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Abstract
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Giardia intestinalis, the causative agent of the diarrheal disease giardiasis, is a protozoan
parasite that colonizes the upper small intestine of mammals, including humans. It can be divided
into eight genotypes or assemblages (A through H) and only assemblage A and B are infective
to humans. Giardiasis is a multi-factorial disease but few giardial virulence factors have been
identified and characterized.
In this thesis, we used proteomics to identify the major excretory-secretory products (ESPs)
released by Giardia trophozoites of the WB and GS isolates during interaction with intestinal
epithelial cells (IECs) in vitro (Paper I). To deepen our understanding of the role of ESPs in
giardiasis, we focused on three specific secreted Giardia cysteine proteases (CPs; CP14019,
CP16160 and CP16779). All the three CPs are capable of opening the apical junction complexes
between IECs to degrade chemokines produced in response to Giardia (Paper II). This can partly
explain the induction of symptoms and immunosuppression seen during giardiasis. We further
studied the cleavage specificity of these CPs using substrate phage display and recombinant
protein substrates. The preferred sequences were used to search potential human in vivo targets
and a number of candidates were identified, including human immunoglobulins as well as
defensins, that were subsequently shown to be efficiently cleaved by the CPs (Paper III). To
investigate the involvement of CPs in mucus degradation, we tested the CPs on recombinant
MUC2 constructs and full-length MUC2. MUC2 is the major component of the mucus layer in
the small intestine. It was shown that CP14019 cleave MUC2 in the N-terminal, suggesting a
mechanism that the parasite can use to disrupt/release the mucus gel network and get access to
the intestinal epithelium of the host (Paper IV).
In summary, this thesis has studied secreted Giardia CPs and their roles in Giardia infections,
providing significant insights into the molecular pathogenesis of giardiasis.
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Abbreviations

ADI
AJ
AME
AMP
AP
ATP
CCL (-2, -20)
COP
CXCL (-1, -2, -3)
CP
DC
EF-1α
ER
ESP
FeS
HCMP
IBS
IEC
Ig (-A, -G)
LC-MS
MLCK
MMP
NO
NOS
OCT
PV
SDS-PAGE
TJ
VSP
ZO
α-HD (-5,-6)
β-HD1

Arginine deiminase
Adherence junction
Arginine metabolizing enzyme
Antimicrobial peptide
Adaptor protein
Adenosine triphosphate
Chemokine with double cysteine (CC) N-terminal motif
Coat protein
Chemokine with CC motif separated by 1 amino acid
Cysteine protease
Dendritic cell
Elongation factor 1 alpha
Endoplasmic reticulum
Excretory-secretory product
Iron-sulfur
High-cysteine membrane protein
Irritable bowel syndrome
Intestinal epithelial cell
Immunoglobulin A, G
Liquid chromatography-mass spectrometry
Myosin light chain kinase
Matrix metalloprotease 7
Nitric oxide
Nitric oxide synthase
Ornithine carbamoyl transferase
Peripheral vacuole
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Tight junction
Variant-specific surface protein
Zonula occludens
α-defensin (-5,-6)
β-defensin 1

Introduction

Our understanding of Giardia’s pathogenesis is increasing, partially attributed to the understanding of the effects of excretory-secretory products (ESPs)
released by Giardia during host-parasite interactions. However, the understanding is limited to effects induced by culture supernatants in most studies
and the specific virulence factors have rarely been identified and characterized. Proteases constitute a large proportion of the ESPs and secreted proteases have been suggested to be key players in the pathogenesis of many protozoan parasitic diseases, including giardiasis.

Giardia
Giardia was initially described by van Leeuwenhoek in 1681 when he was
examining his own diarrheal stools under his primitive microscope (Dobell,
1920). The organism was described in more detail by Lambl in 1859 who
thought it belonged to Cercomonas and named it Cercomonas intestinalis
(Lambl, 1859). Thereafter, several names were introduced for the organism.
Giardia was for the first time used as genus name by Kunstler in early
1880’s. Lamblia intestinalis was later suggested by Blanchard in 1888
(Blanchard, 1888) and changed to G. duodenalis by Stiles in 1902 (Stiles,
1902). In 1915, Kofoid and Christiansen proposed the name G. lamblia
(Kofoid, 1915). It continued to be a controversy about the name and number
of different Giardia species in the next 100 years.
Based on the morphological differences, Filice described a detailed morphology of Giardia and proposed three species names; G. duodenalis, G.
muris, and G. agilis based on the morphology of the median body (Filice,
1952). Thereafter, three additional species, G. psittaci from parakeets
(Erlandsen and Bemrick, 1987), G. ardeae from herons (Erlandsen et al.,
1990) and G. microti from voles and muskrats (Feely, 1988), were identified
by electron microscope.
Newly introduced molecular biological tools have later been applied in
the Giardia classification. G. intestinalis (syn. G. lamblia, G. duodenalis)
human isolates were divided into two major assemblages, assemblage A and
B, based on their marked genetic as well as biological differences (Lu et al.,
1998, Nash et al., 1987, Karanis and Ey, 1998). More recently, a number of
additional assemblages have been proposed for Giardia isolates from a vari11

ety of mammals, based on the differences of protein sequences. A few dog
Giardia isolates (assemblage C and D) were identified and found to be quite
distinct from assemblage A and B (Monis et al., 1998). Separate assemblages (E trough H) have also been proposed for hoofed animals (Ey et al.,
1997), cat (Monis et al., 1999), and rat (Monis et al., 1999) isolates (Table
1). In contrast to assemblage A and B parasites, other assemblages display a
higher degree of species specificity. In 2009, a revision of the Giardia taxonomy and a new nomenclature at species level was proposed (Table 1,
(Monis et al., 2009)). Since this thesis focuses on assemblage A and B, I
have chosen to use the assemblage designations to indicate G. intestinalis
genetic groups and Giardia will also be used to denote G. intestinalis unless
otherwise specified.
Table 1. Taxonomy and host-range of recognized Giardia species, G. intestinalis
assemblages. Adapted from (Monis et al., 2009).
Species

Genotype

Proposed species name

Host

G. intestinalis

Assemblage A
Assemblage B
Assemblage C,D
Assemblage E
Assemblage F
Assemblage G
Assemblage H

G. duodenalis
G. enterica
G. canis
G. bovis
G. cati
G. simondi

Humans and other mammals
Humans and other mammals
Domestic and wild canids
Hoofed animals
Cats
Rodents
Sea mammals
Rodents
Amphibians
Rodents
Herons
Parakeets

G. muris
G. agilis
G. microti
G. ardeae
G. psittaci

Life cycle of Giardia
Giardia is a single-celled protozoan parasite. It has a relatively simple life
cycle (Figure 1) consisting of two major life-cycle stages; vegetative trophozoites and infectious cysts. The infection is initiated by ingestion of cysts.
After exposure to the acidic environment in the stomach and bile and trypsin
in the duodenum the cysts undergo excystation (Figure 1) to generate trophozoites. The released motile trophozoites colonize the upper small intestine
of the hosts where they divide by binary fission and establish an infection.
Thereafter, the trophozoites undergo dramatic biological changes to survive
outside the intestine of their host, by differentiating into resistant cysts (encystation, Figure 1). The cyst wall enables the parasite to survive for long
periods of time in the environment until the next infection.
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Figure 1. The life cycle of Giardia. Giardia has a simple life cycle with two main
life cycle stages; infective cysts and vegetative trophozoites. The cyst is resistant to
harsh environments. Trophozoites attach to intestinal epithelial cells and replicate in
the small intestine. These two life cycle stages are generated by two cell differentiation processes; encystation and excystation.

The trophozoite
The Giardia trophozoite is a pear-shaped cell and it is approximately 12-15
µm long and 5-7 µm wide. The trophozoite has two nuclei symmetrically
located in the anterior region. The cytoskeleton is extensive, consisting of a
median body, four pairs of flagella, and a ventral disc (Elmendorf et al.,
2003).
The nuclei
Giardia trophozoites possess two nuclei symmetrically located in the anterior half of the cell. These nuclei are equivalent in size and in the amount of
DNA, and both nuclei are transcriptionally active (Kabnick and Peattie,
1990, Yu et al., 2002). However, differences have been seen between the
nuclei. Aneuploidy between the two nuclei seems to occur in certain isolates
(Tumova et al., 2007). The two nuclei are distinct in the nuclear envelope
and the number and distribution of nuclear pores (Benchimol, 2004). Expression of the small nucleolar RNA (snoRNA) GlsR17 was found to occur
primarily in only one nucleolus (Saraiya and Wang, 2008). One nucleus
usually starts replication of DNA before the other (Hofstetrova et al., 2010).
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Cytoskeleton
Giardia has an elaborate microtubule cytoskeleton that can be seen in detergent extracted cells (Dawson, 2010). The microtubule cytoskeleton consists
of structures commonly found in flagellated protists (four pairs of flagella
and two mitotic spindles). It also possesses structures such as the ventral disc
and the median body (Dawson, 2010). The structures mainly contain alphaand beta-tubulin but also Giardia-specific protein families such as αgiardins, Nek kinases, ankyrin repeat proteins, striated-fiber assemblin-like
proteins (SALP-1, β-,δ-giardin) and the ventral disc protein γ-giardin (Palm
et al., 2005, Nohria et al., 1992).
The eight flagella (9+2 microtubule arrangement) of the trophozoite are
organized as four pairs; the anterior flagella (AF), posteriorlateral flagella
(PF), caudal flagella (CF) and ventral flagella (VF). Flagellar beating is important for cellular motility, and they are possibly also involved in the encystation/excystation processes (Ginger et al., 2008). A recent study has shown
that the flagellar motility indirectly contributes to giardial attachment and it
is important for positioning and orienting trophozoites prior to attachment
(House et al., 2011). The flagellar motility has also been found to be essential for cell division by initiating daughter cell separation and providing a
source for membrane tension (Hardin et al., 2017). The flagella originate
from eight basal bodies located in between the two nuclei. Basal bodies are
involved in the regulation of Giardia trophozoite growth, cell division and
differentiation (Abel et al., 2001, Gibson et al., 2006, Lauwaet et al., 2007).
The ventral disc of Giardia is regarded as a key virulence factor since the
establishment of Giardia infection depends on the trophozoites attachment to
the epithelium to avoid being eliminated from the small intestine by peristalsis. The ventral disc is a unique structure of Giardia and it covers the anterior half of the ventral surface of the trophozoite. The ventral disc is a concave
spiral array of microtubules perpendicularly joined by microribbons in the
cytoplasm (Dawson, 2010). The spirals are joined at the tips and create a
circular area devoid of cytoskeleton proteins. The ventrolateral flange, lateral
shields, lateral crest and bare area sequentially make contact with the substrate during attachment (House et al., 2011).
The median body is a haystack of disordered microtubules present on the
dorsal side of Giardia trophozoites, forming the “crooked smile” of Giardia
trophozoites (Dawson, 2010). The structure is unique to Giardia and its
morphology has been used to define the morphologic characteristics of Giardia species (Filice, 1952). The functional role of the median body is still
unknown.
Mitosome
The mitosomes of Giardia are the reduced forms of eukaryotic mitochondria
with a size less than 0.2 µm. Each cell possesses 20 to 100 mitosomes. There
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are two types of mitosomes. The central mitosomes locate between the two
nuclei and they are split during the mitosis. The other mitosomes are scattered within the cytosol (Tovar et al., 2003, Dolezal et al., 2005, Regoes et
al., 2005, Dagley et al., 2009). Giardia mitosomes have lost the ability to
generate energy but retained some mitochondrial features such as presence
of a double-membranes, assembly of iron-sulfur (FeS) clusters and requirement of translocation signals for import of mitosomal proteins (NyindodoOgari et al., 2014). The import machinery is much reduced compared to
other eukaryotes and the few identified component are outer membrane
porin Tom40 and inner membrane translocases Pam18 and Pam16 (Jedelsky
et al., 2011, Dagley et al., 2009). Protein folding is mediated by Chaperonin
60 and 10. Although adenosine triphosphate (ATP) is required to provide
energy for mitosomal functions, such as import and maturation of mitosomal
proteins and transfer FeS clusters to apoproteins, no component involved in
ATP synthesis has been identified in giardial mitosomes. How the ATP is
transferred to the mitosome remains unknown. “Tail-anchored proteins”
such as Sec20, a member of SNARE (soluble N-ethylmalemide-sensitivefactor attachment protein receptors), and VAMP associated protein (VAP)
have also been identified in mitosomes (Elias et al., 2008, Jedelsky et al.,
2011), suggesting they might have a role in linking the mitosomal membranes with the endomembrane system.
Protein transport
Giardia has a different protein transport system compared to typical eukaryotes. Giardia possesses an endoplasmic reticulum (ER) network that extends
from the nuclear envelops through the entire cell body and this is the major
secretory system where the proteins mature and sort in the absence of a true
Golgi apparatus (Faso and Hehl, 2011). Glycosylation occurs in Giardia
without the presence of the Golgi apparatus, but only addition of N-acetyl
glucosamine(s) has been described in Giardia ER (Robbins and Samuelson,
2005). A large number of proteins that contribute to protein transport have
been identified in the Giardia genome, for example clathrin, SNAREs, coat
complexes (COPI) and small GTPases (Murtagh et al., 1992, Marti et al.,
2003, Elias et al., 2008). The adaptor proteins (AP1 and AP2) were also
shown to be involved in the secretory transport and the endocytic processes
(Touz et al., 2004, Rivero et al., 2010b).
Giardia has no peroxisomes or lysosomes, but it possesses a large number
of vesicles known as peripheral vacuoles (PVs) that are located below the
plasma membrane of the dorsal side. PVs have lysosomal properties and
contain hydrolases and proteases (McCaffery and Gillin, 1994, Thirion et al.,
2003). PVs take up soluble material from the environment, but the exact
mechanism needs to be uncovered (Wampfler et al., 2014, Abodeely et al.,
2009). Secretory transport is targeted by N-terminal signal peptides of the
proteins or combined with signals from a semi-conserved C-terminal region,
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and transit to plasmamembrane via ER (Faso and Hehl, 2011). Secretion of
giardial metabolic enzymes lacking signal peptides via a non-conventional
pathway has also been determined (Ringqvist et al., 2008).

Cell differentiation
Cell differentiation of Giardia involves two major developmental transitions.
Differentiation into infectious cysts through the process of encystation is
crucial for transmission and survival of the parasite. Directly after the ingestion of cysts, the parasites differentiate into the short-lived, flagellated
excyzoites in the duodenum, and the excyzoites rapidly undergo two rounds
of cytokinesis, generating four fully developed trophozoites.
Encystation
Encystation is the process where vegetative trophozoites differentiate to
dormant and infectious cysts. Encystation starts in vivo when trophozoites
migrate to the lower part of the small intestine. This process can be mimicked in vitro by exposing the trophozoites to a pH of 7.8 and high concentration of bile salts (Gillin et al., 1996) or starvation of cholesterol (Lujan et
al., 1996). The trophozoites quickly become round, detach from the intestinal surface and the ventral disc is fragmented into four crescent-shape structures (Palm et al., 2005). The cyst wall is composed of ~40% protein and
~60% carbohydrate. The transcription of cyst wall proteins 1-3 (CWPs) and
genes in the pathway to synthesize carbohydrate monomers is regulated by
transcription factor Myb2 (Sun et al., 2002). The synthesized carbohydrate
monomers are assembled into giardan (β(1-3)-N-Acetyl-D-galactosamine
polymer) by the “cyst wall synthase” (Karr and Jarroll, 2004). During encystation, the two nuclei divide, without intervening cytokinesis, to form four
cyst nuclei with four copies of each chromosome (4x4N) in the mature cyst
(Bernander et al., 2001, Poxleitner et al., 2008).
The cyst
The cyst has an oval shape with a size of 8-12 µm x 7-10 µm. It is covered
by a cyst wall that is 0.3-0.5 µm thick. It contains four prominent nuclei,
flagellar axonemes and fragments of the ventral disc. The cyst stage enables
survival of the parasite in harsh environments outside of the host. Giardia
cysts are shed in the feces into the environment until transmission to a new
host can occur.
Excystation
Excystation of Giardia entails a rapid differentiation of cysts to parasitic
trophozoites and it can be induced in vitro. Excystation is induced by exposing cysts to acidic pH like in the stomach, followed by a slightly alkaline
solution containing pancreatic proteases, mimicking the environment of the
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small intestine (Bingham and Meyer, 1979, Boucher and Gillin, 1990).
Excystation is initiated by the opening of cyst wall at one pole, the cytoplasm is retracted from the wall and the peritrophic space become progressively larger. Subsequently, the flagella emerge through the open pole, followed by release of the entire cell that is a short-lived parasite stage (excyzoite). The excyzoite rapidly goes through cytokinesis and divides twice to
form four trophozoites. The generation of four trophozoites from one cyst
partly explains the low infection dose of Giardia (Rendtorff, 1954).

Giardiasis
Giardia is one of the most common waterborne pathogens distributed
worldwide (Lane and Lloyd, 2002). Human giardiasis is caused by assemblage A and B Giardia parasites, both of which are potentially zoonotic.
Individuals infected with Giardia can be both asymptomatic and symptomatic. The infection is triggered by ingestion of cysts through contaminated
water or food and the colonization of trophozoites in the upper small intestine causes the infection.
Symptoms of Giardia infection vary in severity on individual basis and
duration of the infection. The outcomes of the disease range from asymptomatic carriage to severe and chronic diarrhea. Asymptomatic individuals can
be reservoirs for spreading of the disease by passing cysts in their feces.
Symptoms, aside from diarrhea, typically include abdominal pain, vomiting,
nausea, dehydration, weight loss (Farthing, 1996, Gascon, 2006, Panaro et
al., 2007). “Continuous passage of loose stool for more than two weeks” is
defined as severe diarrhea, and chronic diarrhea is used if the diarrheal state
continues for more than four weeks (Pawlowski et al., 2009). The majority
of Giardia infected individuals does not develop overt intestinal inflammation.
The symptoms of giardiasis typically self-resolve. The host’s clinical status such as nutritional state, immune status and age are factors that have
effects on the disease outcomes (Faubert, 2000) since elderly and immunocompromised individuals are more affected (Stark et al., 2009, Rogawski et
al., 2017). Giardia infections may also induce post-infectious syndromes
such as irritable bowel syndrome (IBS) and chronic fatigue (D'Anchino et
al., 2002, Wensaas et al., 2012, Hanevik et al., 2014, Halliez et al., 2016,
Nakao et al., 2017).

Giardia pathogenesis
The pathogenesis of giardiasis is incompletely understood and both host and
parasite factors contribute to the multifactorial process (Figure 2). To estab17

lish an infection in the host’s small intestine, Giardia must overcome the
intraluminal fluid flow, peristaltic waves, and a series of host defense mechanisms to replicate and make contact with the intestinal epithelium. Giardia
trophozoites strongly adhere to the epithelial surface of the small intestine
via a ventral adhesive disc (Sousa et al., 2001, Chavez and Martinez-Palomo,
1995, Chavez et al., 1995, Erlandsen et al., 2004). In most cases, Giardia
causes infection without invading the host cells. At the height of infection,
millions of Giardia trophozoites closely associate with the intestinal epithelial surface. The physical attachment of trophozoites to epithelial cells activates downstream events that impair the host cells and cause associated signs
and symptoms of giardiasis via targeting specific signaling pathways.

Figure 2. Giardiasis is a multi-factorial disease. (1) Diffuse shortening of microvilli,
disaccharidase impairment and increased crypt/villus ratio. (2) Upregulation of
chemokines expression and recruitment of immune cells. (3) Disruption of tight
junction. (4) Induction of apoptosis. (5) Increase in intestinal epithelial permeability.
(6) Arginine starvation and reduced NO production. (7) Increased chloride secretion.
(8) Alteration of intestinal microbiota. (9) Disruption of mucin integrity. Adapted
from (Allain et al., 2017a, Einarsson et al., 2016a).
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Microvilli shortening, destruction, malabsorption
The brush border surface provides the major interface for nutrient absorption, and reduction of the microvilli surface area is linked to a reduced activity of enzymes that are necessary for proper digestion and absorption of
nutrients (Farthing, 1997). The disruption of the brush border could damage
the digestive enzymes leading to malabsorption. Loss of brush border surface area was observed in gerbils infected with Giardia which was associated with the inhibition of disaccharidase activities and fluid malabsorption
(Buret et al., 1992, Buret et al., 1991). This is consistent with the observation
of decreased total duodenal surface area in patients with chronic giardiasis
(Troeger et al., 2007). It has been shown that microvillus shortening, disaccharidase impairment and increased crypt/villus ratios are regulated by
CD8+ T cells (Scott et al., 2004) but there is also a direct, physical decrease
of microvilli due to tight binding of the disc to the IECs (Sousa et al., 2001,
Chavez et al., 1995). Villin is the main microvillus actin-bundling protein.
Breakdown of villin results in the destruction of the microvillus architecture.
Remodeling of the brush border microvillus protein villin was observed via
CD4+ and CD8+ immune responses during Giardia infection in vivo
(Solaymani-Mohammadi and Singer, 2013). Co-incubation of Giardia with
Caco-2 cells has also induced cleavage of villin in a cysteine protease dependent manner, partly via myosin light chain kinase (MLCK) activation, as
MLCK inhibition did not prevent villin degradation at early time points (2 h)
whereas it prevented villin degradation at later time points (24 h) (Bhargava
et al., 2015). Taken together, Giardia-induced CD8+ T cell dependent shortening of microvilli surface area, increased epithelial cell replication and migration contribute to the reduced levels of disaccharidase activity, resulting
in malabsorption and further diarrhea.

Intestinal barrier disruption
The intestinal epithelial barrier, which is maintained by epithelial junctional
complexes, functions as a physical barrier between the lumen and the subepithelial tissue. This barrier prevents the passage of microorganisms and
luminal antigen to the underlying tissue, playing an essential role in the
maintenance of intestinal homeostasis (Schumann et al., 2017).
Epithelial apoptosis
One of the most striking outcomes of parasite attachment is the activation of
cell death mechanisms such as apoptosis. Apoptosis is characterized as a
regulated and controlled autonomous cell death process that plays an important role in cell turnover and maintain cellular homeostasis (Elmore,
2007). Apoptosis can be activated extrinsically by receptor-mediated signaling (activation of procaspase-8) or intrinsically by disruption of mitochon19

dria (activation of procaspase-9), both of which activate downstream caspase-3 (Thornberry and Lazebnik, 1998) resulting in the cell apoptosis.
A number of enteric pathogens including Cryptosporidium parvum, enterohemorrhagic Escherichia coli (EHEC) and Clostridium difficile have the
capability to induce enterocyte apoptosis and negatively affect the intestinal
homeostasis (McCole et al., 2000, Keenan et al., 1986, Fiorentini et al.,
1998). Giardia infections have been shown to induce enterocyte apoptosis.
An increased rate of enterocyte apoptosis has been observed in biopsy specimens from patients with chronic giardiasis (Troeger et al., 2007). Genes
associated with apoptosis in human Caco-2 cells were found to be upregulated when exposed to Giardia products (Roxstrom-Lindquist et al., 2005). Coincubation of human HTC-8 cells with Giardia also results in host cell apoptosis. In this case, apoptosis was effectively inhibited by a caspase-3 inhibitor, indicating Giardia-induced apoptosis is activated through caspase-3
signaling pathway (Koh et al., 2013). Giardia-induced caspase-3 dependent
apoptosis also occurs in human SCBN cells exposed to Giardia and is straindependent (Chin et al., 2002). This is consistent with the observation of
caspase-3 activation in human HTC cells exposed to Giardia (Panaro et al.,
2007). Furthermore, Giardia infection induces activation of both intrisic and
extrisinc apoptotic pathways, increased expression of proaopotic Bax and
decreased expression of antiapoptotic Bcl-2 (Panaro et al., 2007). Arginine
starvation may contribute to enterocyte apoptosis (Potoka et al., 2003). It is
likely to be the case also during Giardia infection, as enterocyte proliferation
was observed to be inhibited by arginine starvation caused by parasite’s arginine consumption (Stadelmann et al., 2012).
Very little is known how the host cells respond to Giardia-induced apoptosis. One study has shown that activation of caspase-3 is linked to the internal glucose level of host epithelial cells, as low glucose level induces apoptosis and high concentration prevents apoptotic phenomenon. In this study,
sodium-dependent glucose cotransporter (SGLT)-1-mediated glucose uptake
was upregulated by a soluble proteolytic fraction of Giardia in association
with increased SGLT-1 expression on epithelial cells (Yu et al., 2008), indicating a possible novel cell rescue mechanism against Giardia-induced
apoptosis via SGTL-1 activation and enhanced glucose uptake.
Apical junction disruption
The intestinal apical junctional complex is composed of tight junctions (TJs),
adherence junctions (AJs) and desmosomes, and they consist of a large
number of cytosolic and transmembrane proteins (Schumann et al., 2017,
Allain et al., 2017a). TJs localize on the apical surface of the intestine and
connect the paracellular space between epithelial cells. They contain transmembrane proteins such as claudins, occludins, junctional adhesion molecules (JAMs), cytosolic zonula occludens (ZO) proteins and cytosolic regulatory proteins F-actin and α-actinin (Schumann et al., 2017). AJs contain the
20

transmembrane proteins cadherins including E-cadherin that has a cytoplasmic tail that bind to β-catenin, together with α-catenin form cadherin-catenin
complex (Nishimura and Takeichi, 2009, Pokutta and Weis, 2007). The intactness of the apical junction is important in order to maintain intestinal
homeostasis.
Giardia trophozoites induce alterations in tight junctions by breakdown
and/or rearrangement of ZO-1, transmembrane tight junction proteins and
cytoskeleton proteins. Alteration of these key junctional and cytoskeletal
proteins results in increased intestinal permeability and intestinal barrier
dysfunction. Most studies were done in vitro using human intestinal cell
lines. Co-incubation of human cell lines (Caco-2, SCBN, HTC-8) with
trophozoites induces reorganization of cytoskeleton proteins F-actin and αactin, disruption of tight junction protein ZO-1, in some cases, resulting in
increased intestinal permeability (Chin et al., 2002, Buret et al., 2002, Teoh
et al., 2000, Koh et al., 2013, Humen et al., 2011). A study using electron
microscopy also observed that F-actin was retracted and concentrated near
cellular contacts resulting in microvillus atrophy (Maia-Brigagao et al.,
2012). The expression level of claudin-1, the transmembrane protein responsible for the sealing properties of tight junctions, was reduced both in vitro
and in biopsy specimens from patients with chronic giardiasis (Troeger et al.,
2007, Humen et al., 2011). Alteration of small intestinal permeability has
also been seen in G. muris infected mice in vivo (Scott et al., 2002).
The mechanisms responsible for the intestinal barrier abnormalities have
also been investigated. One study demonstrated that loss of intestinal barrier
function is caspase-3 dependent, as caspase-3 inhibitors can abolish the disruption of ZO-1 and increase epithelial permeability (Chin et al., 2002). Another study has shown that the reorganization of ZO-1, F-actin and increased
permeability were regulated by MLCK via the observation of the increased
epithelial myosin light chain (MLC) phosphorylation in SCNB cells exposure to Giardia sonicates and the inhibition of phosphorylation by a MLCK
inhibitor (Scott et al., 2002).
Giardia-induced enterocyte apoptosis together with apical junctional disruption have disruptive effects on the intestinal barrier function. The breakdown
of the epithelial barrier allows normal flora bacteria, macromolecules, electrolytes and other molecules to pass into sub-underlying tissue, by-passing
the normal uptake by epithelial cells. The paracellular flow of nutrients, electrolytes and other molecules can not only contribute to malabsorption but
may also induce host immune responses.

Intestinal microbiota
The interactions between Giardia and intestinal microbiota play an important role in giardiasis. It has been reported that the colonization of Giar21

dia trophozoites in mice is affected by the composition of intestinal microbiota (Singer and Nash, 2000). Intestinal microbiota has also been reported to
stimulate the pathogenicity of Giardia (Torres et al., 2000) and the intestinal
microbiota may contribute to CD8 T cell-mediated brush border enzyme
impairment during Giardia infection in mice (Keselman et al., 2016).
The interactions between Giardia and intestinal microbes have been studied experimentally. A recent report has shown that Giardia can synergize
with commensal bacteria to disrupt homeostatic host-microbiota interactions
by the observation that Giardia-induced functional changes in commensal E.
coli can kill Caenorhabditis elegans in the absence of Giardia trophozoites
(Gerbaba et al., 2015). Giardia-induced alteration of microbiota biofilms has
also been demonstrated, partly mediated by its cysteine proteases, resulting
in epithelial apoptosis, tight junctional ZO-1 disruption, bacterial translocation, increased epithelial TLR4 expression and CXCL-8 secretion (Beatty et
al., 2017). Moreover, a recent report has investigated the effect of protein
malnutrition on mice infected with Giardia. It was shown that Giardia disrupts microbiota-mediated pathogen clearance, causing alteration in the
composition of resident microbiota, and impaired host growth (Bartelt et al.,
2017). The alteration of intestinal immune responses to enteroaggregative E.
coli (EAEC) has also been seen in persistently Giardia infected mice (Bartelt
et al., 2017). Furthermore, mice infected with Giardia exhibited systemic
dysbiosis of gut commensal bacteria with expansions in aerobic and decreases in anaerobic bacteria (Barash et al., 2017). Together, these observations
suggest that the interactions between Giardia and intestinal microbiota have
an important role in affecting the outcomes of the disease.
Probiotic therapies have been proposed as a possible way to control Giardia infections. Lactobacilli were shown to have an inhibitory effect on
trophozoite proliferation in vitro (Perez et al., 2001) and have anti-giardial
probiotic effects in animal models (Humen et al., 2005, Goyal et al., 2011,
Shukla and Sidhu, 2011). The toxicity to Giardia trophozoites was associated with bile salts. Conjugated bile salts have been shown to have promoting
effects on Giardia growth in vivo (Halliday et al., 1988), whereas unconjugated bile salts generated by secreted Bile-Salt Hydrolases (BSH) from the
probiotic strain L. johnsonii La1 may have a inhibitory effect on trophozoite
growth (Perez et al., 2001, Travers et al., 2016). The anti-giardial mechanism
by L. johnsonii La1 was further studied in more detail and it has shown that
activities of two BSHs derived from L. johnsonii La1 contribute to antigiardial effects in vitro and in vivo (Allain et al., 2017b). In addition, probiotic oral feeding of Enterococcus faecium and Lactobacillus casei separately
both lessened the parasite burden, improved specific immune responses
(Benyacoub et al., 2005) and reduced mucosal damage (Shukla et al., 2008).
Most studies were done using mouse models or biopsy samples from patient
with gastrointestinal diseases. Little is known about the composition of microbiota at specific regions of the human intestine in the presence and ab22

sence of Giardia, which also limits our understanding of the interplay between Giardia and human intestinal microbiota.

Mucus layer
The mucus layer that lays on the surface of the intestinal epithelium acts as
both a physical and immunological barrier, providing protection of the luminal surface of the gastrointestinal tract (Johansson and Hansson, 2016). It
is important to prevent normal flora bacteria and enteric pathogens to gain
access to underlying tissue. The thickness of the mucus layer in the intestinal
tract increases in a proximal-distal direction. There are two types of mucus
organization in the intestinal tract. The colon has two mucus layers with an
outer loose mucus layer and an inner, thick mucus layer. The outer layer is
the habitat for commensal bacteria, while the inner thick mucus layer firmly
attached to the epithelial surface and is impermeable to bacteria (Johansson
et al., 2008). In contrast to the colon, there is only one single mucus layer in
the small intestine that usually covers the villi tips (Atuma et al., 2001,
Ermund et al., 2013). The mucus layer in the small intestine is not anchored
to the epithelial surface and it moves with the peristaltic waves in a distal
direction. Fresh mucus is constantly secreted from the goblet cells, especially in the crypt openings (Ermund et al., 2013). The mucus layer acts as a
protective barrier that microorganisms must traverse in order to reach the
epithelial surface. There are numerous other antimicrobial proteins such as
defensins, lysozyme and secretory antibodies (sIgA) embedded in the mucus
layer (Johansson and Hansson, 2016).
MUC2
The main structural component of the small intestinal mucus layer is MUC2
which is a gel-forming mucin secreted by goblet cells in the small intestine
(Carlstedt et al., 1993, Herrmann et al., 1999). MUC2 consists of two large
highly O-glycosylated mucin domains. The less O-glycosylated N- and Cterminal cysteine-rich domains are more likely to be targeted by parasitic
proteases.
To reach and make contact with the intestinal epithelium, Giardia trophozoites must acquire the ability to cross the protective mucus barrier. Giardia
flagella generate high motility and they position and orient trophozoites prior
to attachment (House et al., 2011), but it has been shown that the flagellar
motility may not be sufficient to overcome the mucus barrier (Paget and
James, 1994). Mucus degradation is well-studied in Entamoeba histolytica, a
diarrhea-causing parasite in the colon that induces mucin secretion, depletes
mucin stores and ultimately facilitates invading by the depletion of the mucus layer (Chadee and Meerovitch, 1985, Tse and Chadee, 1992). This process is completed by cysteine proteases (CPs) that degrade colonic mucin
(Moncada et al., 2000). A later study found that E. histolytica CPs degrade
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the MUC2 C-terminal domain at two distinct sites resulting in the mucus
depolymerization (Lidell et al., 2006). Very little is known how Giardia
interacts with the intestinal mucus layer. It was suggested that mucins have a
protective role against Giardia via their inhibitory effect on trophozoites
attachment (Roskens and Erlandsen, 2002). A recent report demonstrated
that Giardia trophozoites disrupt the intestinal mucus layer by degrading
MUC2 in a CP-dependent manner. Infection of MUC2 knock-out mice resulted high levels of trophozoites in the small intestine and impaired weight
gain. CPs activities are also responsible for depletion of mucin stores and
induction of differential mucin gene expression (Amat et al., 2017). However, the specific giardial CP causing this and the mechanism of how giardial
CP disassembles the mucin polymer has yet to be determined.
Antimicrobial peptides
There is a large number of molecules imbedded in the mucus layer that play
critical roles in the intestinal homeostasis and protect against enteropathogens (Bevins and Salzman, 2011). Induction of antimicrobial peptides
(AMP) was reported in human and mice infected with a wide range of enteropathogens (Muniz et al., 2012, Tumanov et al., 2011, O'Neil et al., 1999).
AMPs are produced by a variety of host cells including Paneth cells (Ayabe
et al., 2004) and can be classified as magainins, cathelicidins and defensins.
Defensins are stored in the secretory granules in the Paneth cells located in
the intestinal crypts (Lasserre et al., 1999, Ouellette et al., 1999, Porter et al.,
1997a). Paneth cells continuously secret these molecules at a baseline level
and higher amounts of secretion was observed when IECs were exposed to
bacteria (Ayabe et al., 2000). Humans produce both α-defensins and βdefensins. α-defensin 5 and 6 (α-HD5,-6) are enteric, continuously expressed
(Chairatana et al., 2016, Jones and Bevins, 1992) and released into the mucus layer and lumen following degranulation. α-HD5 has been reported to
kill a wide range of microbes under laboratory conditions (Porter et al.,
1997b, Molau et al., 2005, Furci et al., 2015, Wommack et al., 2014). During
Giardia infections, a number of anti-parasitic factors are produced in order
to clear Giardia. It has been shown that defensins were cytotoxic for both
trophozoites and cysts in vitro (Aley et al., 1994). In vivo studies have suggested that matrix metalloprotease 7 (MMP7), which is a mediator to activate α-defensins, play an important role in the control of G. muris
(Eckmann, 2003) and G. intestinalis infections (Tako et al., 2013). Blocking
of MMP7 and inducible nitric oxide synthase (iNOS) in mice resulted in
significant defects in infection control (Tako et al., 2013). It has also been
shown that there is an increase in expression and production of AMP in human IECs in a CP-dependent manner when co-incubated with Giardia and
enteropathogenic E. coli (Manko et al., 2017).

24

Immunoglobulins
It is known that Giardia-infected humans generate serum antibodies (IgG)
and intestinal secretory antibodies (sIgA) in response to Giardia infections
(Smith et al., 1981, Nash et al., 1987) and patients with immunoglobulin
deficiencies develop chronic giardiasis (Olmez et al., 2014). Anti-Giardia
IgG was detected in colostrum from Giardia-infected calves (O'Handley et
al., 2003). Anti-Giardia IgA was also detected in human saliva and breast
milk and associated with protection against disease (Walterspiel et al., 1994,
Tellez et al., 2005). The measurements of anti-Giardia IgA and IgG were
used as a diagnostic tool to monitor the exposure of children to Giardia infections (Rodriguez et al., 2004, El-Gebaly et al., 2012). IgA is the most
abundant antibody in the mucosal secretions (Cerutti and Rescigno, 2008)
and transported to mucosal surface by a polymeric immunoglobulin receptor
(pIgR). IgG is also synthesized and transported to intestinal lumen by human
neonatal Fc receptor (Yoshida et al., 2004). Studies conducted in mice have
shown that IgA is required for effective clearance of both G. muris and G.
intestinalis (Langford et al., 2002). However, the sensitivity of the two Giardia species to IgA seems to be different, as G. muris infected pIgR-deficient
mice developed chronic infections (Langford et al., 2002), while IgA level in
the mucosal surface was sufficient to clear G. intestinalis and no difference
in parasite clearance was detected in pIgR-deficient mice and the control
mice (Davids et al., 2006). Many intestinal bacteria and parasites, colonizing
the human intestinal tract, secrete proteases that degrade IgA (Mistry and
Stockley, 2006, Garcia-Nieto et al., 2008, Lee et al., 2014b). An early report
showed that Giardia extracts have a proteolytic activity on IgA1 but the
protease was never identified (Parenti, 1989).
Nitric oxide
Intestinal epithelial cells produce nitric oxide (NO) that functions as antimicrobial substance. NO is produced from L-arginine by three types of NOSs,
neuronal NOS (nNOS, NOS1), iNOS or NOS2 and endothelial NOS (eNOS,
NOS3). In IECs, NO is largely produced by iNOS. Patients infected with
Giardia exhibited reduced expression of iNOS and increased levels of NO
(Mokrzycka et al., 2010, Matowicka-Karna et al., 2011). An early study has
shown that NO is cytostatic to Giardia trophozoites growth, prevents both
encystation and excystation induced in vitro and thus could maintain infection in the small intestine and interfere with the parasite transmission
(Eckmann et al., 2000). Studies conducted in vivo did also show that NO is
involved in the clearance of Giardia in mice models (Li et al., 2006,
Andersen et al., 2006, Tako et al., 2013).
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Host cytokine profile
The transcription of genes coding for components of intestinal mucosal immunity using in vitro and in vivo models are of great importance to understand host cellular responses during Giardia infections. In response to pathogens, intestinal enterocytes produce proinflammatory chemokines and cytokines that regulate the immune responses (Maaser and Kagnoff, 2002). Coincubation of human Caco-2 cells with Giardia resulted in upregulation of
genes coding for chemokines, including CCL2, CCL20, CXCL1, CXCL2
and CXCL3 (Roxstrom-Lindquist et al., 2005). This unique chemokine profile targets different populations of immune cells, like dendritic cells (DC), T
cells and B cells by CCL20, neutrophils by CXCL1 to CXCL3, and macrophages and T-cells by CCL2 to the site of infection (Roxstrom-Lindquist et
al., 2005). Assemblage B Giardia trophozoites, isolate GS, induce a stronger
inflammatory signal than parasites of the assemblage A isolate WB (Ma'ayeh
et al., 2018). Cell cycle inhibitory genes were upregulated after coincubation of host cells and trophozoites, leading to a reduced cellular proliferation (Stadelmann et al., 2012). Host gene expression of Giardia infected mice has shown that genes associated with antibodies, mast cell proteases
and MMP7 were upregulated (Tako et al., 2013). Pro-inflammatory cytokines (CXCL1, CXCL2, CCL2 and IL-8) were induced by co-incubation of
Caco-2 cells with macrophages and the secretion was abolished by the addition of Giardia, indicating immune-modulatory of Giardia (Fisher et al.,
2013). This is in line with the observations that Giardia can alter the host’s
immune responses (Kamda and Singer, 2009, Cotton et al., 2014b). It has
been shown that cysteine proteases released by Giardia have a role in degrading IL-8 induced by other pro-inflammatory stimuli (Cotton et al.,
2014a), but the involvement of cysteine proteases in immune-modulatory of
Giardia requires further investigations.
There are a few cytokines, such as IL-6, IL-17A and TNFα, that have
been shown to be implicated in giardiasis in vivo. IL-6-deficient mice have a
diminished ability to clear the infection caused by Giardia (Bienz et al.,
2003, Zhou et al., 2003). DC-derived IL-6 is essential to clear Giardia infection as transferring DC into IL-6-deficient mice promotes clearance of the
parasite (Kamda et al., 2012). Activation of DC maturation by Giardia was
also shown to increase expression of pro-inflammatory cytokines such as IL6, TNF-α, IL-12 and surface molecules such as CD80, CD86, MHC class II
molecules (Lee et al., 2014a, Grit et al., 2014). Mice lacking TNFα was
found to be delayed in the clearance of parasites (Zhou et al., 2007) and this
is consistent with increased TNFα levels in sera of infected children
(Bayraktar et al., 2005). IL-17 has six members (A-F), of which IL-17A is
best studied. IL-17A produced by CD4+ T cells has been shown to contribute to clearance of infections caused by G. muris and G. intestinalis
(Dreesen et al., 2014, Dann et al., 2015, Saghaug et al., 2016).
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Virulence factors
Giardiasis is a multifactorial disease. Factors that are involved in the attachment, the flagellar motility and antigenic variation are considered as virulence factors (Ankarklev et al., 2010, Emery et al., 2016). Additionally,
ESPs have also been suggested to have an essential role in pathogenesis of
Giardia. To survive in the harsh environment in the hosts’ small intestine,
Giardia must develop the ability to avoid the attacks from the host. Upon the
interaction, Giardia releases large numbers of ESPs. An early study of Giardia ESPs showed an effect on intestinal absorption and secretion (Samra et
al., 1988). Caco-2 and SCBN monolayers exposed to sonicated parasites and
culture supernatants containing no live trophozoites have shown rearrangements of F-actin (Teoh et al., 2000). Oral administration of ESPs from Giardia to pathogen-free mice induces Th2 immune responses and eosinophil
infiltration (Jimenez et al., 2004). Glycoproteins in the Giardia ESPs may
have a role in inducing a human antibody response (Jimenez et al., 2007).
The heat-insensitive ESPs from Giardia have been shown to be sufficient to
synergize with commensal bacteria to kill C. elegans (Gerbaba et al., 2015).
Identification and characterization of ESPs will be of great importance to
understand the molecular pathogenesis of Giardia. But very few specific
Giardia virulence factors have been identified and characterized (Table 2).
Table 2. Identified and characterized specific virulence factors in Giardia intestinalis. “A thiol proteinase” and “A 58 kDa ESP” are from the P1 strain and all other
factors are from the WB strain.
Giardia factor

Function

A thiol proteinase IgA hydrolysis
58 kDa ESP

Fluid accumulation in
host intesine

α-1 giardin
δ-giardin

Attachment in vitro,
vaccine candidate
Attachment in vitro

ADI

Arginine consumption

OCT

Arginine consumption

CP1 or CP10217

Excystation
Excystation, encystation,
occludin and claudin-1
degradation, apoptotic
damage
Excystation
Cell monolayers disruption

CP2
or CP14019
or Giardiapain-1
CP3 or CP16779
VSP9B10A

Localization

References

-

(Parenti, 1989)
(Kaur et al., 2001, Shant
et al., 2002, Shant et al.,
2005)
(Weiland et al., 2003,
Jenikova et al., 2011,
Weeratunga et al., 2012)
(Jenkins et al., 2009)
(Ringqvist et al., 2008,
Stadelmann et al., 2012)

Cell membrane
Plasma membrane
Ventral disc
Punctuate pattern
within cytoplasm
Cytoplasm with
accumulation near
plasma membrane
ER, cytoplasmic
vesicles
ER, cytoplasmic
vesicles
Cell membrane

(Ringqvist et al., 2008)
(Ward et al., 1997,
DuBois et al., 2006)
(DuBois et al., 2008,
Abodeely et al., 2009,
Ortega-Pierres et al.,
2018, Ward et al., 1997)
(Ward et al., 1997)
(Cabrera-Licona et al.,
2017)
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Attachment
The first step to establish a Giardia infection is parasite attachment to host
intestinal villi, in order to proliferate and avoid peristalsis. The attachment of
trophozoites to host cells is an important virulence factor; without the attachment they would be swept away by the peristaltic wave (Crouch et al.,
1991). It has also been shown that adhesion-deficient clones isolated from
Giardia have a reduced ability to establish infections in Mongolian gerbils
(Hernandez-Sanchez et al., 2008). Attachment is accomplished by the ventral disc, flagella and a number of giardial surface proteins. Giardial attachment occurs as a stepwise process. Trophozoite’s ventrolateral flange, lateral
crest, lateral shield and bare area sequentially make contact with the substrate during the attachment procedure and the detachment occurs in reverse
order to the stages of attachment (House et al., 2011). The flagellar motility
is critical for cellular orientation and positioning prior to attachment, but it is
not directly required to maintain attachment (House et al., 2011).
A number of parasitic factors have been implicated in the process, e.g.
surface proteins with lectin activity. Attachment can be impaired by binding
the entire surface of live trophozoites with anti-surface antibodies or by preincubating parasite and IECs with monosaccharides (Gillin et al., 1990,
Magne et al., 1991, Inge et al., 1988, Sousa et al., 2001, Katelaris et al.,
1995). Giardins are Giardia-specific proteins that include α-, β-, γ- and δgiardin that are associated with microtubules in the ventral disc and plasma
membrane of trophozoites (Faubert, 2000). Antibodies against α-1 giardin
were detected in serum samples of patients recently infected with Giardia
(Palm et al., 2003) and recombinant giardial α-1 giardin binds to human
intestinal epithelial cells in vitro (Weiland et al., 2003). The crystal structure
determination of this protein also demonstrated its direct role in binding to
host glycosaminoglycan and thus provides a mechanism of attachment of the
adhesive-disc free excyzoite implicated in the establishment of Giardia infections in the host (Weeratunga et al., 2012). Immunization of mice using
α-1 giardin generated a marked protection against Giardia infection, making
it a suitable vaccine candidate against giardiasis (Jenikova et al., 2011).
Pretreatment of Giardia trophozoites with anti-δ-giardin sera induced morphological changes in the parasites and inhibited trohpozoites binding to the
surface of cell culture slides (Jenkins et al., 2009). Membrane lipid rafts of
the trophozoites are also implicated in the trophozoites attachment to human
enterocyte-like cells, as diminished attachment was observed by the treatment with methyl‐β‐cyclodextrin, a lipid raft disorganizing agent (Humen et
al., 2011). Moreover, it was suggested that unknown giardial cysteine proteases aid in attachment during host-parasite interaction (Rodriguez-Fuentes et
al., 2006).
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Antigenic variation
Surface antigenic variation occurs in a variety of organisms, including protists, bacteria and viruses (reviewed in (Deitsch et al., 1997)). Giardia
trophzoite undergoes surface antigenic variation by changing the expression
of its variant-specific surface proteins (VSPs) periodically. Giardia possesses approximately 200 VSP genes (Adam et al., 2010, Morrison et al., 2007).
VSPs are the major surface protein and densely coat the entire surface of this
parasite, including ventral disc and flagella, provide a dense interface between the parasite and host (Pimenta et al., 1991), are thought to be a resistance mechanism protecting the parasites from host intestinal proteases
(Nash, 2002).
VSPs are characterized by the presence of N-terminal variable regions
containing a high frequency of CXXC motifs, a conserved C-terminal transmembrane domain and a conserved cytosolic CRGKA tail (Adam, 2001,
Mowatt et al., 1991). The structures of VSPs suggest that they may have
essential roles in contributing to Giardia infections by interacting with the
host cells. Each parasite expresses only one VSP at a time and change surface VSPs spontaneously in the absence of stimuli or anti-VSP antibodies
(Nash et al., 1988, Nash and Mowatt, 1992). Changes in VSP expression
also occur during encystation and excystation (Svard et al., 1998, Carranza
et al., 2002, Einarsson et al., 2016b). The frequency of VSP switching is
isolate-dependent with switching every 12-13 generations in WB isolate and
6.5 generations in the GS isolate (Smith et al., 1982, Nash and Keister, 1985,
Nash et al., 1985). VSPs have been linked to the evasion of host’s immune
system (Prucca and Lujan, 2009), the generation of protection against Giardia in the gerbil model of giardiasis (Rivero et al., 2010a), trophozoites attachment to epithelial cells (Bermudez-Cruz et al., 2004) and in protection of
the parasite from intestinal proteases (Nash et al., 1991).
Most in vivo studies of antigenic variation have been conducted in mice
using the Giardia GS isolate. Early studies showed that humans infected
with the GS isolate expressing a particular VSP (VSPH7) had parasites expressing other VSPs than in the initial clone after 17 days post-infection and
the initial VSP was completely replaced 21 days post-infection (Nash et al.,
1990). Similar outcomes were observed in mice infected with the same isolate (Bienz et al., 2001, Singer et al., 2001, Stager et al., 1998). These results
indicate that immune pressure is one factor contributing to VSPs switching.
However, a study conducted in immunodeficiency mice revealed that other
signals for switching exist apart from pressure of the immune system (Singer
et al., 2001). Soluble host factors may have a role in driving antigen switching events (Emery et al., 2016). Differential expression in VSPs was observed when Giardia trophozoites were co-incubated with soluble host factors generated from HT-29 cells. A quarter of all expressed VSP variants
were upregulated after exposure to soluble host factors, some of which con29

tain additional functional domains including metalloprotease domain homologue to Leishmania virulence factor leishmanolysin and BmKX domain
found in scorpion toxins, suggesting VSPs might also act as independent
virulence factors (Emery et al., 2016). A recent study of high molecular
weight proteins secreted by Giardia during interaction with a IEC-6 cell
monolayer identified the VSP9B10A protein. Further characterization using
transfected trophozoites that constitutively express the VSP9B10A protein
demonstrated a proteolytic activity of the VSP9B10A protein and it caused
cytotoxic damage in these cell monolayers (Cabrera-Licona et al., 2017),
indicating the relevance of the specific VSP with trophozoite’s virulence.
VSPs switching is essential for the survival of Giardia, but the mechanism
of how the switch is triggered and regulated is unknown.

ADI and OCT
A wide variety of pathogens are known to interfere with the host arginine
metabolism by competing with host NOSs for arginine via up-regulation of
host arginases or via competition from parasitic arginases (Das et al., 2010,
Morris, 2010). NO produced by the conversion of L-arginine via NOSs is
critical for the clearance of Giardia infection as mentioned above. However,
Giardia has also evolved strategies to evade NO-mediated host defenses.
Arginine is the primary energy source of Giardia (Schofield et al., 1992).
Earlier secretome studies using two-dimensional gel analyses identified four
proteins, including arginine deiminase (ADI), ornithine carbamoyl transferase (OCT), α-enolase and elongation factor 1-α (EF-1α)) from the culture
supernatant of trophozoites following co-incubation with human intestinal
epithelial cells (Ringqvist et al., 2008). ADI and OCT belong to arginine
metabolizing enzymes (AMEs) and they are involved in arginine dihydrolase
pathway. Within the pathway, arginine is converted into citrulline by ADI,
then into ornithine and carbamoyl phosphate by OCT and finally into ammonia and CO2 by carbamate kinase (CK), resulting in the generation of
ATP through substrate level phosphorylation.
The competition between ADI and iNOS for arginine uptake affects NO
production and further affects the outcome of the disease. It has been shown
that arginine consumption by Giardia trophozoites prevents NO production
by IECs. During infection, Giardia consumes arginine as energy source and
arginine starvation was observed after 4 h of co-incubation with Caco-2 cells
(Eckmann et al., 2000). Supplementation with recombinant giardial ADI
protein to IECs in vitro induced a reduced NO production from IECs, indicating a cross talk between arginine consumption and NO reduction
(Ringqvist et al., 2008). In addition to NO reduction, arginine consumption
by Giardia ADI decreased the amount of arginine in the growth medium
during in vitro growth, leading to reduced IEC proliferation. Thereby, it was
proposed that the reduced host NO response and slower IEC proliferation
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could favor the proliferation of the trophozoites and maintain a more stable
niche for colonization (Stadelmann et al., 2012). Additionally, Giardia ADI
has a role in antigenic variation by modifying the cytoplasmic C-terminal tail
of VSPs proteins (Touz et al., 2008). Arginine depletion is known to induce
apoptosis in another system (Potoka et al., 2003) and it is likely that arginine
depletion by ADI also could cause enterocyte apoptosis during giardiasis.
Giardia-induced arginine depletion has also been shown to inhibit cytokine
production by human dendritic cells (Banik et al., 2013).

Cysteine proteases
Cysteine proteases (CPs) are characterized by an active site with one cysteine and one histidine residue, and they are categorized as clan CA cysteine
proteases. They have been subdivided into three categories: cathepsin B,
cathepsin C and cathepsin K/L. Cathepsin B contains a 20 amino acid (aa)
peptide loop insertion referred to as “occluding loop” that enables cathepsin
B to function as an endo- and exopeptidase (Sajid and McKerrow, 2002).
The additional exopeptidase activity of human cathepsin B is attributed to
two histidine residues (Musil et al., 1991). CP is synthesized as a proenzyme
containing a signal peptide, a pro-domain and a catalytic domain or mature
enzyme (Figure 3). The pro-domain maintains the protease in an inactive
state. The protease is processed to an active mature enzyme by losing the
pro-domain via cleavage by another protease or exposure to acidic environment that induces self-cleavage (Turk et al., 2000). The Giardia assemblage
A WB genome contains 26 cysteine protease genes with 9 cathepsin B-like,
4 cathepsin C-like and 13 cathepsin K/L-like genes (Morrison et al., 2007,
DuBois et al., 2008). In contrast to human cathepsin B, Giardia cathepsin Bs
lack the occluding loop, suggesting that the Giardia CPs only function as
endopeptidases (Figure 3) (Sajid and McKerrow, 2002).
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Figure 3. Structure of Giardia intestinalis cathepsin B cysteine proteases. Giardial
CP is synthesized as proenzyme with a signal peptide, a pro-domain and a mature
enzyme. The protease can be auto-cleaved during purification. “CEHHVNGSRPPCTGEGDTPKC” is the occluding loop in human cathepsin B protein and “HH”
in the occluding loop enables the protease to have exopeptidase activity in addition
to its endopeptidase activity. Adapted from (Sajid and McKerrow, 2002, DuBois et
al., 2008).

CPs have been described as virulence factors in many pathogenic microbes
and are involved in the pathogenesis of other protozoan parasites, including
E. histolytica, Trichomonas vaginalis, Blastocystis spp. and T. cruzi (Lidell
et al., 2006, Ndao et al., 2014, Hernandez et al., 2014, Nourrisson et al.,
2016). Accumulating studies in Giardia have shown that CPs released upon
contact with host cells possess proteolytic activities that degrade various
substrates. The presence of CP activities in the ESPs fraction was reported in
the Giardia P1 strain (Jimenez et al., 2000) and these CPs were found to
have proteolytic activity on substrate proteins such as gelatin, collagen, albumin (Coradi and Guimaraes, 2006). CP activities have also been detected
in the ESPs fractions of another Giardia strain (BTU-11) and they are the
main proteolytic activities that responsible for the degradation of gelatin and
collagen type I (de Carvalho et al., 2008). CP activities were also detected in
the WB strain during the co-incubation with rat IEC-6 monolayers
(Rodriguez-Fuentes et al., 2006).
Activities of CPs have also been acknowledged to be essential to pathogenesis of giardiasis. An increase in CP secretion has been seen during hostparasite interactions in vitro and CPs have been shown to be associated with
trophozoite attachment (Rodriguez-Fuentes et al., 2006). CP activities have
been reported to contribute to mucosal injury and humoral immune responses in BALB/c mice that were orally administrated with ESPs (Jimenez et al.,
2009). CPs are also important in differentiation since they play a critical role
in excystation and encystation of Giardia (Ward et al., 1997, DuBois et al.,
2008). A more recent report demonstrated that Giardia CPs degrade CXCL8
induced by pro-inflammatory interlukin-1β or Salmonella typhimurium, resulting in the attenuation of CXCL8-induced polymorphonuclear leukocytes
or neutrophils (PMN) chemotaxis (Cotton et al., 2014a). CP activities are
also responsible for disruption of cellular junctions (Chin et al., 2002),
cleavage and redistribution of microvillus protein villin (Bhargava et al.,
2015), affecting the bacterial normal flora and microbiota biofilm formation
(Gerbaba et al., 2015, Beatty et al., 2017), inhibiting the growth of the intestinal bacterial pathogens (Manko et al., 2017), degrading the intestinal mucus layer (Amat et al., 2017). However, most studies of CPs role in the pathogenesis of giardiasis are limited to use of culture supernatants and/or inhibitors of CPs. Very little is known about the involvement of specific CPs in the
disease mechanism.
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Cathepsin B-like proteases are the most highly expressed cathepsins in
Giardia and many are upregulated during differentiation and IEC-parasite
interactions in vitro (Table 3) (Ringqvist et al., 2011, Ma'ayeh and BrookCarter, 2012, Ferella et al., 2014, Emery et al., 2014, Emery et al., 2016,
Einarsson et al., 2016b, Dubourg et al., 2018). Specific CPs have been suggested to play an important role in excystation (CP1 or CP10217, CP2 or
CP14019 and CP3 or CP16779) (Ward et al., 1997), encystation (CP14019)
(DuBois et al., 2008), and degradation of endocytosed proteins (Abodeely et
al., 2009). A recent study using mAb1G3 antibody purified a cysteine protease CP14019, was given the name giardiapain-1 due to its papain-like features, from Giardia trophozoites. Characterization of this protease has shown
that giardiapain-1 is capable of degrading and delocalizing tight junction
proteins occludin and claudin-1, inducing apoptotic damage (Ortega-Pierres
et al., 2018). Otherwise, no more study regarding specific CPs has been documented. The roles of specific CPs in the molecular pathogenesis of giardiasis remain unclear.
Table 3. Giardia WB CP transcriptional changes and secretion during host parasite
interactions in vitro.
Gene ID

Observed

References

GL50803_10217

Protein was detected in supernatant

(Dubourg et al., 2018)

GL50803_14019
GL50803_15564

Gene expression was upregulated
during host-parasite interaction and
protein was detected in supernatant
Protein was detected in supernatant

(Ferella et al., 2014,
Ma'ayeh and Brook-Carter,
2012, Dubourg et al., 2018)
(Dubourg et al., 2018)

GL50803_16468

Protein was detected in supernatant

(Dubourg et al., 2018)

GL50803_16779

Gene expression was upregulated
during host-parasite interaction and
protein was detected in supernatant or
when exposed to host soluble factors
Gene expression was upregulated and
protein was detected in supernatant

(Ringqvist et al., 2011,
Emery et al., 2016, Dubourg
et al., 2018)

GL50803_17516

(Ringqvist et al., 2011,
Ferella et al., 2014, Dubourg
et al., 2018)

Other factors
There are several semi-identified but uncharacterized proteins that may have
a role in the pathogenicity of Giardia. Investigation of Giardia assemblage
A P1 strain sonicates revealed a thiol protease that can cleave human IgA
(Parenti, 1989). A 58 kDa active glycoprotein purified from ESPs of assemblage A P1 strain was found to induce fluid accumulation in ligated rabbit
ileal loops and in the intestine of sealed adult mice and it caused morphological changes in HEp-2 cells (Kaur et al., 2001, Shant et al., 2002). A later
study of the specific ESP found that it could bind to a 41 kDa glycoprotein
on the enterocytes and increase the intracellular Ca2+ concentration (Shant et
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al., 2004). It has also been shown that the cause of ion secretion and fluid
accumulation in mice intestine was via diverse signal transduction pathways
(Shant et al., 2005). Additionally, earlier immunization of mice with this
specific protein led to failure of colonization (Kaur et al., 1999). However,
the identified partial amino acid sequence from the 58 kDa protein (ADFVPQVST) (Kaur et al., 2001) does not resemble any sequences in the WB
genome but partly with bovine serum albumin (BSA) (Ringqvist et al.,
2008). Later work in serum free medium with non-interacting assemblage A
WB trophozoites has confirmed a 58 kDa fragment to be ADI (Skarin et al.,
2011). Whether Giardia WB ADI contains the toxin-like features of the described 58 kDa protein, or if the 58 kDa protein is a P1 strain-specific protein requires further investigation.
An early secretome study identified two more proteins, enolase and EF1α, in addition to ADI and OCT (Ringqvist et al., 2008). Our understanding
of enolase is limited to its cytoplasmic localization in trophozoites
(Ringqvist et al., 2008). Molecular modelling suggested that Giardia enolase
can bind plasminogen but it has not been verified experimentally (AguayoOrtiz et al., 2017). Little is known about EF-1α. EF-1α localizes to ER and
closer to cell membrane upon contact with human cells. It is an immunoreactive protein recognized by antibodies from patients who had previously giardiasis (Skarin et al., 2011). EF-1α secreted by Leishmania has been shown to
downregulate host inflammatory cell signaling (Nandan and Reiner, 2005).
A recent proteomic study has shown that EF-1α is only detected in assemblage A and raises the possibility of its relevance to the differences in pathogenicity or host ranges between assemblage A and B (Dubourg et al., 2018).
However, the role of those two proteins as putatively virulence factor in
giardiasis remains unknown.
High-cysteine membrane proteins (HCMPs) and Tenascins may also have
important roles in the pathogenesis of Giardia. HCMPs have a similar structure as VSPs but lack the C-terminal tail. HCMPs have been reported to be
transcriptionally upregulated during host cell interaction (Ma'ayeh and
Brook-Carter, 2012, Roxstrom-Lindquist et al., 2005, Ferella et al., 2014).
Tenascins are another group of proteins highly secreted not only in axenic
culture but also induced by soluble host factors and involved in the regulation of attachment of trophozoites (Emery et al., 2016, Dubourg et al., 2018),
indicating their may have a role as virulence factors in pathogenesis of giardiasis.
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Current investigation

It is known that Giardia infection induces symptoms via several mechanisms
involving both host and parasitic factors. However, little is known about the
specific virulence factors involved. The aim of this thesis is to identify putative virulence factors in Giardia and characterize their roles in disease induction. To do this, proteomics was used to study the interplay between host and
parasites (Paper I). Three major secreted CPs identified from a secretome
study were further characterized (Papers II, III and VI). The three CPs are
capable of opening the apical junctional complexes and degrading chemokines (Paper II). Phage display was applied to study the substrate cleavage
specificity of these CPs in order to search for human potential in vivo substrates (Paper III). Studies later on were conducted to verify these identified
substrates, including immunoglobulins, defensins and mucus (Papers III and
VI).

Secretome study of IECs-parasites interplay (Paper I)
In this study, we applied proteomics to identify the major ESPs when Giardia trophozoites of the WB or GS isolates interact with IECs in vitro in order
to identify putative virulence factors and elucidate mechanistic pathways
leading to disease. This study provides new insights into host-parasite interactions and provides the basis for further studies of specific putative virulence factors.
Secretome of Giardia in the absence and presence of host cells
We collected the ESPs from Giardia grown axenically or in the presence of
IECs in order to identify proteins in the Giardia secretome. 196 WB proteins
and 155 GS proteins were identified when were maintained in modified serum-free medium. In the co-culture from Giardia incubated with IECs, 248
WB proteins and 152 GS proteins were identified. The top 50 proteins identified from the co-culture overlaps with those in axenic culture. Comparison
between the Giardia secretome incubated with or without IECs identified 87
WB interaction-specific proteins and 41 GS interaction-specific proteins.
Only 13 proteins overlap between the two isolates amongst the interactionspecific proteins, indicating the assemblage-specific difference during IECGiardia interaction. The majority of the identified proteins have functions
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associated with metabolism. Proteins involved in anti-oxidation, proteolysis
and encystation responses were identified. Immunodominant and glycosylated proteins were also seen in the secretome of axenic cultures.
Secretome of differentiated Caco-2 cells during parasite interaction
We also analyzed the released proteins of differentiated Caco-2 cells incubated with Giardia trophozoites. 384 Caco-2 cell proteins were identified in
the medium of incubation with WB trophozoites and 355 proteins were identified in co-culture incubated with GS trophozoites. Comparisons between
the secretomes of co-culture and control identified 76 proteins released specifically in response to WB and 45 proteins specifically in response to GS.
Amongst the specific proteins, 31 proteins overlapped in the responses to
both isolates. The secretome profile of parasitized IECs showed that the
identified proteins are associated with metabolism, cell cytoskeleton and
immunological functions.
Transcriptional responses of IECs to Giardia ESPs
To investigate the effect of Giardia ESPs on the induction of chemokines in
IECs, differentially expressed genes were analyzed in differentiated Caco-2
cells exposed to Giardia ESPs at different time points. We identified 120
and 87 genes differentially expressed in IECs when incubated with ESPs of
WB and GS trophozoites, respectively. The majority of these genes were
upregulated at 6 h compared to 2 h and they were associated with inducing
inflammatory responses, glucose homeostasis and cell cycle.
The effect of ESPs on cell signaling
Next, we collected Giardia ESPs from axenic culture, labelled the ESP with
fluorescent dyes and incubated them with IECs in order to examine the interactions with IECs. Confocal microscopy demonstrated that the labelled
ESPs bind to the surface, cellular borders or junctions and some are even
internalized into the Caco-2 cells. The MAPK signaling pathway in IECs
was examined when exposed to Giardia ESPs. A slight decrease in the
phosphorylation levels of ERK1/2 and P38 at 2 h but an increase in the level
of NFκB nuclear translocation were seen, suggesting other factors such as
stress, growth factors, hypoxia contributing to NFκB activation. A marked
decrease in ERK1/2 and P38 phosphorylation was seen at 6 h and this is
coincided with a decrease in NFκB nuclear translocation. Incubation of Giardia ESPs with inflamed IECs exhibited reduced phosphorylation of
ERK1/2 and P38 as well as nuclear recruitment of NFκB compared to the
control, indicating Giardia ESPs can attenuate inflammatory signaling mediated by MAPK phosphorylation and NFκB recruitment. These results suggest that specific parasitic factors are released to subvert such effect.
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Secreted Giardia CPs are key virulence factors (Papers
II, III and IV)
CP activities play a significant role during Giardia infections. However,
most studies were conducted using Giardia cell extracts and/or CP inhibitors, but the function of specific CPs in Giardia’s pathogenicity requires
further investigation. In this thesis, we focused on three identified secreted
Giardia CPs (CP14019, CP16160 and CP16779), characterized them and
identified their potential roles in the molecular pathogenesis of Giardia infections.

Tight junction disruption and chemokine degradation (Paper II)
Identification of secreted Giardia CPs
To assess the secretion of CPs from Giardia WB trophozoites, we collected
supernatants from both axenic cultures and co-culture with IEC monolayers
and examined their proteolytic activity in the presence or absence of E64 on
gelatin zymogram gel. Subsequently, we cut the bands from the gels and
analyzed them by mass spectrometry. Two CPs, CP14019 and CP16779,
were identified in the gel bands, which is consistent with previous reports
that the two CPs are upregulated at transcriptional level during host-Giardia
interactions and are released into the medium (Ringqvist et al., 2011,
Ma'ayeh and Brook-Carter, 2012, Ferella et al., 2014, Emery et al., 2014,
Emery et al., 2016, Dubourg et al., 2018). CP16160 could also be released
into the medium as it shows high similarity with the other two CPs and this
was verified by our recent secretome study that the three CPs are the main
CPs released during IECs-Giardia interactions (Paper I).
Localization of Giardia CPs
Three CPs with epitope tags were constructed, transfected into Giardia WB
trophozoites, and imaged by immunofluorescence microscopy. The results
showed that all three CPs have similar localization pattern and they localized
to ER and vesicles-like structures within the cytoplasm, similar to what has
been seen earlier with CP14019 and CP10217 (Abodeely et al., 2009,
DuBois et al., 2006). Therefore, together with CP10217 all four CPs have
similar localization.
Characterization of recombinant CP14019, CP16160 and CP16779
To study the role of specific CPs, we decided to use P. pastoris to express
recombinant proteins for later studies. The three CPs were expressed with a
polyhistidine-tag at C terminal and purified by Ni-column. The recombinant
CP14019 and CP16779 were purified as mature enzyme (28 kDa), whereas
the recombinant CP16160 was purified as two forms, proenzyme (37 kDa)
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and mature enzyme (28 kDa). But the proenzyme can be auto-cleaved to
mature enzyme by a 2 h incubation in an acidic environment. Then, we tested the activity of the mature enzymes and calculated their kinetic parameters
by measuring their ability to cleave artificial substrates N-carbobenzoxyphenylalanyl-arginyl-7-amido-4-methylcoumarin (Z-FR-AMC) and Ncarbobenzoxy-arginyl-arginyl-7-amido-4-methylcoumarin
(Z-RR-AMC).
The results showed that all three CPs were more active under acidic condition and they cleaved the substrates with different reaction dynamics.
Breakdown of epithelial barrier by Giardia ESPs and recombinant CPs
Giardia causes intestinal barrier dysfunction by the rearrangement of tight
junction proteins, ZO-1, occludin, caludin-1 and cytoskeleton proteins, αactinin and F-actin. This has been found to be associated with an increase in
epithelial permeability (see above). We decided to investigate the effect of
Giardia ESPs and recombinant CPs on the integrity of the intercellular junctions. First, we collected ESPs from axenic culture, concentrated the supernatant and added to IECs. The changes in intracellular junctional structures
were determined by immunofluorescence. The flocculation and reorganization of ZO-1, occludin and claudin-1 in IECs was observed after exposure to
Giardia concentrated ESPs. Second, we assessed the effect of CPs on the
apical junctional complex by using Western blot and immunofluorescence to
examine the degradation of junctional proteins and distribution in IECs after
treatment with recombinant CPs. Recombinant CP14019 and CP16779
showed a similar cleavage pattern that they were able to degrade claudin-1
and -4 more pronounced at lower enzyme concentrations, whereas recombinant CP16160 degraded claudin-1 and 4, occludin in a dose-dependent manner. We further showed the degradation of recombinant human occludin and
recombinant human E-cadherin by all three CPs. Furthermore, the reduced
levels and rearrangement of occludin, caludin-4, E-cadherin and β-catenin
were also observed in IECs exposed to recombinant CPs. The reduced disruption could be seen with E64 pretreated CPs. These findings indicate that
the three CPs released by Giardia might play a role in compromising the
integrity of the intestinal epithelial barrier.
Chemokine degradation by Giardia ESPs and recombinant CPs
The activity of CPs has been shown to cleave IL-8 and reduce inflammation
(Cotton et al., 2014a). Giardia has also been reported to induce chemokine
expression during IECs-Giardia interactions (Roxstrom-Lindquist et al.,
2005). To follow up these studies, we tested the effects of Giardia ESPs and
recombinant CPs on cytokines/chemokines induced during the interaction
between host cells and Giardia (Roxstrom-Lindquist et al., 2005). Concentrated ESPs and recombinant CPs was incubated with different cytokines/chemokines and potential degradation was visualized by gel electrophoresis. Giardia ESPs could clearly degrade IL-8, CCL20, CXCL1 and
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TNF-α. Complete degradation of CXCL3 was seen with ESPs. Recombinant
CP14019 and CP16779 cleaved CXCL2, CCL20, CCL2 and IL-8. No
CXCL3 degradation could be seen with CP14019 and CP16779, indicating
substrate specificity of the two CPs. All tested chemokines were either degraded (e.g. CXCL1-3) or cleaved (e.g. CCL2, CCL20 and IL-8) by
CP16160. For all the CPs tested, the degradation of chemokines was abolished by CP inhibitor, E64. These results indicate that Giardia ESPs, specifically CPs, might play a role in modulating inflammatory responses via their
ability to degrade cytokines/chemokines produced by IECs.
In this study, we characterized three secreted Giardia CPs (CP14019,
CP16160 and CP16779). Their ability to cleave and reorganize apical junctional proteins makes it possible to propose a model (Figure 4) that can explain how Giardia CPs interact to reduce chemokines effects produced by
IECs during host-parasite interactions. This model can also partly explain the
disruption of intestinal barrier observed in other studies and low levels of
inflammation seen during giardiasis. This also highlights that the identified
CPs are key virulence factors in Giardia.

Figure 4. Model of cathepsin B cysteine proteases function during Giardia-host
cells interactions. Giardia cathepsin B cysteine proteases released during hostparasite interaction have proteolytic activity and are capable of destroying the junctional complexes (TJs and AJs). The CPs can pass the epithelial barrier and degrade
chemokines that are induced by intestinal epithelial cells and released on the basolateral side in response to Giardia infection.
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Degradation of immunoglobulins and defensins (Paper III)
The role of specific CPs is still incompletely understood. To follow up our
study described in Paper II, we decided to investigate the other roles of the
three CPs in giardiasis by characterization of their substrate cleavage specificity. Combining the results from substrate phage display and twothioredoxin approach we generated consensus peptides for potential targets
screening against human proteome. A number of host potential in vivo substrates were identified and tested.
Substrate phage display
A nonapeptide library containing 5 x 107 unique phage-displayed peptides
was used in this study. These phages were modified to have a nine aa long
random peptide followed by a polyhistidine-tag displayed on the surface of
T7 phages. First, the phage library was bound to Ni-nitriloacetic acid (NiNTA) beads and unbound phages were removed by washing. Then, recombinant CPs were added separately to the Ni-NTA bounded phages and phages with susceptible peptide were cleaved and amplified in bacteria as phage
sub-library for next round of selection. After a few rounds of selection, the
phage plaques were isolated, amplified and sequenced. In our study, we tried
all three CPs on phage display but only succeed with CP16160. The reason
why we did not succeed in the other two CPs is unknown. We aligned the
phage peptide sequences of CP16160, from which we generated a standard
peptide “VVSSFSGGV” for further analyses.
Verification of phage display sequence using two-thioredoxin approach
Recombinant two-thioredoxin (2-trx) substrates described in (Thorpe et al.,
2016) were used to verify the phage display results. We generated eleven
peptides by changing a single aa in the standard peptide to address small
variation of aa in the aligned phage sequences. The selected peptide sequences were inserted in the linker region of two adjacent thioredoxin proteins and purified from E. coli. Recombinant CP16160 was incubated with
each recombinant 2-trx protein at different time pointes and the degradation
was visualized by SDS-PAGE gel. CP16160 showed broad substrate specificity as it cleaves Phe, Trp, Tyr, Leu, Arg at P1 position efficiently and it
can also tolerate Leu or Tyr at P2 position as well as a Leu or Arg in P1´
position. Although phage display selected a number of negative charged aa,
the cleavage of 2-trx proteins containing Glu was much reduced.
Since CP14109 and CP16779 are closely related to CP16160, we tested
their ability to cleave the recombinant 2-trx proteins. The cleavage pattern of
CP14019 was similar to that of CP16160. Interestingly, CP16779 exhibited a
different cleavage pattern. It preferred the 2-trx proteins in the trx structure
instead of the inserted peptides between the two trx structures, indicating
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CP16779 has markedly different cleavage specificity than CP14019 and
CP16160.
Screening of potential in vivo substrates
Combining the data from substrate phage display and 2-trx approach, we set
up three aa sequences with P2 (L/S/Y), P1 (F/W/Y/R/L) and P1´ (S/L/R) for
screening of human intestinal targets. The most favorable targets are junctional proteins, chemokines, immunoglobulins, defensins and mucins. We
have demonstrated in Paper II that the three CPs are capable of degrading
apical junctional proteins and chemokines. In this study, we focused on the
interactions of CPs with immunoglobulins and defensins.
Cleavage of human immunoglobulins and defensins
To study the effects of the three CPs on immunoglobulins and defensins that
are involved in the mucosal immune defense, we incubated recombinant CPs
separately with human immunoglobulins and defensins. The reaction mixture was analyzed by SDS-PAGE gels to study the degradation. All the three
CPs degraded the heavy chain of the IgG, IgA1 and IgA2 in a dosedependent manner. IgG light chain was resistant to CP14109 and CP16160
but slight degradation of light chain can be seen with CP16779. Slight degradation of both IgA1 and IgA2 light chain can be also seen with all three
CPs. All three CPs can degrade β-HD1. No clear α-HD5 degradation can be
seen with all three CPs. The α-HD6 was degraded by CP14019 and CP16779
in a dose-dependent manner. These results show different substrate cleavage
specificity of the three secreted Giardia CPs, suggesting that they might play
an important role in the interference with mucosal immune responses during
Giardia infection by cleaving anti-Giardia antibodies as well as defensins.

Mucin degradation (Paper IV)
To follow up the findings in Paper III that mucins are potential in vivo substrate for Giardia CPs, we decided to assess the roles of recombinant CPs in
mucus degradation. In this study, we focus on the MUC2 mucin that is the
main structure component of the mucus layer in the small intestine.
Giardia CP14019 cleaves MUC2 N-terminus
The activities of the three secreted Giardia CPs (CP14019, CP16160 and
CP16779) were tested on MUC2 N- and C-terminal recombinant proteins
produced in CHO cells. Activated CPs were incubated with MUC2 N- and
C-terminal recombinant proteins at 1:50 ratio under pH 6 at 37 °C for 60
min. The reactions were analyzed under reducing conditions. No C-terminal
degradation was observed with all the three CPs, while CP141019 was seen
to degrade N-terminus into 150, 100 and 60 kDa products. The cleavage
products with molecular masses of 150 and 100 kDa spanned from D’ to the
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GFP tag. In both products, the N-terminal cleavage site was the same and it
is located to the D’ domain (N-I768GQS). The cleavage site is the same as
observed for meprin β (Schutte et al., 2014), that has been shown to release
anchored small intestinal mucus.
Giardia CP14019 cleaves reduced full length MUC2
We tested CP14109 activity on the reduced full length MUC2 mucin. The
MUC2 mucin was purified and reduced-alkylated from human LS174T cells,
human jejunum and mouse proximal small intestine. We found that CP14019
was able to cleave the reduced and alkylated MUC2 at multiple sites, leading
to a complete loss of MUC2 oligomers and partial degradation of the monomer. Mass spectrometric analysis of the human MUC2 cleavage products
identified two new N-terminal sites in the CysD1 (N-L1378CYD) and CysD2
(N-D1843VSV) domains.
Giardia CP14019 does not cleave MUC2 in fresh mucus
The cleavage in the D’ domain will not disrupt the mucin polymeric nature,
while cleavages in CysD domains will dissolve the polymers. Mucin has to
have reduced disulfide bonds to observe these CysD cleavage sites, which is
mostly not the case in native mucus in vivo. To confirm that CP14019 is
capable of disrupting the mucus gel, CP14019 was incubated with freshly
collected mucus from a human jejunum and the proximal small intestine of
mouse. No degradation was observed, suggesting that Giardia CP14019 is
not able to dissolve fresh normal mucus by itself.
In this study, we have studied CPs activity on MUC2 mucin. It was shown
that Giardia CP14019 is capable of cleaving MUC2 N-terminal recombinant
protein. However, CP14019 does not cleave MUC2 in fresh mucus. The
optimal conditions for efficient cleavage by the Giardia CPs are substratedependent and several other conditions need to be further tested before we
can determine the efficiency of cleavage of MUC2 by these three CPs. It is
also possible that some of the other major secreted CPs (e.g. CP10217 and
CP16468) actually cut other sites in MUC2 and disrupt the mucus layer and
that they work in concert with CP14019 that currently seems to be involved
in release of anchored small intestinal mucus.
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Conclusion and future perspectives

We have studied the secretome of Giardia and a number of potential virulence factors were identified (Paper I). Three major secreted Giardia CPs
(CP14019, CP16160 and CP16779) were characterized and their roles in
disruption of apical junctional proteins, degradation of chemokines, immunoglobulins, defensins and MUC2 mucin were studied (Paper II-IV). Given
the results described in this thesis and together with other studies, CPs can
be considered key virulence factors involved in the pathogenesis of Giardia.
However, a number of unanswered questions remain.

Cleavage specificity of other secreted Giardia CPs
In this thesis, we characterized three closely related CPs (CP14019,
CP16160 and CP16779) and they are capable of opening the apical junctional complex and degrading chemokines (Paper II). They have similar substrates but different cleavage specificity (Paper II, III, IV). We applied phage
display technology to study the substrate cleavage specificity of all three
CPs, but only succeed in obtaining information from CP16160 (Paper III).
The reason why phage display failed for CP14019 and CP16779 is still unknown. Although we tested CP14019 and CP16779 on the recombinant 2-trx
substrates, the substrate cleavage of the two CPs remains unclear. In paper
III, we conclude that CP14019 and CP16160 have similar cleavage specificity whereas CP16779 has distinctly different cleavage specificity. However,
the cleavage of CPs is also dependent on the structure of the substrate protein and this can be seen in Paper IV. Only CP14019 is able to degrade
MUC2 N-terminal recombinant protein. CP14019 can also cleave the reduced full length MUC2 when the disulfide bond is exposed, but no degradation can be seen with native MUC2 mucin. Interestingly, the two CPs
(CP14019 and CP16779) that have remarked different cleavage specificity
are capable of cleaving MUC17, a transmembrane mucin that Giardia needs
to overcome prior to colonization (data not shown).
In addition to the three CPs characterized in this thesis, other CPs, including CP12017, CP15564, CP16468 and CP17516 were identified in secretome study (Paper I) and they are upregulated during IEC-parasite interactions in vitro in earlier studies (Table 3) (Dubourg et al., 2018, Ringqvist et
al., 2011, Ferella et al., 2014). But their functions remain unclear. CP10217
43

is one of the earliest studied Giardia CP and it is involved in excystation
(Ward et al., 1997). We expressed the recombinant CP10217 protein in P.
pastoris and the protein was purified as one form with a molecular size of 28
kDa. However, the protein did not show a similar activity and specificity as
the three tested CPs (data not shown). We suspect that CP10217 functions
differently as proteolytic protease than the three CPs tested during Giardia
infections and it will be interesting to study this CP further. We have also
tried to characterize CP16468 but the expression of recombinant CP16468
protein in P. pastoris was unsuccessful.
CP17516 is yet another very interesting CP that is secreted during IECparasite interactions. In the protein sequence of CP17516, the conserved CP
active site residues, cysteine and histidine, are replaced by serine and leucine,
respectively. We expressed the protein in P. pastoris and the recombinant
protein was purified as two forms, 35 kDa and 28 kDa. However, no activity
of CP17516 was detected. We suspect that CP17516 is processed by proteases expressed from P. pastoris to form “active form” (28 kDa) and the protein may have other functions instead of typical proteolytic CP. Our hypothesis is that CP17516 might be a binding protein that interacts with host receptor triggering downstream signaling pathways or it functions as a chaperone aiding the folding of CPs. Given the fact that Giardia possesses only one
mutated CP and it is upregulated and secreted during IEC-parasite interactions, the involvement of this protein in Giardia infections is of importance
to address.
CPs are known to be essential to Giardia infections, but the specific virulence factors are rarely characterized. Studies of the cleavage specificity of
specific CP will give a better view of the molecular pathogenesis of Giardia.
Different cleavage specificity of three CPs tested and other CPs makes biological sense. In addition, phage display will be a great tool to uncover the
functions of the uncharacterized CPs, including CP10217, CP15564 and
CP16468.

Knockout study of Giardia CPs
Although some secreted Giardia CPs have been identified and characterized,
the role of many CPs in the disease mechanism remains unknown. In addition to study the cleavage specificity of CPs, knockout or knockdown studies
will be helpful to elucidate the role of specific virulence factors in Giardia.
Knockout or knockdown studies of CPs have been used for many protozoan
parasites such as Leishmanial species, Plasmodium falciparum, Toxoplasma
gondii (Mundodi et al., 2005, Denise et al., 2006, Mottram et al., 1996,
Sijwali and Rosenthal, 2004, Sijwali et al., 2006, Sijwali et al., 2004, Dou et
al., 2014, Que et al., 2007). However, it is hard to knockout genes in Giardia
as it has two diploid nuclei. Since the CPs tested here have similar sub44

strates, the effect of knockout or knockdown of one CP might be compensated by other CPs as observed in P. falciparum that the abnormality caused
by knockout of falcipain-2 was resolved later in the life cycle probably due
to falcipain-3 expression (Sijwali and Rosenthal, 2004). A similar effect was
seen in T. gondii that inhibition of both TgCPC1 and TgCPC2 is able to reduce parasite intracellular growth and proliferation, but the same phenotype
was not seen with a TgCPC1 knockout as TgCPC2 expression was upregulated (Que et al., 2007). However, genetic tools that can be used to knockout
or knockdown genes should be developed in Giardia and applied to characterize putative virulence factors or to verify characterized virulence factors.

CPs role in vaccines and as drug targets
CPs of Trypanosoma brucei have been validated as drug targets using RNA
interference or small-molecular inhibitors in vitro and in animal models
(O'Brien et al., 2008, Steverding et al., 2012, Caffrey et al., 2000). In Giardia, oral administration of ESPs increased the antibody levels and prior immunization of ESPs leads to failure of trophozoite colonization, and CPs
were found to play a major role. This is consistent with the study in vitro that
CPs have a role in aiding the trophozoite attachment to rat enterocytes
(Rodriguez-Fuentes et al., 2006). Strategies that inhibit Giardia CPs expression as well as block activities of CPs could be a path to prevent and control
Giardia infections. Moreover, many studies were carried out in vitro, animal
studies in vivo will also be necessary to validate the putative virulence factors.

How are the activities of CPs regulated?
Although CPs are essential to the pathogenesis of Giardia, regulation of CP
activities is also required to protect the parasite from intracellular damage by
the endogenous CPs. The production of CP inhibitors has been described in
other parasitic organisms. They play important roles in endogenous process,
such as regulation of haemoglobin degradation in Schistosoma species
(Morales et al., 2004), protection of endogenous proteolysis by CPs in
Clonorchis sinensis (Kang et al., 2014, Kang et al., 2011), Trichomonas
vaginalis (Puente-Rivera et al., 2014). The association between a CP inhibitor and CPs has also been seen in T. vaginalis (Puente-Rivera et al., 2014)
and E. histolytica (Riekenberg et al., 2005). E. histolytica CP inhibitors are
also involved in the regulation of CP secretion, thus in the virulence of this
parasite (Sato et al., 2006). However, how the activities of Giardia CPs are
regulated is unknown.
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The Giardia WB isolate possesses one gene (GL50803_27918) that encodes a CP inhibitor, cystatin. The protein sequence of Giardia cystatin
shows that it has a conserved amino acid motif (QVVXG) that is typically
seen in cystatins. The lack of a N-terminal signal peptide and disulfide bonds
suggests that Giardia cystatin is a member of type I cystatins (stefins) and it
is an intracellular protein. However, this protein was detected in the supernatant of Giardia trophozoites co-incubated with host soluble factors (Emery et
al., 2016), demonstrating the secretion of cystatin by Giardia. Our hypothesis is that Giardia cystatin plays a critical role in regulation of CP activity
endogenously by the inhibition of Giardia CPs and exogenously by the inhibition of host secreted CPs during Giardia infections. Our preliminary data
has shown that Giardia cystatin can inhibit CPs, including papain, recombinant human cathepsin B, recombinant Giardia CP14019, CP16160 and
CP16779 efficiently (data not shown). However, the association between
Giardia CPs and cystatin and if cystatin affects CPs secretion require further
investigation.

Assemblage-specific differences of CPs
Giardia assemblage A and B are infective to humans but they are different in
many aspects. For example, only assemblage B is infective to adult mice
(Byrd et al., 1994), and they both have strain-specific proteins. In addition,
assemblage B is reported to cause more severe symptoms than assemblage A
in certain studies and antigenic variation has different frequencies of switching in the two assemblages. Regarding the secretion of CPs, we can find
homologues of CPs identified in assemblage A (WB) in assemblage B (GS)
(Paper I). It was suggested that assemblage A and B secrete CPs with similar
activity, but it has been shown that assemblage A CPs degrade IL-8 and attenuate inflammatory responses, whereas assemblage B CPs failed to degrade CXCL8, indicating an isolate-specific effect (Bartelt et al., 2013,
Cotton et al., 2014a). A recent report has also shown that assemblage A isolate NF deplete MUC2 in a CP-dependent manner, but assemblage B isolate
could not (Amat et al., 2017). CPs of assemblage A are critical to Giardia’s
pathogenicity but CPs of assemblage B requires further investigation.
In conclusion, the secretome study described here provides new insights into
the ESPs released by Giardia during IEC-parasite interactions and provides
the basis for studies of putative secreted virulence factors. The characterization of three major CPs partly explains the disease-causing mechanism of
giardiasis. Hopefully, the work conducted in this thesis will lead to more
investigations that contribute to understanding of the molecular pathogenesis
of Giardia.
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Svensk sammanfattning

Giardia intestinalis (syn. G. duodenalis, G. lamblia) är en encellig parasit
som koloniserar det övre tarmsystemet (duodenum) hos många däggdjur,
inklusive människor. Parasiten orsakar diarrésjukdomen Giardiasis som
drabbar 200 miljoner människor årligen, framförallt barn i utvecklingsländer. Den är mycket genetiskt variabel och kan delas in i åtta genotyper (A till
H) som har föreslagits vara så olika att de representerar olika arter av Giardia. Endast genotyp A och B är infektiösa för människor men de kan också
infektera andra däggdjur och är således zoonotiska. Giardia har en relativt
enkel livscykel med två huvudsakliga livscykelstadier; infektiösa cystor och
replikativa trofozoiter. Cystan är mycket resistent mot olika miljöfaktorer
och endast 10 stycken räcker för att starta en infektion i människor. Trofozoiterna, som tros orsaka symptomen vid Giardiasis, fäster vid tarmepitelcellerna och replikerar i tunntarmen. Dessa två livsstadier genereras av två
celldifferentieringsprocesser; encystering och excystering.
Förståelsen av Giardias patogenes har ökat på senare år, delvis på grund
av förståelsen av effekterna från exkretoriska och sekretoriska produkter
(ESP) som frisätts av Giardia under värd-parasit-interaktioner. Förståelsen
är emellertid begränsad till effekter som induceras av odlingssupernatanter i
de flesta studierna och de specifika virulensfaktorerna har sällan identifierats
och karakteriserats. Proteaser utgör en stor del av ESP och utsöndrade proteaser har tidigare föreslagits vara nyckelaktörer i patogenesen av många parasitiska sjukdomar, inklusive Giardiasis.
I denna avhandling genomförde vi den första storskaliga sekretomstudien
i Giardia genom att samla ESP från Giardia i både axenisk kultur och från
samkulturer med tarmepitelceller (differentierade Caco-2-celler). Specifika
proteiner i ESP identifierades med masspektrometri, LC-MS/MS och totalt
identifierades runt 200 Giardia proteiner i ESP. För att fördjupa vår förståelse för ESP:s roll vid Giardiasis fokuserade vi på tre identifierade utsöndrade cysteinproteaser (CP14019, CP16160 och CP16779). Dessa tre cysteinproteaserna utgör en stor del av ESP och vi skapade en hypotes där proteaserna är viktiga faktorer vid Giardiasis. För att karakterisera de tre cysteinproteaserna, uttryckte vi först och renade dem från Pichia pastoris, en jäst
som ofta används för produktion av rekombinanta proteiner, och testade
deras aktiviteter mot artificiella proteas substrat. Vi fann att alla tre rekombinanta cysteinproteaserna är mer aktiva i sur miljö (pH 5,5–6) men med en
bred aktivitetsprofil som reflekterar pH variationen i duodenum. Vi testade
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också om de tre cysteinproteaserna klyver apikala komplexproteiner och
kemokiner. Apikala komplexproteiner sammanfogar termepitelceller i tarmen så att tarminnehållet inte läcker in i vävnaden och kemokiner signalerar
till immunsystemet. Vi kunde visa att specifika apikala komplexproteiner
och kemokiner klyvs a cysteinproteaserna. De utsöndrade proteasernas förmåga att klyva och omorganisera apikala samlingsproteiner gjorde det möjligt att föreslå en modell som kan förklara hur utsöndrade cysteinproteaser
från Giardia kan inducera vissa av symptomen som man ser under Giardiasis
och hur parasiten minskar effekter av kemokiner som produceras av tarmepitelceller under värd-parasit interaktioner. Detta stödjer våran hypotes om att
de identifierade cysteinproteaserna är viktiga virulensfaktorer i Giardia.
Vi använde oss också av metoden ”phage display” för att bestämma
cysteinproteasernas klyvningsspecificitet. De identifierade klyvningssekvenserna användes sedan för att hitta nya potentiella humana målproteiner som
uttrycks i tarmen. Ett antal kandidater identifierades och vi visade att
immunglobuliner och antimikrobiella peptider klyvs specifikt och effektivt
av de rekombinanta cysteinproteaserna. Vidare undersökte vi rollen av cysteinproteaserna vid slemhinnedbrytning. Slemhinnan i duodenum utgörs framförallt av proteinet MUC2 och det skyddar tarmepitelcellerna mot mikroorganismer och skadliga ämnen i maten. Vi testade om de tre rekombinanta
cysteinproteaserna kan klyva rekombinanta MUC2-proteiner och renat
MUC2 och resultatet analyserades med masspektrometri. Detta visade att
CP14019 klarar av att klyva MUC2 i N-terminalen, vilket gjorde att vi kunde
föreslå en mekanism hur parasiten kan lösa upp tarmslemhinnan och få tillgång till värdens tarmepitel.
Sammanfattningsvis har denna avhandling studerat tarmparasiten Giardias utsöndrade proteiner eller sekretom. Det gav nya insikter i de proteiner
som frisläpps av Giardia under interaktioner med tarmepitelceller i tarmen.
Karaktäriseringen av de tre mest utsöndrade cysteinproteaserna förklarar
delvis den sjukdomsframkallande mekanismen av Giardiasis. Det kan också
förklara hur Giardia undviker att elimineras av immunsystemet. Förhoppningsvis leder arbetet i denna avhandling till nya forskningsprojekt som ytterligare bidrar till förståelsen av Giardias molekylära patogenes och till ny
diagnostisk och behandlingsmetoder.
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