine IgG k chain leader 

sequence (31-60 nt) 

GL50803_10330 

(RV) 

CTA ATGGTGATGGTGATGGTG 

ACTGCCGCCCCCGCC gtgctcgtgcttgatttcgc 

STOP codon, 6xHis tag, 

Linker 

Second PCR for 

each gene cloned 

in TOPO vector 

GTA 

ATGGAAACTGATACACTGTTGCTCTGGGTG 

ctgctgctttgggtccc  

Murine IgG k chain leader 

sequence (1-30 nt) 

Second PCR for 

each gene cloned 

in TOPO vector 

ctaatggtgatggtgatggtgac - 

 

 

 

 

 

 

 

 

 

 

 



UPPSALA UNIVERSITET               Master Thesis 2021      39 (40) 

Appendix D – Table with the primers used for the cloning of ESPs of interest 

Target Gene ID Sequence 
5' Overhang 

content 

GL50803_112103 (FW) 

Arginine Deiminase 
TGC CCATGG ctgtagatccaccgacaccggt NcoI 

GL50803_112103 (RV) 

Arginine Deiminase 
GG GCGGCCGC AA cttgatatcgacgcagatgtcagcc NotI 

GL50803_10311 (FW) 

Ornithine carbamoyl 

transferase 

TGC CCATGG gtcagcttcatttttattatcgaataacatc NcoI 

GL50803_10311 (RV) 

Ornithine carbamoyl 

transferase 

GG GCGGCCGC AA ctccatcttgcagtcatgcaag NotI 

GL50803_16453 (FW) 

Carbamate kinase 
TGC CCATGG agtagggccgctatgaacccg NcoI 

GL50803_16453 (RV) 

Carbamate kinase 
GG GCGGCCGC AA atccttgatgatgcgggtcccac NotI 

GL50803_112304 (FW) 

Elongation factor 1 alpha 
GTC AAGCTT tcatcagagcgtacttccgcct NcoI 

GL50803_112304 (RV) 

Elongation factor 1 alpha 
GG GCGGCCGC AA cttgccgcccttggggg  NotI 

GL50803_6687 (FW) 

Glyceraldehyde 3-phosphate 

dehydrogenase 

GTC AAGCTT cggtgcagtccttaagaaagattgatctac  NcoI 

GL50803_6687 (RV) 

Glyceraldehyde 3-phosphate 

dehydrogenase 

GG GCGGCCGC AA gcagcccttggacccgac NotI 

GL50803_112103 (FW) 

Arginine Deiminase 
ACG TCTAGA ctgtagatccaccgacaccg  XbaI 

GL50803_10311 (FW) 

Ornithine carbamoyl 

transferase 

ACG TCTAGA gtcagcttcatttttattatcgaataacatc  XbaI 

GL50803_16453 (FW) 

Carbamate kinase 
ACG TCTAGA agtagggccgctatgaaccc XbaI 

GL50803_112304 (FW) 

Elongation factor 1 alpha 
ACG TCTAGA tcatcagagcgtacttccgc  XbaI 

GL50803_6687 (FW) 

Glyceraldehyde 3-phosphate 

dehydrogenase 

ACG TCTAGA cggtgcagtccttaagaaagattg  XbaI 

1 TGT TTAATTAA cccgcatttctggggaga  PacI 

 

 

 

 

 
1 The genes were directly amplified from the previously constructed plasmid (pPAC-gene-3xHA), hence 
the downstream presence of the Alpha-1 giardin 3’ UTR. 


