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Giardia intestinalis is a eukaryotic parasite that colonizes the small intestine of humans and
animals causing the diarrheal disease known as giardiasis. This parasite is not invasive and
does not internalize into host cells but it rather attaches to the brush border surface of the
small intestine disrupting the epithelial barrier. Giardia causes around 280 million symptomatic
infections in humans every year, while it can also cause chronic and asymptomatic infections.
Giardiasis is a multifactorial disease but only few factors that directly contribute in the
pathogenesis and virulence of the disease have been identified. G. intestinalis has eight genetic
groups, but only two of them (A and B) are known to infect humans.
In this thesis, whole genome sequencing was performed for two human assemblage A
isolates (AS175 and AS98) and were compared to assemblage A isolate WB genome (Paper
I). Genome-wide variations were identified among the three isolates including isolate-specific
coding sequences and high level of nucleotide diversity of multi-gene families such as VSPs
and HCMPs.
We further used an in vitro model for parasite interaction with host intestinal epithelial cells
(IECs) to study the interplay between Giardia and the human host. We have identified the major
Giardia excretory-secretory products (ESPs) released by two Giardia isolates (WB and GS)
when they interact with the Caco-2 IECs (Paper II). Wide changes in the transcriptome (Paper
III) and the proteome (Paper IV) of the parasite (WB isolate) and the host IECs have been studied
giving us a further understanding of the parasite-host interactions. An understudied gene family
(HCMPs) was studied and further characterized during interactions in both RNA and protein
level (Paper III, IV).
In conclusion, the thesis has provided a further understanding of Giardia-host interactions in
vitro and the molecular mechanisms involved.
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Svensk sammanfattning

Tarminfektioner är ett av de allvarligaste folkhälsoproblemen på planeten,
särskilt i utvecklingsländer där det är den främsta orsaken till dödsfall hos
barn under 5 år. Orsaker till tarminfektionerna är olika typer av bakterier,
virus och parasiter. Parasiter är en av de viktigaste orsakerna till tarminfektioner över hela världen och dem påverkar människor i alla åldrar, särskilt
barn och människor med svagt immunförsvar. Infektioner orsakade av tarmparasiter kan ge upphov till sporadiska, isolerade fall men även epidemier.
Giardia intestinalis parasiten (även känd som Giardia lamblia eller Giardia duodenalis) är en parasitär protozo med flageller som överförs genom
oral transmission i förorenat vatten eller mat och som orsakar sporadiska,
endemiska eller epidemiska utbrott av diarrrésjukdomen giardiasis.
Giardiasis är den vanligaste parasitära sjukdomsorsaken till diarrrébesvär
och påverkar cirka 280 miljoner människor varje år i många länder runt om i
världen, inklusive Sverige. Det rapporteras 1200-1500 fall av giardiasis varje
år i Sverige, men de flesta (70%) har smittats utomlands. Sjukdomen är huvudsakligen förknippad med dålig hygien och otillräckliga vattenreningsanläggningar. Det kan påverka människor i alla åldrar, medan hög riskgrupper
är unga barn, patienter med någon typ av nedsättning i immunsystemet och
resenärer till länder med höga Giardia prevalenser.
Parasiten har en enkel livscykel som innehåller två steg: en trofozoit som
är den replikerande formen och cystan som är den smittsamma formen.
Cystor kan överleva utanför värden under långa perioder och är virulenta,
medan trofozoiter inte överlever utanför värden. Parasitens livscykel börjar
med cystornas intag av värden, aktivering av excystering av den sura magsaften i magen och frigörande av exyzoiten i övre delen av tunntarmen efter
påverkan av trypsin och gallsalter. Excyzoiten differentieras sedan till fyra
trofozoiter. Trofoziterna i sin tur håller sig vid tarmens epitel och multiplicerar. När trofozoiterna faller ned till tunntarmens nedre del eller tjocktarmen
bildar de cystor igen som senare utsöndras med avföringen. På detta sätt kan
cystorna spridas i närmiljön och infektera en ny värd.
I de flesta fall är infektionen icke-symptomatisk, men kliniska symtom av
infektionen inträffar 1-4 veckor efter cystintaget. Symptomen av giardias är
diarré, viktminskning, anorexi, magkramper och värk, medan feber och
kräkningar är mindre vanliga. Sjukdomen kan också bli kronisk med akuta
återfall. Giardiasis är förknippad med senare uppkomster av irritabelt tarm11

syndrom (IBS) och kronisk trötthetssyndrom, och hos unga barn kan parasiten orsaka tillväxtsstörningar.
Den kliniska diagnosen av sjukdomen görs genom parasitundersökning av
avföring för att hitta cystor, trofozoiter eller båda formerna. Diagnosen kan
också innefatta endoskopi i övre matsmältningsorganen, duodenalvätska och
biopsier. Antigendetektionstester är ett enkelt och snabbt alternativ men är
vanligare i forskningsmiljöer än i klinisk rutindiagnostik.
Behandlingen av giardiasis görs med hjälp av läkemedel, huvudsakligen
metronidazol, mebendazol eller tinidazol eller en kombination av dessa läkemedel. Förebyggande arbete med att förhindra infektion är dock det viktigaste sättet att kontrollera infektionen.
Som tidigare nämnts är cystorna ganska resistenta mot svåra miljöförhållanden och kan överleva i dagar i lågtemperaturvatten, medan de kan inaktiveras genom kokning och pastörisering. För dricksvatten är klorering inte
tillräckligt för att förstöra cystorna, medan vattenbehandling med filter har
visat sig vara tillfredsställande eftersom det kan eliminera de flesta cystorna
från vattnet.
Parasiten kan delas in i 8 genetiska grupper (A-H) där endast två av dem
(A och B) kan infektera människor. Parasiten är polyploid med två kopior av
de 5 kromosomerna i varje kärna. I denna avhandling utfördes genomsekvensering av två nyisolerade humana genotyp A-isolat (AS175 och AS98)
och genomen jämfördes med genotyp A isolatet WB, det först sekvenserade
Giardia genomet som nu är referengenom (Papper I). Genomspridda genetiska variationer identifierades bland de tre isolaten, inklusive isolatspecifika
proteinkodande sekvenser och en hög nivå av nukleotiddiversitet hos flera
multigenfamiljer, såsom VSP och HCMP gener.
Vi använde vidare en in vitro-modell för studier av parasitinteraktioner
med värdens intestinala epitelceller (diffrentierade Caco-2 användes som
modell) för att studera samspelet mellan Giardia och den mänskliga värden.
Vi har identifierat de mest utsöndrade Giardia proteinerna som frisätts av
Giardia trofozoiter från två olika genotyper (WB, GS) när de interagerar
med Caco-2 celler (Papper II). Vi kunde också identifiera vilka proteiner
som frigörs av värdcellerna under interaktionen. Våra resultat tyder på att
mycket av kommunikationen vid värd-parasitinteraktionen medieras av sekreterade proteiner (Papper II). Samma experimentella system användes för
att studera förändringar i parasit transkriptomet (Papper III) och proteomen
(Papper IV) av parasiten och intestinala epitelceller. Dessa studier har gett
oss en ytterligare förståelse av parasit-värdinteraktionerna vid giardiasis. En
tidigare lite studerad genfamilj (HCMPer) studerades specifikt och karakteriserades under interaktioner på både RNA och proteinnivå (Papper III, IV).
Våra resultat indikerar att denna genfamilj är viktig i samspelet mellan parasit och värd under Giardia infektioner. Avhandlingen har gett en ytterligare
förståelse av Giardia-värd-interaktioner in vitro och de involverade molekylära mekanismerna.
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Περίληψη

Οι εντερικές λοιμώξεις αποτελούν ένα από τα πιο σοβαρά προβλήματα
της Δημόσιας Υγείας παγκοσμίως, με ιδιαιτέρως αυξημένη νοσηρότητα και
θνησιμότητα κυρίως σε αναπτυσσόμενες χώρες, όπου και χαρακτηρίζεται ως
η κυριότερη αιτία θανάτου παιδιών κάτω των 5 ετών. Αιτίες εντερικών
λοιμώξεων είναι πολλά βακτήρια, ιοί καθώς και παράσιτα. Τα τελευταία
μάλιστα αποτελούν μια από τις σημαντικότερες αιτίες εντερικών λοιμώξεων,
σχεδόν σε όλο τον κόσμο, προσβάλλοντας όλες τις ηλικίες, κυρίως όμως
παιδιά και άτομα με ασθενές ανοσοβιολογικό συστήματος. Τέτοιες
λοιμώξεις μπορεί να αποτελούν σποραδικές περιπτώσεις καθώς και
επιδημίες.
Το παράσιτο Giardia intestinalis (επίσης γνωστό ως Giardia lamblia ή
Giardia duodenalis) είναι ένα μαστιγοφόρο πρωτόζωο παράσιτο, το οποίο
μεταδίδεται μέσω της κοπρανοστοματικής οδού, όπως επίσης και μέσω του
μολυσμένου νερού ή φαγητού, προκαλώντας σποραδικά, ενδημικά ή
επιδημικά κρούσματα της νόσου λαμβλίαση.
Η λαμβλίαση (ή γιαρδίαση) είναι η πιο συνηθισμένη αιτία παρασιτώσεων
του λεπτού εντέρου και προσβάλει περίπου 280 εκατομμύρια άτομα κάθε
χρόνο σε πολλές χώρες ανά τον κόσμο, συμπεριλαμβανομένου και της
Ελλάδας. Η νόσος συνδέεται κυρίως με κακές συνθήκες υγιεινής και
ανεπαρκείς εγκαταστάσεις καθαρισμού του νερού. Μπορεί να προσβάλει
άτομα όλων των ηλικιών, με κυριότερες ομάδες υψηλότερου κινδύνου να
χαρακτηρίζονται τα μικρά παιδία, οι ανοσοκατεσταλμένοι ασθενείς και οι
ταξιδιώτες.
Το παράσιτο παρουσιάζει έναν απλό κύκλο ζωής, ο οποίος περιλαμβάνει
δύο στάδια: τον τροφοζωΐτη που αποτελεί την βλαστική μορφή και την
κύστη που αποτελεί την μολυσματική μορφή. Οι κύστες μπορούν να
επιβιώσουν εκτός του ξενιστή οργανισμού για μεγάλες χρονικές περιόδους
και έχουν λοιμογόνο ικανότητα, ενώ οι τροφοζωΐτες δεν επιβιώνουν εκτός
του ξενιστή.
Ο κύκλος ζωής του παρασίτου ξεκινάει με την κατάποση των κύστεων
από τον ξενιστή, οι οποίες ενεργοποιούνται από το αυξημένο γαστρικό υγρό
και διαφοροποιούνται σε δύο τροφοζωΐτες. Οι τροφοζωΐτες με την σειρά
τους προσκολλώνται στα επιθήλια του λεπτού εντέρου και
πολλαπλασιάζονται. Καθώς οι τροφοζωΐτες προχωρούν στο κατώτερο μέρος
του παχέος εντέρου σχηματίζουν κύστες, οι οποίες και αποβάλλονται με τα
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κόπρανα. Με αυτόν τον τρόπο οι κύστες μπορούν να φτάσουν στους
υδροφόρους ορίζοντες και να προσβάλουν έναν καινούριο ξενιστή.
Στην πλειονότητα των περιπτώσεων η λαμβλίαση είναι ασυμπτωματική,
παρ’ όλα αυτά κλινικά συμπτώματα της λοίμωξης μπορούν να εμφανιστούν
1-4 εβδομάδες μετά την λήψη/κατάποση των κύστεων. Τα συμπτώματα της
λαμβλίασης περιλαμβάνουν διάρροια, καταβολή, απώλεια βάρους, ανορεξία,
κοιλιακές κράμπες και άλγη, ενώ ο πυρετός και οι έμετοι είναι λιγότερο
συνήθεις. Η νόσος μπορεί να μεταπέσει σε χρόνια, ενώ μπορεί να εμφανίσει
και υποτροπές. Η λαμβλίαση σχετίζεται με την μετέπειτα εμφάνιση του
συνδρόμου ευερέθιστου εντέρου (IBS) και του συνδρόμου χρόνιας
κόπωσης, ενώ σε μικρά παιδιά μπορεί να προκαλέσει διαταραχές στην
ανάπτυξη.
Η κλινική διάγνωση της νόσου γίνεται με παρασιτολογική εξέταση
κοπράνων για ανεύρεση κύστεων, τροφοζωϊτών ή και των δύο. Επιπλέον, η
διάγνωση μπορεί να περιλαμβάνει και ενδοσκόπηση του ανώτερου πεπτικού
συστήματος, λήψη δωδεκακτυλικού υγρού και βιοψίας. Αν και τα τεστ
ανίχνευσης αντιγόνων αποτελούν μια εύκολη και γρήγορη εναλλακτική,
ωστόσο εντοπίζονται συνήθως σε ερευνητικές εγκαταστάσεις και όχι για
κλινικές διαγνώσεις.
Η θεραπεία της λαμβλίασης περιλαμβάνει τη χρήση φαρμάκων με κύριο
συστατικό την μετρονιδαζόλη, νιταζοξανίδη ή τινιδαζόλη ή ακόμα και
συνδυασμό φαρμάκων. Παρ’ όλα αυτά, η πρόληψη αποτελεί τον πιο
σημαντικό τρόπο ελέγχου της λοίμωξης.
Όπως ήδη αναφέρθηκε, οι κύστες είναι αρκετά ανθεκτικές σε σκληρές
περιβαλλοντικές συνθήκες, επιβιώνοντας για ημέρες σε νερά χαμηλής
θερμοκρασίας, ενώ μπορούν να αδρανοποιηθούν με το βράσιμο, την
ξηρασία και την παστερίωση. Για το πόσιμο νερό, η χλωρίωση δεν είναι
ικανή να καταστρέψει τις κύστες, ενώ αντιθέτως η επεξεργασία του νερού
με φίλτρα έχει αποδειχτεί ικανοποιητική μέθοδος, καθώς είναι ικανή να
κατακρατήσει το μεγαλύτερο ποσοστό των κυστών.
Πηγή του παρασίτου είναι ο άνθρωπος αλλά και διάφορα θηλαστικά,
κυρίως μηρυκαστικά και οικόσιτα ζώα, όπως επιπροσθέτως πουλιά και
ποντίκια.
Το παράσιτο Giardia παρουσιάζει 8 γονότυπους (A-H), ενώ μόνο δύο
από αυτούς (A και B) μπορούν να προσβάλλουν τους ανθρώπους. Το
παράσιτο είναι πολυπλόο με δύο αντίγραφα των 5 χρωμοσωμάτων σε κάθε
πυρήνα. Σε αυτή τη διατριβή, διεξήχθη μελέτη ολόκληρου του γονιδιώματος
για δύο ανθρώπινα στελέχη του γονότυπου A (AS175 και AS98), τα οποία
συγκρίθηκαν τόσο μεταξύ τους όσο και με το γονιδίωμα του WB, το οποίο
αποτελεί το στέλεχος αναφοράς (Δημοσίευση Ι - Paper I). Γενετικές
διαφορές εντοπίστηκαν μεταξύ των τριών απομονωθέντων στελεχών,
περιλαμβανομένων κωδικοποιητικών αλληλουχιών πρωτεϊνών μοναδικών
για το κάθε στέλεχος καθώς απίσης και αυξημένος αριθμός νουκλεοτιδικής
14

ποικιλότητας σε πολυγονιδιακές οικογένειες, όπως επί παραδείγματι οι
VSPs και οι HCMPs.
Περαιτέρω, χρησιμοποιήθηκε ένα in vitro μοντέλο για την
αλληλεπίδραση των παρασίτων με ανθρώπινα εντερικά επιθηλιακά κύτταρα
(IECs), προκειμένου να μελετηθεί η σχέση μεταξύ του παρασίτου Giardia
και του ανθρώπινου ξενιστή. Μέσα από τη χρήση αυτού του μοντέλου
εντοπίστηκαν τα κύρια εκκριτικά προϊόντα (ESPs) από δύο ανθρώπινα
στελέχη της Giardia (WB, GS), όταν αυτά αλληλεπίδρασαν με τα
επιθηλιακά κύτταρα Caco-2 (Δημοσίευση II - Paper II). Επίσης
προσδιορίστηκαν ποιες πρωτεΐνες απελευθερώνονται από το κύτταραξενιστές κατά τη διάρκεια της αλληλεπίδρασης. Τα αποτελέσματά αυτής της
έρευνας δείχνουν ότι μεγάλο μέρος της επικοινωνίας μεταξύ ξενιστήπαρασίτου προκαλείται από τις εκκρινόμενες πρωτεΐνες (Δημοσίευση II Paper II).
Το ίδιο πειραματικό μοντέλο χρησιμοποιήθηκε για να μελετηθούν οι
μεταβολές στο μεταγράφωμα του παρασίτου (Δημοσίευση ΙΙΙ - Paper III)
και στο πρωτεΐνωμα (Δημοσίευση IV - Paper IV) του παρασίτου και των
εντερικών επιθηλιακών κυττάρων, προσφέροντας περαιτέρω κατανόηση της
αλληλεπίδρασης παρασίτου-ξενιστή. Ιδιάιτερη προσοχή δόθηκε στη μελέτη
και στον εις βάθος χαρακτηρισμό της πολυγονιδιακής οικογένειας HCMPs
κατά τη διάρκεια αυτών των αλληλεπιδράσεων τόσο σε επίπεδο RNA όσο
και σε επίπεδο πρωτεΐνης (Δημοσίευση ΙΙΙ, IV - Paper III, IV). Τα
αποτελέσματα της μελέτης έδειξαν ότι αυτή η οικογένεια γονιδίων είναι
σημαντική στην αλληλεπίδραση μεταξύ του παρασίτου και ξενιστή κατά τη
διάρκεια λοιμώξεων από Giardia.
Συμπερασματικά, η διατριβή μπορεί να παράσχει μια πιο ολοκληρωμένη
κατανόηση των αλληλεπιδράσεων μεταξύ Giardia-ξενιστή σε in vitro
συνθήκες, καθώς επίσης και των μοριακών μηχανισμών που λαμβάνουν
μέρος σε αυτές.
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Introduction

Diarrheal diseases are one of the leading causes of death in children under 5
years of age in developing countries accounting for a total of 800 000 deaths
worldwide (Kotloff et al. 2013). Giardia is the most common diarrheal pathogen in humans and it is frequently associated with foodborne/waterborne
parasitic diseases (giardiasis) around the world (Lalle & Hanevik 2018). In
2004, Giardia was included in the World Health Organization (WHO) Neglected Disease Initiative and was ranked the 11th most important foodborne
parasite globally by the Food and Agriculture Organization of the United
Nations (FAO)/WHO (Boireau et al. 2014). Giardia itself causes around
280 million symptomatic infections in humans every year, while it can also
cause chronic and asymptomatic infections (reviewed in Ryan et al. 2019).
Although Giardia is one of the most common parasites for human infections,
there are many aspects of the parasite’s biology that are poorly understood.

The Giardia parasite
Giardia intestinalis (syn. Giardia lamblia, Giardia duodenalis) is a pearshaped flagellated, extracellular, protozoan parasite, firstly described in 1681
by the Dutch pioneering microscopist, Antony Van Leeuwenhoek (Dobell
1920). In 1859, 178 years after Van Leeuwenhoek’s discovery, the Czech
scientist Vilem Dusan Lambl suggested this parasite to be named Cercomonas intestinalis. It was only until 1915 that the parasite was named Giardia
lamblia in honor of the work done by the French professors A. Giard and Dr
V. Lambl (Ford 2005). Today, there are three names describing the parasite
that infects humans, Giardia intestinalis, Giardia lamblia and Giardia duodenalis, but they all refer to the same species of organism.
Giardia has a very characteristic morphology which includes a ventral
suction cup (disc), two active nuclei and four pairs of bilaterally symmetrical
flagella. However, this parasite lacks organelles such as Golgi complex,
peroxisomes and mitochondria, typically seen in eukaryotic microorganisms
(reviewed in Adam 2001, Lane & Lloyd 2002). Giardia occupies the upper
part of the intestinal tract of mammals, where it can establish the infection
(reviewed in Ankarklev et al. 2010). For a long time, Giardia has been considered to reproduce asexually, by binary fission (Tibayrenc et al. 1990),
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however, there has been increasing evidence to support otherwise (Ramesh
et al. 2005, Poxleitner et al. 2008, Schurko et al. 2009).

Giardia classification and assemblages
Giardia is a eukaryotic microorganism, belonging to the supergroup of Excavata and phylum of Metamonada (Adl et al. 2012) (Figure 1). Giardia has
been classified to the order of Diplomonadida (Cavalier-Smith 1987).

Figure 1. Classification of eukaryotes in five supergroups. Adapted from (Adl et
al. 2012).

Since 1952, six species have been identified of the genus Giardia based on
morphological and molecular characteristics (Table 1). The different Giardia
species can have a variety of hosts such as amphibians (G. agilis) (Filice
1952), rodents (G. muris, G. microti) (Filice 1952, Feely 1988), birds (G.
ardeae, G. psittaci) (Erlandsen & Bemrick 1987, Erlandsen et al. 1990) as
well as domestic and hoofed animals, and humans (G. intestinalis) (Filice
1952).
Initially, the Giardia taxonomy was based on phenotypic variations, however, today a combination of morphological characteristics and molecular
analyses are used to distinguish the different species (Monis & Andrews
1998).
To date, eight genotypes (assemblages) of Giardia intestinalis species
complex have been identified based on molecular analyses (Table 1) (Cacciò
& Ryan 2008, Lasek-Nesselquist et al. 2010). Assemblages A and B, although they can infect a large variety of mammals, are the only assemblages
infectious to humans. The rest of the assemblages are more host specific,
with C and D being specific for canids, E for hoofed animals, F for cats and
G for rats (reviewed in Souza et al. 2007). Assemblage H, has been proposed
to be specific for marine mammals (Lasek-Nesselquist et al. 2010).
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Table 1. Recognized Giardia species, their host range and genotypic groups of
G. intestinalis. Adapted from (Adam 2001, Monis et al. 2009).
Species

Genotype

G. agilis
G. muris
G. microti
G. ardeae
G. psittaci
G. intestinalis
G. enterica
G. canis
G. bovis
G. cati
G. simondi

Host
Amphibians
Rodents
Voles and muskrats
Herons
Psittacine Birds

Assemblage A
Assemblage B
Assemblage C/D
Assemblage E
Assemblage F
Assemblage G

Humans and other mammals
Humans and other mammals
Dogs and other canids
Hoofed animals
Cats
Rats

Nucleotide changes in genes such as glutamate dehydrogenase (GDH), elongation factor 1-alpha (EF1-α), triose phosphate isomerase (TPI), small subunit ribosomal RNA (ssu-rRNA) and beta-giardin (β-giardin) are commonly
used for differentiation between assemblages and the sub-genotypes within
an assemblage (sub-assemblage) (reviewed in Wielinga & Thompson 2007,
Cacciò & Ryan 2008, Feng & Xiao 2011). Within assemblage A, the most
common sub-assemblages reported in humans are AI and AII while AIII is
more common in hoofed animals (Feng & Xiao 2011). Within assemblage B,
the sub-assemblages BIII and BIV are found in the same frequency in humans but they are considered potentially zoonotic since they’ve been also
found in animals (Sprong et al. 2009).
The best characterized G. intestinalis strain (isolate) is the WB which is a
human isolate from Afghanistan (1983) and belongs to assemblage A (and
sub-assemblage AI). In fact, the genome of this isolate (ATCC 50803) was
the first to be published in 2007 (Morrison et al. 2007) and since then the
genomes of other G. intestinalis isolates have been published (Wielinga &
Thompson 2007, Franzén et al. 2009, Jerlström-Hultqvist et al. 2010, Adam
et al. 2013, Tsui et al. 2018). Another isolate commonly used in studies is
the GS (ATCC 50581), which was isolated in Alaska. The GS is of a human
origin, belongs to assemblage B (and sub-assemblage BI) and is the only
isolate that has been used experimentally to infect both humans and animals
(Nash et al. 1987, Byrd et al. 1994). Axenic in vitro cultures have been established for both isolates but WB is the only isolate with a fully characterized life cycle in vitro whereas this has been more challenging for GS since
cyst formation cannot be induced in vitro.
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The life cycle of Giardia
The ability of pathogens to survive and adapt in harsh environments is a key
factor to establish and spread an infection. To do this, Giardia switches between two metabolic stages: the vegetative, replicating trophozoite and the
dormant, non-motile infectious cyst that is resistant to environment damage.
Giardia has a quite simple life cycle (Figure 2) that starts by the ingestion
of cysts in contaminated water or food. The cysts are triggered to hatch (i.e.
excystation) by the acidic milieu in the stomach. Excyzoites emerge quickly
from the cysts and each one starts dividing into two trophozoites. The latter
attach and colonize the small intestinal epithelium where they proliferate
further and establish an infection. In the lower part of the intestine, the
trophozoites respond to changes in the host environment (such as the alkaline pH and high concentrations of bile and lipolytic products) by initiating
the formation of a cyst wall (i.e. encystation) to avoid damage. This eventually leads to cyst formation. Cysts are excreted to the environment with
fecal matter and they have the ability to survive for several weeks under
harsh environmental conditions (e.g. damp cold areas). The formation of
cysts is essential not only for survival but also for the transmission of disease
and infecting a new host (reviewed in Gillin et al. 1989, Adam 2001, Rópolo
& Touz 2010, Ankarklev et al. 2010, Feng & Xiao 2011).

Figure 2. The life cycle of Giardia. Giardia is present in two main life stages; the
proliferative trophozoite and the infectious cyst. The cycle starts with the ingestion
of contaminated food or water. Giardia establishes an infection and the cycle ends
with cyst formation and excretion into the environment.
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The trophozoite
Giardia trophozoite has a very characteristic pear-shape and is approximately 12-15µm long and 5-9µm wide. The trophozoites, as members of the
diplomonads, have two nuclei positioned anteriorly with a bilateral symmetry (Adam 2001). The trophozoite possesses prominent features, as schematically depicted in Figure 3, which include a ventral disc for attachment
to the intestinal epithelial cells and four pairs of flagella used for different
modes of motility (Adam 2001).

Figure 3. The Giardia trophozoite and cyst. Giardia trophozoite is schematically
depicted on the left. Characteristic features of the trophozoite include the two nuclei
each containing two copies of the genome, the ventral disc used for attachment,
eight basal bodies connected with their corresponding flagella pairs (AF-Anterior
Flagella, PF-Posteriolateral Flagella, VF-Ventral Flagella, CF-Caudal Flagella) used
for motility, the mitosomes, the median body and peripheral vesicles. Post encystation, a mature formed cyst is schematically drawn on the right. The infectious cyst
contains a rigid cyst wall, four nuclei each containing four copies of the genome,
ventral disc fragments and axomenes.

The nuclei
Both trophozoite nuclei have the same size and shape, and they are transcriptionally active (Kabnick & Peattie 1990). Typical in eukaryotes, the double
nuclear membrane is perforated with structures known as nuclear pore complexes and help in the transportation of molecules between the nucleus and
the cytoplasm (Alberts et al. 2002). However, the pore complexes distribu21

tion and clustering differ between the two nuclei indicating that the nuclei
are not functioning equally (Benchimol 2004). The number of nuclear pores
also changes throughout the parasite’s life cycle and is lower during mitosis
(Benchimol 2004).
G. intestinalis possesses five chromosomes and each nucleus contains at
least one copy of each (Yu et al. 2002). In most isolates each nucleus contains two copies (2N) of the genome (Bernander et al. 2001) which are replicated (4N) and then divided during mitosis (Yu et al. 2002). However, recent
data suggest an unequal distribution of the chromosomes between the two
nuclei in some isolates (Tůmová et al. 2019).
Cytoskeleton
Giardia has a quite characteristic yet peculiar cytoskeleton which consists of
four pairs of flagella and their corresponding basal bodies, the adhesive disc
and the median body.
Trophozoite flagella play an important role in movement to sites suitable
for villous colonization in the small intestine. Flagellar motility is important
not only for establishing and maintaining an infection, but also for the completion of division when dividing trophozoites swim away of each other
(Tůmová et al. 2007, Dawson & House 2010). It has also been suggested
that flagellar motility is important during excystation and has a mechanistic
role on initiating the opening of the cyst (Buchel et al. 1987, Dawson &
House 2010). Each flagella (Anterior Flagella-AF, Posteriolateral FlagellaPF, Ventral Flagella-VF, Caudal Flagella-CF) originates from a basal body
near the midline and anteroventral to the nuclei (Adam 2001) (Figure 3).
During mitosis, chromosomal segregation and nuclear division is followed
by flagellar duplication and repositioning in the daughter cells. Each daughter cell will inherit one basal body that will function as the flagellar basal
body in the new cell (Buchel et al. 1987, Dawson & House 2010).
The adhesive disc consists of a concave array of spiraling microtubules
that are connected with structures known as the microribbons, which extend
into the cytoplasm (Dawson 2010). One of the most abundant proteins localized to the ventral disc are those of the “giardin” family such as α-, β- and δgiardin (Peattie 1990, Palm D et al. 2005), the α–tubulin and the aurora kinase (Elmendorf et al. 2003, Davids et al. 2008). The ventral disc is considered as one of the most important features of Giardia and is regarded as a
virulence factor since it is used by the trophozoite to attach to the microvilli
and avoid been swept away from the small intestine by peristalsis. Scanning
electron microscopy has shown imprints left by the parasite on the brush
border after detachment, indicating a rather strong force with which the parasite attaches to surfaces (Magne et al. 1991).
The median body is also a structure associated with the Giardia cytoskeleton. It is placed on the dorsal surface of trophozoite and consists of an array
of microtubules (Elmendorf et al. 2003) (Figure 3). This structure is unique
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for Giardia as it doesn’t exist in other diplomonads (Feely et al. 1990) and it
gives Giardia its characteristic “crooked smile”. The function of the median
body is still unknown but it has been suggested to serve as a reservoir of
tubulin that the cell needs during the life cycle, such as for the formation of
ventral disc in the daughter cells (Crossley et al. 1986).
Membrane trafficking
Golgi is the central player in membrane trafficking as well as protein sorting
and transport. Since Giardia lacks a typical Golgi apparatus, it uses peripheral vacuoles (PV) combined with the endoplasmic reticulum (ER) for protein transportation (Touz et al. 2012).
The ER expands throughout the whole cell, continuous with the nuclear
membrane, and is more abundant around the nuclei. Although Golgi complex and structure is not present in Giardia, there are several Golgi enzymes
and proteins that are induced when required by the parasite during encystation for building up the cyst wall (Luján et al. 1995a).
Endosomes and lysosomes are also missing in Giardia. Nevertheless,
their function is compensated by the PVs which can be seen in the periphery
of the cell (Figure 3). PVs are always in communication with the ER and
they are involved in both endocytosis and exocytosis transferring molecules
such as the encystation-specific vesicles (ESVs) required at the time of cyst
wall formation (Touz et al. 2012).
The mitosome
Giardia and other protists were previously considered to be amitochondrial
organisms that diverged from other eukaryotes before they acquire the premitochondrial endosymbiont (Dolezal et al. 2005). However, the discovery of
the mitochondrial-like chaperonin 60 (cpn60) homolog (Roger et al. 1998)
as well as the presence of mitochondrial-like organelles called mitosomes
(Tovar et al. 2003) challenged this belief.
The mitosomes are tiny (140x70 nm) double-membrane organelles and
are present in two forms; the peripheral mitosomes, scattered in the periphery of the cytosol and the central mitosomes, arranged tightly in a line between the two nuclei (Figure 3). They are the simplest form of mitochondrial-related organelles (MROs) known as hydrogenosomes which are present
in several protists that occupy environments with low oxygen concentrations. While mitosomes have maintained a double membrane, they have lost
their mitochondrial genome (Makiuchi & Nozaki 2014, Voleman et al.
2017). Mitosomes don’t produce adenosine triphosphate (ATP) but they
have a metabolic role involving the synthesis of iron-sulfur (Fe-S) clusters
(Tovar et al. 2003) and they only divide during mitosis (Voleman et al.
2017).
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The cyst
The cyst has an oval shape and 8-12µm length by 7-10µm width, covered by
the cyst wall which is 0.3-0.5µm thick and a double membrane on the inside
(Erlandsen et al. 1996, Chávez‐Munguía et al. 2004) (Figure 3). The Giardia cyst wall is mainly composed by proteins (40%) and carbohydrates
(60%). There are three major cyst wall proteins (CWP) identified (CWP1,2,3) and they all contain leucine-rich repeats (Erlandsen et al. 1996, Sun et
al. 2003).
Cysts are shed through host feces and they are responsible for the transmission of the disease from one host to another. They can stay viable for
several weeks in water at temperatures lower than 10˚C and they can withstand UV radiation and exposure to chemical agents used for water treatment
(Jarroll et al. 1981a, Belosevic et al. 2001, Sundermann & Estridge 2010).
Based on experiments with humans, the minimal infectious dose able to
cause the disease is 10 cysts (Rendtorff 1954).

Differentiation
Giardia differentiation entails two major developmental processes; the
awakening of the cyst from dormancy, the emergence of trophozoite from it
(excystation), and the completion of the cell cycle as the trophozoite transitions back into the cyst phase (encystation) which is released back into the
environment. The Giardia life cycle has been studied and carried out in vitro
(Gillin et al. 1989) making Giardia a model organism for eukaryotic cell
differentiation.
Excystation
Excystation of G. intestinalis involves the differentiation of the dormant
cysts into the vegetative trophozoite. In vitro, the excystation process includes the exposure of cysts to acidic pH, similar to that in the stomach of
the host, followed by increasing the pH and protease treatment (e.g. trypsin),
mimicking the environment in the small intestine (Boucher & Gillin 1990).
Proteases and enzymes stored in the PVs are released and participate in the
degradation of the cyst wall (Ward W et al. 1997). The excyzoite emerges
from an opening in one of the cyst poles and undergoes the first round of
cytokinesis to produce two trophozoites. Each excyzoite contains four nuclei
and divides twice to form four trophozoites (Svärd et al. 2003).
Encystation
G. intestinalis differentiates in the G2 stage of the cell cycle just like other
encysting eukaryotes such as Entamoeba invadens and Acanthamoeba (Bernander et al. 2001). Exiting G2, the parasite has already gone through genome replication, but the encyzoite will go through a second round of repli24

cation without cytokinesis (Bernander et al. 2001). When encystation is
completed, fragments of the ventral disc and flagella accumulate in the center of the cyst, together with the four nuclei (16N ploidy) (Svärd et al. 2003)
(Figure 3).
In vitro, the exposure of trophozoites to the right conditions is important
for the success of encystation and the production of large numbers of viable
cysts capable of excysting again (Gillin et al. 1988, Gillin et al. 1989). This
can be achieved by incubating the trophozoites in media with higher bile
content to induce cholesterol starvation under higher pH (7.8) (Luján et al.
1996). The production of cysts can be achieved within 24 hours in vitro.
In vivo, encystation is much slower than excystation and starts when the
trophozoites migrate towards the lower part of the small intestine or jejunum
(Adam 1991). During encystation, trophozoites are no longer able to attach
to the intestinal epithelium due to the disassembly of ventral disc (Palm D et
al. 2005). Motility is also lost due to the internalization of flagella and ESVs
formation starts (Ankarklev et al. 2010). ESVs are only present during encystation and they can be seen easily with a regular light microscope. The
ESVs are the most important organelle functionally during encystation as
they are involved in CW formation and the transportation of CWPs (Marti &
Hehl 2003) as evidenced from the up-regulation of CWP1 and CWP2 in
early encystation and their localization to ESVs (Mowatt et al. 1995, Luján
et al. 1995b).

The Giardia intestinalis genome
The first Giardia genome was published in 2007 for the WB-C6 isolate
(Morrison et al. 2007). The haploid genome size is 11.7 Mbp organized into
five chromosomes and contains 4800 protein encoding genes (Morrison et
al. 2007). Although initially it was believed that Giardia genome was G/Crich, the WB-C6 genome sequence revealed a G/C content of 49%. The five
G. intestinalis chromosomes have size differences that are believed to be
caused by variations in the copy numbers of rDNA arrays at the telomeric
regions (Adam 2000). The G. intestinalis genome is relatively compact in
terms of the non-coding regions and intergenic space, and there are only
eight introns identified (Nixon et al. 2002, Russell et al. 2005, Morrison et
al. 2007, Kamikawa et al. 2011, Roy et al. 2012, Franzén et al. 2013,
Nageshan et al. 2014). Giardia lacks many of the general transcription factors and transcription relies upon A/T-rich promoters (Morrison et al. 2007).
The few transcription factors that have been identified, have been described
mainly in relation to parasite differentiation (Morf et al. 2010, Su et al. 2011,
Cho et al. 2012, Einarsson et al. 2016).
Comparative genomics among different assemblages has been possible
due to the recently sequenced assemblage B (GS/M) and assemblage E (P15)
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genomes (Franzén et al. 2009, Jerlström-Hultqvist et al. 2010). These studies
showed that the genomes of WB-C6 and GS/M are well conserved in the
coding ability but highly diverged in sequence. More specifically, they
showed a 77% nucleotide and 78% amino-acid sequence identity in orthologous proteins, while there are only a few genes, apart from the ones belonging to the variant-specific surface protein family (VSPs), that show completely different repertoire and they are assemblage-specific. The WB-C6
isolate also shows less sequence variability and allelic sequence heterozygosity (ASH) in all four alleles in comparison to GS/M (Franzén et al. 2009).
Although the P15 isolate is of animal origin, genome sequence analysis
showed the exact same amount of G/C content as in the human GS/M isolate
(47%) but a slightly different content compared to WB-C6 isolate (Jerlström-Hultqvist et al. 2010). Interestingly, the P15 isolate showed a 90%
amino-acid sequence identity to WB-C6 and 81% identity to GS/M which is
higher than the identity observed between the two human isolates (Franzén
et al. 2009). Similar to the WB-C6 isolate, the P15 isolate showed low levels
of allelic sequence heterozygosity (Jerlström-Hultqvist et al. 2010). In the
GS/M isolate, the genes involved in DNA repair and meiosis showed large
sequence divergence as well as insertions and deletions. This, however,
wasn’t observed in in the WB-C6 and P15 isolates. Furthermore, indels and
single nucleotide polymorphisms (SNPs) are commonly found in Giardia
genome and could impact protein function, specificity and efficiency (Jerlström-Hultqvist et al. 2010). Orthologous genes make up around 91% of the
Giardia genome and they seem to be highly conserved among the different
assemblages. Differences are most commonly found in the Giardia-specific
gene families, such as the high cysteine membrane proteins (HCMPs), VSPs,
ankyrin repeat proteins and the NEK kinases, and this might explain the
differences between host preferences (Franzén et al. 2009).
Except for the large core of housekeeping genes and the variant gene families, the Giardia genome contains a large amount of hypothetical genes that
code for unknown proteins. Most of these genes are not present in other protozoan parasites, which makes it likely that they are involved in evolutionary
divergence, pathogenicity, host specificity, and environmental adaptation
(Adam 2000, Jerlström-Hultqvist et al. 2010). All the results above indicate
that genetic variation among the different G. intestinalis genomes does exist.
However, data from other isolates and more assemblages are needed to determine whether the differences described are true for the assemblages A, B
and E or if there are unique characteristics for these isolates.

Metabolism
All living organisms require energy to maintain cellular homeostasis, respond to environmental changes and reproduce. Metabolism includes all
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biochemical reactions/pathways that help living organisms to produce energy. Being a parasite, Giardia has limited biosynthetic capabilities (i.e. de
novo synthesis) and metabolic pathways and it relies on the host for the acquirement of lipids (Jarroll et al. 1981b), purines (Wang & Aldritt 1983) and
pyrimidines (Aldritt et al. 1985). Giardia’s metabolism seems to be in an
absolute balance, since the parasite has to regulate and change metabolic
processes according to the life cycle requirements, such as excystation, proliferation and encystation.
Energy metabolism
Most eukaryotic organisms require oxygen to survive and generate ATP via
oxidative phosphorylation in the mitochondria. Nevertheless, several protozoan parasites including Giardia, Entamoeba and Trichomonas spp., lack the
mitochondria and thus cannot perform oxidative phosphorylation (Hashimoto et al. 1995, Tovar et al. 1999). Giardia has adapted to microaerophilic
conditions where oxygen is present in low concentrations, and thus this parasite produces energy via glycolysis and ATP is generated via substrate level
phosphorylation (Lindmark 1980, Adam 2001). There is no evidence of
functional Krebs cycle in Giardia. Instead, glucose and other simple sugars
are converted to pyruvate via the Embden-Meyerhof-Parnas pathways
(Weinbach et al. 1980, Lindmark 1980, Jarroll et al. 1981b). Depending on
the oxygen concentration, glycolysis in Giardia produces alanine (anaerobic), ethanol (microaerobic) or acetate and carbon dioxide (CO2) (aerobic)
(Schofield et al. 1990, Adam 2001). Cysts are metabolically inactive, however, in G. muris they have been reported to produce 10-20% of the energy
produced in trophozoites (Paget TA et al. 1989).
Amino acid metabolism
End products from glucose catabolism are not the only carbon source for G.
intestinalis, but amino acid and protein metabolism is used for that as well.
The arginine dihydrolase (ADH) pathway has been suggested to be a major
source of energy for G. intestinalis and arginine is usually depleted quickly
in axenic culture (Stadelmann et al. 2012). This pathway converts arginine to
ornithine and ammonia and has the advantage of producing ATP via substrate level phosphorylation without the need for oxygen (Schofield et al.
1990, Schofield et al. 1992, Edwards et al. 1992). The ADH pathway is
common in many prokaryotes and it was previously observed only in one
eukaryotic organism, Trichomonas vaginalis (Schofield et al. 1992).
Through the ADH pathway, arginine is converted to ornithine and ammonia
by the action of four enzymes; arginine deiminase (ADI), ornithine carbamoyl transferase (OCT), carbamate kinase (CK) and ornithine decarboxylase, which results in the production of four times more ATP than glucose
metabolism (Schofield et al. 1990, Schofield et al. 1992, Edwards et al.
1992).
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Cysteine is another important amino acid for Giardia and it is a major
building block in the cysteine-rich protein families (e.g. VSPs, HCMPs,
tenascins and cysteine-rich CXXC motif proteins). Furthermore, cysteine
acts as a reducing agent, providing protection against O2 and oxidative
stress (Gillin & Diamond 1981, Adam 2001).
Lipid and nucleotide metabolism
The Giardia genome contains enzymes that the parasite uses for sphingomyelin synthesis, which are important for regulation of encystation (Morrison et
al. 2007, Hernandez et al. 2008). However, these enzymes are not sufficient
for the de novo synthesis of lipids but they can be used for the remodeling of
lipids to meet the parasite’s lipid demands (Morrison et al. 2007).
Giardia lacks de novo synthesis of purine and pyrimidine and the parasites salvage those from the host. Giardia also lacks the two enzymes; dihydrofolate reductase and thymidylate synthetase which means that the parasite
cannot synthesize thymidine, important for DNA synthesis and must rely on
an exogenous source, usually the host (Wang & Aldritt 1983, Aldritt et al.
1985).
Oxidative stress
Giardia has been categorized as a microaerophilic organism and has low
tolerance to oxygen and reactive oxygen species (ROS). Oxidative stress
affects giardial plasma membrane permeability, homeostasis and induces cell
blockage leading to cell death (Lloyd et al. 2000, Lloyd et al. 2004, Paget T
et al. 2004). The oxygen concentration in the small intestine can fluctuate
from 0-60µM. Therefore, the parasite needs to respond to these changes
(Paget TA et al. 1993). Under aerobic conditions the parasite uses cellular
DT-diaphorase, which is an oxidoreductase, and produces hydrogen peroxide (H2O2), a damaging ROS (Li L & Wang 2006). While other organisms
contain mechanisms that help in internal ROS detoxification, Giardia lacks
the enzymes superoxide dismutase (SOD), catalase and peroxidases that
could do that (Brown et al. 1995). To counteract this, Giardia uses cytoplasmic thioredoxin (Trx)-like proteins and membrane-associated NADH
peroxidases as detoxification systems (Brown et al. 1998). Transcriptional
studies by Ma’ayeh et al. reported that upon oxidative stress the isolates
WB-C6 and GS/M showed different phenotypic responses and transcription
of antioxidant genes (Ma’ayeh et al. 2015). Briefly, flavohemoglobin (FlavoHb) and peroxiredoxin (Prx1) were among the highest up-regulated genes
in response to both H2O2 and O2. FlavoHb is associated with O2 detoxification and nitric oxide (NO) in Giardia, but how FlavoHb mediates H2O2 detoxification it is not fully understood. Thioredoxin reductase (TrxR) and
proteins with Trx and Trx-like domains were also amongst the highest transcribed genes (Ma’ayeh et al. 2015). Emery et al. have demonstrated that
upon incubation with intestinal epithelial cells (IECs), Giardia up-regulated
28

a number of oxidoreductases, highlighting the importance of ROS detoxification in parasite survival. When they exposed trophozoites to soluble proteins from human IECs, it caused an up-regulation of thioredoxin expression
but not oxidoreductases. These findings indicate that although co-incubation
with host IECs provides some protection against oxidative stress, defense
genes are still up-regulated at RNA level (Emery et al. 2016b).

Giardiasis
G. intestinalis is the most common intestinal protozoan parasite around the
world and it is prevalent among children in developing countries (Kotloff et
al. 2013). Giardia cysts are highly infectious and the ingestion of only 10
viable cysts is enough to cause an infection (Rendtorff 1954). Giardiasis is
associated with inadequate water treatment and water contamination by sewage (Adam 1991). Humans are not the only source for transmission of giardiasis but also infected animals since Giardia is a zoonotic parasite (Table
1). Direct fecal-oral transmission is another way for spreading the disease,
while foodborne transmission is less common. Apart from people in developing countries, giardiasis is frequently reported in travelers in these areas
too (Adam 1991).
Giardiasis can manifest as asymptomatic or acute infection with diarrhea,
which can develop to the chronic phase. Chronic post-infection disorders are
also common such as chronic fatigue syndrome (CFS) (Naess et al. 2012),
irritable bowel syndrome (IBS) and their symptoms (Gwee 2010). Infected
individuals start shedding cysts in feces one to two weeks post-infection and
it can vary from few days up to six weeks (Ortega & Adam 1997). Asymptomatic Giardia infections are more common in previously infected patients
while they appear self-limited in healthy individuals (Nash et al. 1987).
However, elderly and immunocompromised individuals are more prone to
develop symptomatic giardiasis. Typical giardiasis symptoms include diarrhea, abdominal pain and cramps, bloating and flatulence, vomiting, anorexia, dehydration and weight loss, whereas infants and young children are
more likely to suffer from malabsorption, impairment in growth and development (Farthing 1997, Ortega & Adam 1997, Gascón 2006).

Diagnosis, Treatment and Prevention
The first test performed on patients with suspected giardiasis is the examination of stool for the presence of cysts and/or trophozoites by light microscopy. Cysts can be found in most infected patients while trophozoites are mostly seen in symptomatic infections (Adam 1991). Patients with chronic diarrhea might give negative results in microscopy and thus the examination of
the duodenum is a better approach, either by duodenoscopy or histologic
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examination (Ortega & Adam 1997). When the morphology of cysts appears
distorted, immunostaining is one of the diagnostic tools for giardiasis and is
reported to be more sensitive. CWP1 is the most used protein as target in
both immune detection of cysts and in commercial enzyme-linked immunosorbent assay (ELISA) tests (Ratner et al. 2008). Polymerase Chain Reaction
(PCR) and quantitative real time PCR (RT-qPCR) are also used for detection
of Giardia, however, due to the amount of inhibitors present in fecal specimens, these methods are mostly used in research laboratories and not in clinical diagnostics (Ortega & Adam 1997, Bruijnesteijn van Coppenraet et al.
2009).
In the late 1930’s, the antimalarial drug, quinacrine, was shown to be effective against giardiasis and it remained the drug of choice until the early
1960’s when it was replaced by metronidazole (Escobedo & Cimerman
2007). Nowadays, giardiasis, both symptomatic and asymptomatic, is treated
with antibiotics which usually include nitroimidazoles (metronidazole,
tinidazole, ornidazole, secnidazole) and benzimidazoles (mebendazole, albendazole) (Ali & Nozaki 2007, Escobedo & Cimerman 2007).
Nitroimidazoles are activated by compound reduction within the parasite,
while benzimidazoles inhibit the formation of tubulin (Rossignol 2010).
Nitazoxanide, a quite new broad spectrum 5-nitrothiazolyl derivative, has
shown to be effective in inhibiting the transmission of Giardia by damaging
the cyst wall (Escobedo & Cimerman 2007, Watkins & Eckmann 2014).
Finally, the aminoglycoside paromomycin has shown to have activity against
Giardia, but it is less effective in adults with metronidazole-refractory disease (Mørch et al. 2008).
Giardia can develop resistance to metronidazole and elbendazole, while it is
susceptible to nitazoxanide (Watkins & Eckmann 2014). Development of
new therapeutic strategies, including combination therapy or modifications
of existing drugs, is being considered nowadays as an alternative for giardiasis treatment.
Taking all the above into consideration, prevention and patient education
seem to be the main ways of controlling giardiasis especially when the main
efforts focus on the fecal-oral route of transmission. Water chlorination and
radiation has proven to be partially effective or completely ineffective at
inactivating Giardia cysts (Jarroll et al. 1981a, Sundermann & Estridge
2010). Nevertheless, filtration has been used effectively at removing cysts
from water. Since transmission of giardiasis and other intestinal pathogens
are quite common at day care centers, special care should be given at washing hands frequently and thoroughly. Hikers found close to lakes and
streams, should be warned to filter or boil water before ingestion, since cysts
become non-infective by boiling (Ortega & Adam 1997).
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Pathogenesis
Giardiasis is a multifactorial disease and to understand the pathogenesis,
factors from both the parasite and the host need to be considered. Giardia
establishes an infection by strongly attaching to the epithelial surfaces in the
intestine via the ventral disc. This tight attachment triggers a series of events
that contribute in the symptoms of the disease. These events include; enterocyte apoptosis, disruption of the small intestinal barrier, microvilli shortening, activation of host lymphocytes and small intestinal malabsorption.
Apoptosis of intestinal epithelial cells
Cell apoptosis or cell death is a phenomenon occurring naturally for many
types of cells. In the gastrointestinal (GI) tract it is crucial for the maintenance of cell balance (i.e., homeostasis) and normal functions (Ramachandran et al. 2000). It is known that many microbial pathogens such as Salmonella sp., E. coli, Shigella sp., C. difficile, L. monocytogenes and C. pavrum
as well as a number of gastrointestinal disorders, including IBS and celiac
disease, can induce apoptosis of enterocytes (Chin et al. 2002).
Giardia infection can increase the rate of apoptotic events in the intestinal
epithelial cells by >50% and change the mucosal architecture (Troeger et al.
2007). It has been suggested that even a moderate increase of apoptosis of
epithelial cells can significantly affect the barrier function and increase the
intestinal permeability (Troeger et al. 2007). In vitro, epithelial cell apoptosis in giardiasis was found to be caspase-3 dependent and it can be effectively inhibited by a caspase-3 inhibitor (Chin et al. 2002, Panaro et al. 2007,
Koh et al. 2013). Nonetheless, the activation of both the intrinsic and extrinsic apoptotic pathways has been reported (Troeger et al. 2007, Panaro et al.
2007) and further confirmed with transcriptomes studies showing an upregulation of the genes associated with apoptosis in IECs (RoxströmLindquist et al. 2005). One suggested factor leading to the induction of
apoptosis is arginine depletion (Stadelmann et al. 2012) where reduced arginine availability for human duodenal enterocytes can induce superoxide and
peroxynitrite production by nitric oxide synthase (Potoka et al. 2003). These
reactive substances are able to induce stress in the intestinal cells, resulting
in apoptosis (reviewed in Roxström-Lindquist et al. 2005).
Intestinal barrier dysfunction and tight disruption
The intestinal barrier plays an essential role in the transportation of nutrients
and molecules. Under normal conditions the intestinal barrier maintains the
interior milieu. If this barrier gets defective, then water and other matter can
enter the lumen depending on how the permeability changes. Abnormalities
in the epithelial permeability are a key factor to gastrointestinal pathophysiology in many diseases (reviewed in Scott et al. 2002, Troeger et al. 2007).
Giardia induces epithelial barrier disruption and increases epithelial perme31

ability which contribute to diarrhea symptoms (Troeger et al. 2007, Zhou et
al. 2007).
The apical junctions are the most important constituents of the intestinal
epithelia which hold the cells together and their disruption affect the permeability of the intestinal barrier. The apical junction includes the tight junctions (TJ), adherens junctions (AJ), desmosomes and gap junctions (Hossain
& Hirata 2008). The intestinal epithelial tight junctions form a selective barrier between closely neighboring epithelial cells preventing the movement of
ions, solutes and water through the lumen (Van Itallie & Anderson 2004).
The tight junctions include four classes of intracellular connecting proteins;
occluding, claudins, junctional adhesion molecules (JAMS) and the viral
receptor CAR, while important AJ proteins are cadherin and nectin (Schumann et al. 2017). Tight junction proteins and adherens junction proteins are
connected via intracellular proteins such as zonula occludens-1 (ZO-1)
(Schumann et al. 2017). Tight junctions can be affected by pathological
stimuli, including bacterial toxins, cytokines and biochemical alterations
such as phosphorylation or dephosphorylation and hypoxia (Berkes et al.
2003, Van Itallie & Anderson 2004).
In vitro experiments using the human IECs Caco-2 showed similar injury
in the enterocytes after exposure to G. intestinalis trophozoites, as seen with
bacterial pathogens C. difficile and E. coli, including reorganization of Factin and α-actinin (reviewed in Scott et al. 2002). Studies have also show
the disruption of ZO-1 along the pericellular junctions upon Giardia infection (Buret AG et al. 2002, Chin et al. 2002). Claudin-1, an epithelial tight
junction protein with sealing properties, has also been shown to downregulate in chronic giardiasis (Troeger et al. 2007). However, these changes in
ZO-1 and claudin-1 can be prevented by epidermal growth factor (EGF) or
caspase-3 inhibitor treatment or myosin light chain kinase (MLCK)-inhibitor
addition (Buret AG et al. 2002, Chin et al. 2002, Scott et al. 2002).
Effect on villus and crypt architecture
Giardia trophozoites attach to the intestinal epithelium, disrupting and distorting the microvilli on the brush border surface. This leads to microvilli
shortening and subsequently the reduction of surface area and digestive enzymes deficiencies (Cotton et al. 2011). The microvilli shortening observed
in giardiasis is similar to that observed in bacterial intestinal infections,
chronic intestinal anaphylaxis and Crohn’s disease (Buret A et al. 1991,
Buret A et al. 1992).
The intestinal malfunction and brush border villi shortening were believed
to be the result of direct parasite attachment. In fact, a mark is left on enterocytes surface upon trophozoite detachment indicating injury (Magne et al.
1991). However, cysteine proteases secreted by the parasite are capable of
degrading host proteins contributing to epithelial injury by degrading the
mucus barrier and disrupting the intestinal intracellular junctions (Cotton et
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al. 2014, Bhargava et al. 2015, Liu et al. 2018, Dubourg et al. 2018). Except
for the effect on brush border microvilli, Giardia has an effect on crypt cell
responses in gerbils, causing an increase in crypt depth and cell proliferation
(Buret A et al. 1992). Crypt hyperplasia can result in immature cells migrating along the villi and combined with shortening of the apical microvilli, it
may cause alterations of the villus/crypt ratio and decrease the brush border
surface. In viral gastroenteritis, this is the main cause of maldigestion and
malabsorption (Buret A et al. 1992).
An interesting finding is that T-cells could play a role in intestinal injury.
In murine experiments, Scott et al. showed that infected T-cell-deficient
(CD8+) mice didn’t show any microvillus brush border abnormalities, however, intestinal injuries could be seen upon the adaptive transfer of CD8+
cells (Scott et al. 2000). Therefore, a role for CD8+ cells has been suggested
in the induction of intestinal injury.
Host malabsorption
During giardiasis one of the main causes of diarrhea is the combination of
malabsorption and hypersecretion of electrolytes which are responsible for
accumulation of fluids in the intestinal lumen (Buret AG 2008). Although
the first and most important cause of malabsorption is the surface area reduction and microvilli shortening, there are a number of factors that have been
reported to contribute to the malabsorption seen in giardiasis. These factors
include bacterial overgrowth, impaired secretion of pancreatic enzymes,
increased intestinal motility and abnormalities in bile salt concentrations
(Scott et al. 2002).
In vivo and in vitro studies as well as observations in human infections
with G. intestinalis show that the parasite causes malabsorption of glucose,
sodium and water and reduced dissaccharidase activity as a result of the microvilli shortening (Belosevic et al. 1989, Buret A et al. 1992, Cevallos et al.
1995). Carbohydrate malabsorption can develop as a result of the premature
breakdown of sugars from bacteria combined with the reduced dissaccharidase activity observed in giardiasis, as described previously. Protein malabsorption can also be the result of the digestion by bacterial overgrowth as
well as vitamin B12 deficiency as a result of competitive uptake from aerobic
bacteria (Dukowicz et al. 2007). Digestive enzymes such as trypsin, chymotrypsin and lipase, have been also shown to be reduced during symptomatic
giardiasis in patients (Chawla et al. 1975, Okada et al. 1983). However, the
mechanism used by the parasite to inhibit these enzymes is not yet known.
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Virulence
Giardiasis is a multifactorial disease and there are factors that directly contribute in the pathogenesis and virulence of giardiasis. These factors are involved in the attachment and motility, antigenic variation and metabolism.
There are also excretory-secretory protein (ESP) products of Giardia that
have been found to induce host immune responses, contributing to the invasion of the immune system and the establishment of infection. Some of these
factors might be triggered and released by the interaction of the parasite with
the host epithelial cells.
Although there have been only a few identified and characterized virulence factors to date (Table 2), it has been speculated that there are many
more components and products from Giardia that contribute to the virulence
of giardiasis.
Table 2. Identified G. intestinalis virulence factors and their function in hostpathogen interactions
Virulence Factors

Function

Reference

Lectin

Hemagglutinating activity
Attachment in vitro

(Lev et al. 1986)
(Lev et al. 1986)

Thiol proteinase

Cleavage of IgA

(Parenti 1989)

Excystation
Excystation
Degradation of chemokines
Degradation of chemokines

(Ward W et al. 1997)
(Ward W et al. 1997)
(Liu et al. 2018)
(Liu et al. 2018)

Giardins
α-1 giardin
α-2 giardin
β giardin
δ giardin

Attachment in vitro
Attachment in vitro
Attachment in vitro
Attachment in vitro

(Weiland et al. 2003)
(Weiland et al. 2003)
(Peattie 1990, Palm D et al. 2005)
(Jenkins et al. 2009)

ADI

Arginine metabolism

(Ringqvist et al. 2008)

OCT

Arginine metabolism

(Ringqvist et al. 2008)

VSPs

Antigenic variation
Immune evasion
Cellular signaling

(Adam 2000, Adam 2001)
(Singer et al. 2001)
(Touz et al. 2005)

Cysteine Proteases
CP1 (CP10217)
CP2 (CP14019)
CP3 (CP16779)
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Attachment
In order for Giardia to establish an infection, it needs to penetrate the mucus
layer of the small intestine and attach to the epithelial cells. The damage of
the intestinal epithelium by attachment has been considered as one important
mechanism that contributes in the pathogenesis of giardiasis (Inge et al.
1988). The mechanism of attachment is based on mechanical and hydrodynamic forces (Holberton 1974, Céu Sousa et al. 2001) where the ventral disc,
the flagella (Figure 3) and contractile elements (Feely et al. 1982) play a
major role.
When the trophozoite comes in close proximity with a surface, the ventral
flagella pairs (Figure 3) beat continuously in a wavy pattern creating a negative pressure beneath the disc making the attachment to the surface stronger
(Holberton 1974, Ghosh et al. 2001, Elmendorf et al. 2003). The disc itself,
due its concave form, has a suction cup effect and it is responsible for the
suction imprints observed on the brush border after the detachment of the
parasite (Magne et al. 1991, Céu Sousa et al. 2001). This has been suggested
to cause depletion of microvilli at the apical surface of the intestine contributing to the malabsorption effects seen during giardiasis (Chávez et al.
1995).
Except for the mechanistic factors described, it is believed that contractile
elements are also involved in attachment. These elements include the proteins actin, α-actinin and tropomyosin that are commonly found in many
eukaryotic cells. However, their localization in the periphery of the ventral
disc in Giardia trophozoites, suggests an alternative role in attachment
(Feely et al. 1982, Katelaris et al. 1995), but this needs to be investigated
further.
Lectins have also been suggested to participate in trophozoite attachment
by several studies (Lev et al. 1986, Katelaris & Farthing 1992, Céu Sousa et
al. 2001). The giardial lectins are glycoproteins on the surface of the trophozoites with specificity for D-glucosyl and D-mannose residues (reviewed in
Faubert 2000). Lev et al. showed that lectins in Giardia can be activated by
proteases in the host environment and Katelaris et al. showed that lectins are
involved in attachment of the parasite by targeting the mannose on the surface of the host enterocytes (Lev et al. 1986, Katelaris et al. 1995). However, it is suggested that lectin mediated binding is not the primary mode of
attachment of the parasite; instead it is possible that it is a way of driving the
parasite to the preferred intestinal site (Ward HD et al. 1987, Katelaris et al.
1995).
Among the factors suggested to be involved in attachment are the
giardins. Giardins are cytoskeletal Giardia-specific proteins within the ventral disc and plasma membrane of the trophozoites and they are approximately 29-38kDa in molecular weight. They have been suggested to participate in
the maintenance of the disc structure and that they could interact with other
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cytoskeletal proteins (Peattie 1990). There are a few giardins that have been
characterized and they have proven to be highly immunoreactive making
them suitable candidates for vaccines against giardiasis (Peattie 1990,
Weiland et al. 2003, Palm D et al. 2005, Jenkins et al. 2009, Jenikova et al.
2011). Some of these giardins (Table 2) have also been associated with attachment in vitro by binding to the glycosaminoglycan on the host epithelial
cells (Peattie 1990, Weiland et al. 2003, Palm D et al. 2005, Jenkins et al.
2009, Weeratunga et al. 2012).

Antigenic variation and VSPs
Antigenic variation is a mechanism used by viruses, bacteria and parasites to
evade the host immune system, and thus it is considered an important virulence factor. The organisms that have developed this mechanism are able to
switch surface antigens and avoid antibody recognition by the host. Known
human pathogens that use antigenic variation as a mean of immune evasion
are the bacteria Streptococcus pneumonia, Haemophilus influenza and Helicobacter pylori (Moxon et al. 2006) as well as opportunistic fungi such as
Cryptococcus spp. and Candida spp. (Jain et al. 2008). Viruses such as the
human immunodeficiency virus (HIV) (Motozono et al. 2010) and the human influenza virus are also known to harbor this type of mechanism
through high rates of antigenic mutation (Chen J & Deng 2009).
In Giardia, antigenic variation was firstly reported in 1988 by Nash et al.
when they described surface antigen changes in in vitro clones of the WB
isolate (Nash et al. 1988). The same year Aggarwal and Nash reported that
the same happened in in vivo infections in gerbils (Aggarwal & Nash 1988).
Giardia trophozoites undergo antigenic variation by changing the expression
of specific surface proteins, the VSPs. It is estimated that Giardia possesses
a total of 150-200 VSPs and that they make up approximately 4% of the
entire genome content (Nash et al. 1990a, Nash et al. 2001, Adam et al.
2010). Genome sequencing analyses of the WB, GS and P15 genome (Morrison et al. 2007, Franzén et al. 2009, Jerlström-Hultqvist et al. 2010) have
shown that there are no identical VSPs among the different G. intestinalis
assemblages.
VSPs have characteristic features that include a cysteine-rich N-terminal
variable domain containing multiple CXXC motifs, or even a GGCY motif
in some of them and a single transmembrane domain that is followed by a
conserved cytosolic pentapeptide tail sequence CRGKA (Adam et al. 2010)
(Figure 4). The VSPs are transported via the PVs and have been found to be
secreted into the media in vitro growth (Papanastasiou et al. 1996). The Nterminal of the protein has 14-17 amino acids and it functions as a signal
peptide that guides the protein to the surface of the trophozoite. There, the
N-terminal is cleaved from the peptide and the mature VSP protein diffuses
and coats the surface of the trophozoite (reviewed in Adam et al. 2010).
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Marti et al. have reported that the
CRGKA tail at the C-terminal of the
protein is also important for the proper
transport of the protein and the delivery
to the plasma membrane of the trophozoite (Marti et al. 2003).

Figure 4. General features of VSPs. The
cysteine-rich N-terminal domain can be
divided into a variable domain and a semiconserved domain and contains CXXC motifs, while some contain a GGCY motif. The
single transmembrane domain in the plasma
membrane of the trophozoite terminates in
the cytosolic pentapeptide tail sequence
CRGKA at the C-terminal of the protein.

Antigenic variation in Giardia relies on expressing one VSP on the surface
of the trophozoite while all the other VSPs transcripts are silenced. Only one
VSP is expressed at any one time as they switch expression every 6.5-13
generations depending on the isolate and the VSP (Nash et al. 1990a, Nash
et al. 2001). The mechanism triggering the switching of the VSPs is not yet
known, however, there has been evidence that the host immune-system triggers the switching events. In experimental human infections with the GS/M
isolate expressing a particular VSP (VSP H7), it was shown that the parasites
expressed different VSPs from the initial clone after 2 weeks post-infection
when the humoral immune responses had started (Nash et al. 1990b), while
in gerbils the same changes were evident only 3 days post-infection (Aggarwal & Nash 1988). Singer et al. have shown that antigenic variation is
triggered not only by the adaptive immune responses but it is also hostdependent since they observed different selectivity in the expression of specific VSPs in mice and in gerbils (Singer et al. 2001). Antigenic variation
has also been reported during late encystation/excystation and it could serve
as a mean for the parasite to be able to infect the same host or facilitate
transmission to other host-species (Svärd et al. 1998, Carranza et al. 2002,
von Allmen et al. 2004).
VSPs are the most studied virulence factor in Giardia and they are considered as the main mechanism of evasion of the host immune system. How37

ever, how antigenic variation occurs under the absence of immune pressure,
such as in vitro growth, is yet to be determined as well as how the switching
events among the different VSPs occur.

HCMPs and Tenascins
The HCMPs are another family of cysteine-rich proteins that also have
CXXC motifs and a transmembrane domain but lack the C-terminal tail in
VSPs (Davids et al. 2006). During in vitro host-parasite interactions with
IECs, giardial HCMPs have been shown to be up-regulated transcriptionally
in several studies (Ringqvist et al. 2011, Ma’ayeh & Brook-Carter 2012,
Ferella et al. 2014). Furthermore, HCMPs were also found to be upregulated in response to H2O2 stress (Ma’ayeh et al. 2015). Although there
are no available functional studies for this family of proteins, proteins rich in
cysteine residues have been shown to protect organisms from oxidative
damage (Requejo et al. 2010) and against proteolysis (Davids et al. 2006). In
Giardia, the surface localization and cysteine-rich composition of cysteinerich proteins such as VSPs and HCMPs has been suggested to play an important role in the Giardia oxidative defense mechanism (Brown et al.
1998).
Tenascins together with the VSPs and HCMPs form the largest group of
proteins in the giardial ESPs and they are up-regulated upon interaction with
human IECs at both transcriptional and protein levels (Ringqvist et al. 2011,
Emery et al. 2016b, Dubourg et al. 2018). Tenascins harbor characteristic
EGF repeats that are able to act as weak ligands for EGF receptors but unlike
VSPs and HCMPs, they lack transmembrane helices (Emery et al. 2016b).
Mammalian tenascins have been found to modulate cell adhesion and migration (Chiquet-Ehrismann & Chiquet 2003) but this role in Giardia has never
been characterized. Several tenascins are also secreted by Giardia trophozoites during host-parasite interactions (Dubourg et al. 2018) and a few members have been shown to localize to the ESVs and cyst wall (Chiu et al.
2010) and to change expression during encystation (Einarsson et al. 2016).
Nevertheless, the role of Giardia-secreted tenascins remains to be identified.

Cysteine proteases
Cysteine proteases (CPs) constitute a wide superfamily of proteases characterized by the presence of an active site that includes a cysteine and a histidine residue (DuBois et al. 2006). CPs are commonly found in several protozoan parasites including T. cruzi, Trichomonas vaginalis, E. histolytica and
Blastocystis spp. and they are considered important virulence factors (Sajid
& McKerrow 2002, Lidell et al. 2006, Hernández et al. 2014, Ndao et al.
2014, Nourrisson et al. 2016). Cathepsin B is a member of the CP superfamily and the most studied giardial CP. The WB isolate genome contains 26
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CPs, nine of which are cathepsin B (DuBois et al. 2006, Morrison et al.
2007).
CPs of parasites have roles in tissue and cell invasion, immune evasion
and increase paracellular permeability (reviewed in Sajid & McKerrow
2002). In Giardia, CPs are released upon host-parasite interactions and their
proteolytic activity is able to degrade various substrates such as gelatin, collagen and albumin (Williams & Coombs 1995, Jiménez et al. 2000, Coradi
& Guimarães 2006, Rodríguez-Fuentes et al. 2006, Carvalho et al. 2008,
Ringqvist et al. 2011, Ma’ayeh & Brook-Carter 2012, Ferella et al. 2014,
Emery et al. 2016b, Dubourg et al. 2018).
The presence of CPs in the ESP fraction has been reported to be essential
for the pathogenesis of giardiasis. Specifically, for the attachment of trophozoites (Rodríguez-Fuentes et al. 2006), mucosal injury and the humoral immune responses in mice upon the oral administration of giardial ESPs
(Jimenez et al. 2009). Bhargava et al. have reported that giardial CPs were
able to cleave the intestinal epithelial protein villin (Bhargava et al. 2015)
and Liu et al. showed that CPs can disrupt differentiated epithelial cell layers
by cleaving the tight junctions E-cadherin, occludin and claudin (Liu et al.
2018). A new role involving the attenuation of immune responses by CPs
has been recently suggested particularly by the ability of Giardia CPs to
cleave several cytokines including CXCL1, CXCL2, CXCL3, IL-8, CCL2
and CCL20 (Liu et al. 2018). This indicates that Giardia CPs might play a
key role in modulating inflammatory responses via their ability to degrade
cytokines/chemokines produced by IECs.
Specific CPs are important during excystation (Ward W et al. 1997).
Namely, the cysteine protease CP2 (CP14019) was shown to play a role in
the breakdown of the cell wall during trophozoite exit from the cysts (Ward
W et al. 1997). This role has been also confirmed by the blockage of excystation by CP inhibitors (Ward W et al. 1997). CPs are also important in
encystation, where an increase in CP genes transcription has been seen. The
expressed CPs were localized with CWP in ESVs (DuBois et al. 2008).
Therefore, CPs play an important role in the parasite life cycle.

ADI and OCT
Several metabolic proteins have been identified in Giardia ESPs upon interaction with human IECs. These include the arginine metabolizing enzymes
ADI and OCT which have been shown to induce host immune responses,
making them important virulence factors (Palm JED et al. 2003, Ringqvist et
al. 2008, Skarin et al. 2011).
Arginine metabolizing enzymes quickly deplete the available arginine in
the interaction environment with host cells (Ringqvist et al. 2008). In fact,
Eckmann et al. have shown that arginine depletion reduces the ability of the
intestinal epithelial cells to produce NO, an important antimicrobial host
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defense molecule that also inhibits encystation, excystation and the growth
of Giardia cells (Eckmann et al. 2000). Arginine depletion and the formation
of ammonia by these two enzymes modulate surface markers and cytokine
secretion of human dendritic cells (Banik et al. 2013). More specifically,
arginine depletion by ADI has been shown to increase secretion of TNF-α
oppose to a decrease of IL-10 (Banik et al. 2013). Chronic giardiasis has
shown to cause an increase of intestinal epithelial cell apoptosis (Troeger et
al. 2007) and it has been suggested that arginine deprivation could play a
role in that (Roxström-Lindquist et al. 2005). Thus, the results above strongly indicate the involvement of arginine metabolizing enzymes in Giardia
pathogenesis and might be important virulence factors in human infections.

Other factors
Antigenic G. intestinalis extracts have revealed possible virulent and immunodominant polypeptides. Using sodium-dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and ELISA, Moore et al. showed that higher
molecular weight polypeptides in giardial extracts were immunoreactive
(Moore et al. 1982). Einfeld and Stibbs have also identified an 82kDa antigen using a rabbit antiserum, and this antigen was localized on the plasma
membrane of the trophozoites and was present in four different G. intestinalis isolates (P-1, WB, LT and RS) (Einfeld & Stibbs 1984). Uncharacterized cyst antigens (21kDa and 49kDa) have also been detected in human
feces and in immunoblots of in vitro encysting trophozoites (Gillin et al.
1987). Cyst wall proteins CWP1 and CWP2 have also been identified as
immunogenic proteins in in vitro encystation experiments inducing the production of IgA and IgG2a (Mowatt et al. 1995, Luján et al. 1995b).
Heat shock proteins (HSPs) are proteins commonly produced by many
organisms including protozoan, like G. intestinalis, and they are synthesized
as in response to stress including high temperatures, pH and oxidative stress
(reviewed in Lindley et al. 1988, Faubert 2000). HSPs have been found to
localize to the surface of G. intestinalis and a few of them seem to be induced at higher temperatures like 43˚C (Lindley et al. 1988). Amongst the
different HSPs, a 70kDa HSP has been identified as an immunodominant
antigen (Char et al. 1992, Char & Farthing 1993). However, the role of HSPs
in Giardia pathogenesis or host immune responses has yet to be defined.
Palm et al. have identified several giardial immunoreactive proteins in the
sera of giardiasis patients and some of these proteins have been characterized
(Palm JED et al. 2003). Within these proteins, they’ve found several giardins
and tubulins as well as ADIs and OCTs. One of the identified proteins was
characterized as enolase and it has been shown to be an important virulence
factor in many bacterial and parasitic infections (Pancholi 2001, Palm JED et
al. 2003).
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A 58kDa ESP product from G. intestinalis P-1 isolate has been identified
and characterized as a glycoprotein. It has been shown to be highly immunogenic and could potentially play a role in the virulence of the parasite. Immunization of mice with this ESP resulted in a failure of the parasite to establish infection (Kaur et al. 1999, Kaur et al. 2001). A few years later, however, Skarin et al. identified a similar 58kDa protein in WB as an ADI (Skarin et al. 2011).
Skarin et al. have also identified EF-1α as one of the ESP products released by WB isolate in response to IECs in vitro. The protein localizes to
the ER and it was recognized by human sera from giardiasis and for that, it
has been suggested as an immunoreactive protein (Skarin et al. 2011). In
Leishmania, secreted EF-1α has been shown to downregulate host inflammatory responses (Nandan et al. 2002, Nandan & Reiner 2005).

The gut
In the host, G. intestinalis colonizes the upper part of the small intestine. The
small intestine is divided into three segments; the duodenum, which is closely located to the stomach, extended by the jejunum and lastly the ileum
which connects the small intestine with the large intestine (Springhouse
2002). The duodenum is the main part of the intestine where Giardia colonizes. It is also the place where most of the chemical digestive enzymes accumulate and where most pH fluctuations occur. As food particles enter the
intestine from the stomach, the low pH immediately triggers the release of
alkaline bile and pancreatic fluid to maintain the slightly alkaline environment (Springhouse 2002).
The small intestine is 6.5 meters long and has a diameter of approximately 2.5cm. The intestinal walls consist of the mucosal and submucosal layers.
The submucosa is a layer of connective tissues that supports the mucosa and
connects it with the underlying smooth muscles. The mucosal layer is the
innermost tissue layer of the small intestines that secretes digestive enzymes
and hormones and its surface is covered by hair-like projections called villi.
The villi increase the absorptive surface of the intestinal epithelium and give
the mucosa a furry-like texture (Reinus & Simon 2014).
The small intestine has a loose, unattached mucus layer which is formed
by the soluble, glycosylated protein mucin 2 (MUC2). The inner mucus layer
is renewed every hour by surface goblet cells and it prevents bacteria from
entering and reaching into the epithelium (Johansson et al. 2013).
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Gut ecology
The mammalian intestinal environment is rich in commensal organisms that
are referred to as bacterial flora. There are more than 700 species of bacteria
in the human intestine and most of them are nonpathogenic and can cause no
harm as long as they stay in the intestinal lumen (Springhouse 2002). Many
of the bacteria present in the gut facilitate digestion and participate in metabolic processes while they can also synthesize products, like biotin and vitamin K, that the host cells can utilize as a source of energy and nutrients
(Gibson 2004). The enteric microbiota plays a key role on maintaining not
only the gut health but also the human health in general. Commensal bacteria
preserve the integrity of the mucosal barrier and modulate the intestinal immune system and host gene expression (Reinus & Simon 2014).
Although the composition pattern of an individual’s intestinal flora usually
remains constant, it can differ under circumstances including intestinal disorders, diarrheal diseases, antibiotic treatment or dietary changes. For example, microbiota dysbiosis and bacterial translocation have been associated
with several intestinal disorders including IBS, Crohn’s disease and chronic
inflammatory disorders (Guarner & Malagelada 2003, Shen & Wong 2016,
Boulangé et al. 2016)
Commensal bacteria can have a protective role against Giardia and other
infections. In fact, there are several studies that describe the inhibitory effects of several lactobacilli strains in giardiasis and the role they play in colonization and clearance of G. intestinalis in in vivo murine experiments
(Goyal et al. 2011, Shukla & Sidhu 2011). Nevertheless, some studies have
shown that the colonization of Giardia in the small intestine disrupts the gut
microbial ecology and causes bacterial dysbiosis while interactions between
the parasite and the commensal microbes could contribute to pathogenesis
and the symptoms associated with giardiasis (Barash et al. 2017). Giardia
has been also reported to disrupt the intestinal microbiota biofilms in ex vivo
studies from colonic biopsies. In these studies, an increase of Clostridiales
and Bacterioidetes bacteria was found (Beatty et al. 2017). When Giardia
colonizes the small intestine, the metabolic end products and the changes in
the bile acid availability due to the presence of the parasite, can create a lipid-rich environment that will favor the colonization of commensal bacteria
that use lipids as carbon source. In murine models, giardiasis-mediated inflammation resulted in the enrichment of the Gammaproteobacteria taxa and
increased diversity of the aerobic Moraxellaceae, Betaproteobacteria and
Comomonadaceae while it caused reduction in the diversity and abundance
of anaerobes as Lactobacillaceae, Eryipelotichaeae, Clostridia and Ruminococcus (Barash et al. 2017).
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Immune system of the small intestine
One of the most important functions of our immune system is the protection
from pathogens. The lumen of the intestinal tract constantly comes in contact
with foreign antigens such as food particles, drugs, bacteria and other pathogens. The GI mucosal immune system must be able to distinguish between
harmful and harmless antigens to avoid constant immune responses and inflammation. Failure in regulating and suppressing mucosal immune responses can lead to chronic uncontrolled inflammatory disorders such as IBS
(Reinus & Simon 2014).
The GI tract is the largest lymphoid organ of our body and the lymphoid
tissue that covers the epithelium is referred to as gut-associated lymphoid
tissue (GALT). The lymphoid elements of the gut include Peyer’s patches
(PPs) and the mesenteric lymph nodes (MLNs) where an aggregate of lymph
cells is stored (Doe 1989). PPs are organized structures throughout the intestinal lumen in which naïve T- and B- cells first come in contact with antigens, while they are also covered by microfold cells (M cells), which are
specialized IECs that initiate the mucosal immune responses and allow antigens to transport across the epithelial cell layer and interact with T-cells and
MLNs. Antigens pass through the M cells and are taken up by antigenpresenting cells (APCs), dendritic cells (DCs) and macrophages, which will
present them to the T-cells in the GALT. T-cells exposed to antigens also
migrate into the lamina propria and epithelium where they mature to cytotoxic T-cells (Takahashi et al. 2009, Reinus & Simon 2014, Brandtzaeg
2017).
The majority of activated B-cells differentiate into IgA producing plasma
cells. Although IgG is the most abundant immunoglobulin found in serum,
IgA is the most abundant secreted immunoglobulin, associated with mucosal
membranes. IgA doesn’t activate the complement cascade system and
doesn’t mediate inflammatory response but has a passive function against
microbial antigens. By using the antigen-binding variable region, IgA blocks
certain bacterial epitopes and inhibits their binding to the epithelium, thereby
it prevents infection (Gutzeit et al. 2014). Kupffer cells at the liver remove
and destroy the antigen and the antibody is reabsorbed and reused in the
small intestine (Reinus & Simon 2014).
Epithelial cells in the small intestine are coated with mucins and other
glycoproteins produced by goblet cells, helping into trapping bacteria in the
mucus. Anti-microbial peptides known as defensins, are secreted by Paneth
cells located in the intestinal crypts and act against pathogens (Brandtzaeg
2017).
Cytokines play a key role against pathogens and they are very important
in regulating immune responses. Cytokines are essentially divided into two
groups; the proinflammatory and the anti-inflammatory cytokines. The major
sources of cytokines are the T lymphocytes and they are distinguished in
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CD4 positive (or helper T-cells) and CD8 positive (or killer T-cells) T lymphocytes. While the CD8+ T-cells recognize antigens from intracellular and
viral infections and become cytotoxic, the CD4+ T-cells help the modulation
of immune responses or secrete cytokines. There are two subsets of CD4+ T
lymphocytes; Th1 and Th2. Th1-type cytokines are proinflammatory cytokines responsible for eliminating pathogens, such as intracellular parasites
and IFN-γ is the most common Th1 cytokine. Although these cytokines can
help the host eradicate pathogens, an excessive amount of them can be harmful and cause tissue damage. Th2-type cytokines including interleukin 4 (IL4), 5 (IL-5), 10 (IL-10) and 13 (IL-13), have anti-inflammatory properties
and help into controlling and suppressing inflammation. Many of the secreted cytokines result in recruitment of immune cells including neutrophils,
eosinophils, monocytes and phagocytic macrophages (Berger 2000, Charles
A Janeway et al. 2001).

Giardia infections
The life cycle of Giardia has been well replicated and studied in vitro; however the study of Giardia infections involves more complications. Natural
controlled human infections with Giardia are very rare. The pathology of
Giardia and pathophysiology of giardiasis have been most commonly studied with three different models; through small intestine biopsies from naturally infected patients, through animal models and through available intestinal cell lines. Animal models are used very often for the study of Giardia
infections since the experimental designing can easily be controlled and replicated; however, most animal systems never develop giardiasis. Most epithelial cell lines used nowadays are of carcinoma origin recovered from the
lower part of the intestinal tract but they can present small intestine characteristics after differentiation. Furthermore, questions can rise related to the
Giardia strain of choice. Different strains have shown different effects in
vitro and different ability to establish an infection in vivo.

Host-parasite interaction in vitro models
Several cell lines have been used as study models for disorders and infections of the small intestine. The Giardia infection in vitro model uses IECs
and it is based on the co-culture of Giardia trophozoites with the IECs.
However, the different in vitro growing preferences between the trophozoites and the human IECs (e.g. optimal growth medium) limits this model to
short-term interactions.
The best characterized intestinal epithelial cell line is the colorectal adenocarcinoma epithelial cell line Caco-2. This model is usually used to study
the intestinal barrier function (Narai et al. 1997, Nourrisson et al. 2016).
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This cell line follows the morphological and biochemical characteristics of
enterocytes once they differentiate 20 days after confluence. The Caco-2 cell
line is heterogeneous and contains cells with slightly different properties,
and thus clonal selection is commonly used and can generate populations
with homogenous and more stable characteristics (Sambuy et al. 2005, Lea
2015). Other cell lines used in studying disorders and infections of the intestines are the HT-29 and T84, which are colonic adenocarcinoma-derived cell
lines. T84 is particularly used as a model for colon crypt epithelium studies
(Bernet-Camard et al. 1996). The human epithelial cell line HCT-8 has also
been used in studies related to the induction of apoptosis and tight junction
disruption by G. intestinalis (Panaro et al. 2007, Koh et al. 2013).
Giardia can be axenically grown in vitro and some isolates can be encysted and excysted making life cycle studies possible. The medium used for
axenic growth mimics the environment in the small intestine and it is rich in
glucose and yeast extracts and supplemented with cysteine, salt, heatinactivated bovine serum, bile and ferric citrate as an iron source (Keister
1983). Several human isolates have been axenized and used in in vitro studies with WB-C6 (assemblage A), GS/M (assemblage B) and P-1 (assemblage
A) being the most commonly used isolates. Apart from these, the pig isolate
P15 (assemblage E) (Cacciò et al. 2002), the sheep isolate S2 (assemblage
A) and the human isolate NF (assemblage A) have also been used in in vitro
studies (Teoh et al. 2000, Chin et al. 2002, Stadelmann et al. 2012), while G.
muris has been mainly used in in vivo studies using murine models (RobertsThomson et al. 1976, Bartelt et al. 2013).

Host-parasite interaction in vivo models
Only one study of human experimental infections has been published (Nash
et al. 1987). Healthy volunteers were successfully infected with Giardia
cysts of the assemblage B isolate GS/M, whereas individuals exposed to
cysts from assemblage A isolate Isr did not establish an infection, highlighting the difference in virulence between Giardia isolates (Nash et al. 1987).
Due to ethical considerations, studies of human Giardia infections are only
limited to biopsy specimens from naturally infected individuals (Troeger et
al. 2007) making animal models the most common for studying giardiasis in
vivo.
The majority of in vivo Giardia infections are performed in murine animal models. Rats and mice were infected with human Giardia isolates and
they showed an elimination of infection within 10-14 days (RobertsThomson et al. 1976). Both assemblage A and B isolates have been used in
in vivo studies where the GS/M could easily establish infection but without
any manifestations of giardiasis symptoms (Byrd et al. 1994). Another assemblage B isolate H3 has been used in murine infections. Despite being
uncharacterized, this isolate was successful in establishing a chronic infec45

tion in mice (Bartelt et al. 2013). Assemblage A isolates, on the other hand,
are less successful in colonizing the murine small intestine in vivo with the
exception of neonatal suckling mice where transient infections could be established (Hill et al. 1983). G. muris has also been used successfully in infections in mice (Roberts-Thomson et al. 1976, Bartelt et al. 2013).
Due to the limitations described in murine animal models, the Mongolian
gerbil (Meriones unguiculatus) is believed to be a better alternative for the
study of Giardia pathogenesis. The Mongolian gerbil is an advantageous
model owing to the fact that it can successfully be infected with several Giardia isolates from different assemblages (Bénéré et al. 2012) using either
cysts or trophozoites and it can present similar pathogenesis to those observed in the human hosts. Gerbils are often used as a mean of maintaining
strains of G. intestinalis due to the successful shedding of high number of
viable cysts upon infection. They are also relatively inexpensive animals,
easy to take care of and breed (Sande 1999). The limitations with this animal
model are that there are not yet available specific pathogen-free animals and
they cannot be infected with all human isolates of Giardia. Furthermore,
little is known about the similarities of pharmacodynamics of drugs in gerbils making it difficult to extrapolate experimental results in humans (Sande
1999).
Although animal models are extremely useful for understanding the
course of action and progress of a disease, including giardiasis, they come
with limitations that need to be considered. Host-parasite interactions and
drug use in animal models can be difficult to compare with that in humans,
considering the differences in immune responses, pathogenesis and drug
metabolism among different organisms.

Host responses during infection
The human immune system is made up of innate and adaptive components
that respond to infection with a pathogen, including Giardia. The innate
immunity is triggered immediately, while the adaptive immunity creates
specific responses and memory against this pathogen. Host defense mechanisms participating and controlling Giardia infections are not yet fully understood, however, there are many studies that focus on adaptive and innate
immune responses during the infection (reviewed in Solaymani-Mohammadi
& Singer 2010). Understanding this type of host responses are very important not only for shedding light into the host-parasite interactions, but
they can also help identify possible therapeutic targets for giardiasis (reviewed in Solaymani-Mohammadi & Singer 2010).
Host innate immunity
Innate immunity is the first line of defense in combating giardiasis and it is
triggered by the initial interaction of the excyzoites with the intestinal epithe46

lium. Host innate immunity plays a major role in the combat of an infection
since it can affect and influence the development of the immune responses.
In the lamina propria, dendritic cells present giardial antigens to the adaptive immune system including T- and B-cells, leading to the secretion of
cytokines, the recruitment of immune cells to the site of infection and lastly
the production of antibodies. DCs appear to play a part in the immune response against giardiasis despite the fact that G. intestinalis activates human
DCs very weakly. This could be derived from experiments showing that
lysates and ESPs seem to drive and activate DC maturation by leading to the
upregulation of expression of pro-inflammatory cytokines such as IL-6, IL12 and TNF-α (Lee et al. 2014, Lopez-Romero et al. 2015).
Mast cells (MCs) are also some of the most important mediators of innate
immunity and inflammation. MCs are immune cells that contain granules
which upon stimulation fuse with the plasma membrane and release their
contents causing inflammation. Among others, histamine is the major component being released and it is most commonly found in allergic responses
(Metcalfe et al. 1997). MCs have shown to play an important role in the
control of giardiasis in murine models since mice with defective MC function failed to clear the infection and developed chronic giardiasis (Erlich et
al. 1983). Li et al. have also demonstrated an increase in the smooth muscle
contractility of the small intestine mediated by MCs. These contractions
were induced by the hormone cholecystokinin (CCK), an MC-dependent
process, as well as the activation of neuronal nitric oxide synthase (nNOS)
which promotes intestinal transit and leads to parasite elimination (Li E et al.
2007). Furthermore, it has been observed that patients with giardiasis presented elevated levels of IgE in their serum, something that has also been
observed in helminth infections, which could lead to a higher degree of food
allergy sensitization (Lynch et al. 1998, Prisco et al. 1998).
There are other cells of innate immunity that also participate during giardiasis and a few of them act as effectors. Macrophage population of lamina
propria increases in infected mice and they can phagocytose and kill trophozoites (reviewed in Adam 1991, Lopez-Romero et al. 2015). Neutrophil
infiltration towards the mucosa and their attachment to trophozoites have
also been observed in in vivo murine experiments (reviewed in Adam 1991,
Lopez-Romero et al. 2015).
Giardia infections appear to trigger different cytokine profiles in human
host and during interaction with epithelial cells in vitro. A clinical study by
Long et al. showed an increase in the levels of IL-4, IL-5, IFN-γ and CCL2
in fecal samples from infected patients (Long et al. 2010). Lindquist et al.
showed that upon interaction with human Caco-2 IECs in vitro, the transcription of chemokines CCL2, CCL20 and CXCL1-3 was upregulated
(Roxström-Lindquist et al. 2005). On the other hand, Jung et al. observed no
expression changes of CCL2, IL-1α, IL-1β, IL-8, IL-10, GM-CSF, TGF-β1
and TNF-α when Caco-2 and T84 colon cell lines were exposed to G. intesti47

nalis (Jung et al. 1995). Nevertheless, the cytokines that are mainly upregulated during giardiasis and seem to have a major impact on the clearance of
infection are the proinflammatory cytokines IL-6 and TNF-α. IL-6 deficient
mice seem to fail to control the acute phase of the infection with Giardia
despite the normal levels of IgA (Bienz et al. 2003). Zhou et al. reported that
TNF-α contributes to the control and clearance of the infection and that it
has a protective role against giardiasis (Zhou et al. 2007). Despite all the
accumulated knowledge we gained from animal and in vitro experiments, the
observed pathology of the majority of human Giardia infections shows little
to no inflammation in the small intestine, while the cases where inflammation is observed are not very common and is not related to the severity of the
symptoms (Oberhuber & Stolte 1990). Therefore, it appears that the induction and regulation of immune response during Giardia infection is fine
tuned to support infection but maintain inflammation at low levels.
Host adaptive immunity
Adaptive immunity is the second line of immune defense. The two main
types of lymphocytes that participate in adaptive immune response against
Giardia infection are the thymus-derived T-cells and the bone marrowderived B-cells.
T-cells are important mediators of the response to Giardia and are required to control and eliminate the infection. In mice infected with G. intestinalis and G. muris, it has been observed that a depletion in CD4+ T-cells
leads to an enhancement of the infection (Singer & Nash 2000). In addition,
CD4+ T-cells are also an important source of cytokines during infection and
they activate and stimulate antibody production by B-cells (Berger 2000,
Charles A Janeway et al. 2001).
B-cells play a very important role at the later phase of infection, possibly
participating in preventing chronic infections (Li E et al. 2004), reducing
intestinal parasite load upon antibody production (Singer & Nash 2000).
Nevertheless, antibody responses are not required for Giardia elimination in
mice (Singer & Nash 2000). B-cell deficient mice can eliminate Giardia
within a couple of weeks (Singer & Nash 2000). However, if the infection
prolongs and is not cleared-out, a second phase of immune respond takes
over and which correlates with the appearance of anti-parasite IgA antibodies in the intestinal fluid (Li E et al. 2004). B-cell deficient mice lack this
second phase of immunity and thus they can present a low level chronic
infection (Stager & Muller 1997).
Several studies of giardiasis have demonstrated IgA and IgG responses
against antigens from the parasite (Smith et al. 1981, Langford et al. 2002).
The best characterized giardial antigens often targeted by the host are the
VSPs. Other giardial antigens recognized by the immune system include
surface proteins, giardins, heat shock proteins, tubulin, CWPs and the flagella as well as proteins related to metabolism including ADI, OCT and eno48

lase-α (Langford et al. 2002, Singer 2011, Lopez-Romero et al. 2015). IgA
and IgM responses have been proven to play an important role in the control
and clearance of the infection in in vivo animal models as well as preventing
chronic infections (Langford et al. 2002).

Giardia responses during infection
Host-parasite interactions can not only alter and induce immune responses of
the host against Giardia, but they can also trigger responses in Giardia that
will avert the host immune response supporting parasite’s survival, the establishment of infection and nutrient uptake.
To date, all data related to Giardia responses are obtained from hostparasite interactions in vitro while yet there is no expression data obtained
from naturally infected humans. Ringqvist et al. have reported transcriptional changes in a total of 200 giardial genes after 18 hours of interaction with
Caco-2 cells in vitro. Among the up-regulated genes are those involved in
oxygen protection, the transcription factor gMyb2 which has been associated
with up-regulation of encystation specific genes as well as genes involved in
arginine metabolism. Many of the top-30 up-regulated genes also included
HCMPs and cysteine proteases. Cell-division (Mad2, Cdk2 and cyclinB),
DNA replication (PCNA and thymidine kinase) and attachment genes (βgiardin, γ-giardin and SALP-1) were down-regulated (Ringqvist et al. 2011).
During in vitro interactions, host secretions are sufficient to induce expression of virulence factors in the parasite (Emery et al. 2016b). It has been
reported that ESPs of Giardia cause histological alterations of the small intestine, antibody induction and they can also affect intestinal absorption and
secretion (Samra et al. 1988, Jiménez et al. 2004, Jiménez et al. 2007). The
secretome of Giardia includes many proteases such as cysteine and serine
proteases and metalloproteases with the ability to degrade several substrates
and host proteins including hemoglobin and extracellular matrix proteins
(Piña-Vázquez et al. 2012). Cysteine-rich proteins including VSPs and
HCMPs make a big part of the ESP products of Giardia while EF1-α and
metabolic enzymes (ADI, OCT and enolase) are also being released during
host-parasite interactions. Presence of glycoproteins in the ESP products of
Giardia has also been reported and has been suggested that they play an
essential role in the antibody response in human giardiasis (Nash & Keister
1985, Papanastasiou et al. 1996, Jiménez et al. 2000, Shant et al. 2002,
Rodríguez-Fuentes et al. 2006, Ringqvist et al. 2008, Carvalho et al. 2008,
Skarin et al. 2011, Piña-Vázquez et al. 2012).
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Present investigation

Giardiasis is a multifactorial disease but only a few factors that directly contribute in the pathogenesis and virulence of the disease have been identified.
G. intestinalis has eight genetic groups, but only two of them (A and B) are
known to infect humans. In this thesis, characterization and comparison of
two assemblage A isolates (Paper I) was performed via whole genome sequencing. Identification of genome-wide as well as isolate-specific variations was possible.
The main aim of this study is to increase the understanding of the interplay
between Giardia and the host. To do that, an in vitro model for Giardia-host
cell interaction was used. Using this model we studied the Giardia secretome during interaction with the host (Paper II) and identified putative virulence factors that contribute to the disease. RNA-seq analyses (Paper III) and
proteomics (Paper IV) were used for a deeper understanding of the interplay
between the parasite and the host and the effects they have at each other.
Characterization of an understudied variable gene family during interaction
(Paper III, IV) has shed light on a big family of genes that respond early on
during infection and that could possibly participate in the Giardia stress
responses under the presence of the host.

Comparative genomic analyses of assemblage A isolates
(Paper I)
Genome analyses of the G. intestinalis isolates WB-C6, GS/M and P15 have
shown that the assemblages A, B and E, respectively, harbor significant divergence at the inter-assemblage level (Morrison et al. 2007, Franzén et al.
2009, Jerlström-Hultqvist et al. 2010). However, little is known regarding
genetic diversity at intra-assemblage level.
In this study, we performed whole genome sequencing analysis of two assemblage AII isolates; AS175 and AS98. Both isolates were axenized from
symptomatic human patients in Sweden and were used to study variations
and similarities within assemblage A isolates.
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Phenotypical and biological differences
Both assemblage AII isolates were isolated from two symptomatic female
patients in Sweden. One of the patients was infected with isolate AS98 in
India whereas the patient with the isolate AS175 was infected in Sweden.
Both patients suffered from a variety of symptoms typically manifesting
during giardiasis. The isolates were axenized after in vitro excystation. In
vitro growth of these two isolates exhibited a medium-preference and differences in growth rate. Specifically, both isolates showed a preference to medium containing human serum instead of the standard medium containing
bovine serum. On the other hand, although the AS98 isolate showed a similar growth rate as to WB, the AS175 isolate appeared to grow slightly slower. Encystation efficiency for both isolates was similar to WB.

Genome assembly
Chromosomal size differences in the smallest chromosomes were observed between these two AII isolates. Chromosomes 1 and 2 have the same
size as in WB (1.55Mbp) (Adam 2000) while we found that in AS98 they are
both 1.70 Mbp. The respective chromosome sizes in isolate AS175 are
1.55Mbp and 1.70Mbp. Similar differences in chromosome 1 and 2 have
been previously observed in G. intestinalis isolates and have been related to
recombination events of the rDNA genes at the telomeric regions (Adam
2000).
The core genomes of both isolates were very similar to the WB genome
(about 99%) and most sequence reads aligned well with it. The few reads
that didn’t align to the reference genome of WB resulted in a small number
of short contigs which were analyzed for isolate-specific sequences. The
analysis of these sequences resulted in 35 unique AII assemblage genes that
were absent in the WB genome and could be used as a genotyping tool for
sub-assemblage differentiation.
Despite the similarities in genome alignment, it was observed that the AII
genomes contained reads with different orientation and start/stop codon positions. These reads were mostly found in the telomeric regions and included
VSP genes, ribosomal RNA genes and reverse transcriptase elements. This
type of translocations could also support the earlier observation of chromosome size differences.
Genome-wide variations
The genome analysis of the two AII isolates showed high levels of ASH
which in Giardia is identified as high quality mismatches between aligned
reads. About 70% of ASH was located in variable genes such as the VSPs
and HCMPs and in non-coding regions while 30% of the heterozygosity was
located in the core-genome.
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Although the number of identified SNPs among the AI and AII isolates was
found to be similar, the two AII isolates only shared half the number of
SNPs, which indicates diversity within these AII isolates. The majority of
SNPs was located in coding sequences and in variable surface proteins.
Multi-gene families
A few of the VSPs were found to be conserved in all assemblage A genomes
but the majority of the VSPs have evolved independently in the studied AI
and AII isolates. Genes of another variable gene family, the HCMPs, were
also found to be conserved between the isolates although isolate-specific
divergences did occur.
Several HCMPs are found to be up-regulated during host-parasite interactions in vitro (Ringqvist et al. 2011) and the three most highly upregulated
HCMP genes in WB (GL50803_7715, GL50803_91707 and
GL50803_15521) are among the genes with high level of nucleotide diversity within the assemblage A in this study. In the regions were VSPs and
HCMPs are located in the chromosomes, a high level of SNPs was observed,
while high levels of nucleotide diversity also localized in the same regions.
These observations could explain the main mechanism of expansion in
these two multi-gene families and the high levels of divergence among them.

Secretome study of host-parasite interaction (Paper II)
Several studies have shown that upon interaction with the host IECs in vitro,
Giardia releases a number of proteins and virulence factors (Nash & Keister
1985, Papanastasiou et al. 1996, Jiménez et al. 2000, Shant et al. 2002,
Rodríguez-Fuentes et al. 2006, Ringqvist et al. 2008, Carvalho et al. 2008,
Skarin et al. 2011, Piña-Vázquez et al. 2012) and that the released ESPs can
cause histological alterations of the small intestine, antibody induction and
they can also affect intestinal absorption and secretion (Samra et al. 1988,
Jiménez et al. 2004, Jiménez et al. 2007).
In this study we identified putative virulence factors and mechanistic
pathways leading to giardiasis. To do that, we identified the major ESPs
from the WB and GS isolate upon host-parasite interactions using proteomics, and we characterized their effects on human IECs.

The secretome of Giardia intestinalis
In order to identify the proteins present in the Giardia secretome, we collected ESPs from axenic growth of the WB and GS isolate as well as from interactions with the human Caco-2 IECs. The WB secretome revealed 196 proteins in total while the GS secretome included 155 proteins. When the trophozoites interacted with the human IECs, the proteins identified in WB in52

creased to 248 while in GS 152 proteins were identified. The top 50 identified proteins, based on their peptide score, were the same in both conditions,
but 87 and 41 interaction-specific proteins were identified from WB and GS,
respectively. The secretomes of the two isolates shared only 13 interactionspecific proteins indicating that there are assemblage-specific secretory responses during interaction with IECs.
To identify the possible functions of the ESPs, we compared the proteins
between WB and GS using orthologous genes between the two isolates. The
majority of the detected proteins had functions associated with metabolism
and they were present in both interaction and axenic growth secretomes.
Proteins involved in oxidative stress were identified in both isolates; however, in WB they were mostly present when the trophozoites interacted with
IECs, while in GS they were found in axenic cultures. This suggests that the
two isolates exhibit differences in anti-oxidative responses during interaction
with IECs. Proteins involved in proteolysis and excystation responses were
present in both isolates as well as many immunodominant proteins. The
VSPs together with the HCMPs occupied a large portion of the WB secretome while their number was lower in the GS secretome.

The secretome of differentiated Caco-2 cell during interaction
Except for the Giardia secretome, we also identified secreted proteins from
the Caco-2 cells in response to the interaction with Giardia trophozoites. In
total, 384 Caco-2 proteins were identified in the co-culture medium with WB
and 355 proteins upon incubation with the GS isolate. The majority of these
ESPs were also found in the Caco-2 control samples, resulting in 76 proteins
released specifically in response to WB and 45 proteins in response to GS.
Among these response-specific proteins, 31 proteins overlapped in the responses to both isolates. GO enrichment analysis showed that the majority of
the Caco-2 proteins upon interaction had metabolic functions, while many
were involved in cell cytoskeleton and immunological responses.

Caco-2 responses to giardial ESPs
To investigate the effect of the giardial ESPs on the human IECs we studied
the responses of the Caco-2 cells and the expression of several chemokines
at the RNA level. The protein levels of the up-regulated chemokines were
measured by ELISA in order to assess whether the increase in transcriptional
level was translated into their protein products. Protein labelling and immunofluorescence were used to visualize the interaction between purified giardial ESPs with the IECs.
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Transcriptional changes of Caco-2 upon host-parasite interaction
In vitro interaction between Giardia trophozoites and the human Caco-2
IECs induced transcriptional changes of a large number of genes including
several chemokines such as CCL2, CCL20 and CXCL1-3. Overall, 120 and
87 genes were differentially expressed in IECs exposed to ESPs from WB
and GS, respectively. The majority of these genes were up-regulated at 6
hours of interaction and they were associated with inflammatory responses,
MAPK signaling, glucose homeostasis and cell cycle. The chemokines IL-8,
CCL2, CCL20, CXCL1-3 showed significant up-regulation when IECs were
exposed to 5µg of ESPs. However, the levels of up-regulation were lower
when the concentration of the ESPs was increased to 10µg.
The chemokines IL-8, CXCL1 and CCL20 were selected and their protein
levels were measured in the interaction medium by ELISA. Overall, the levels of the measured chemokines were close to control or slightly lower and
no significant changes were observed indicating that they are regulated posttranscriptionally or that they are degraded upon release. Liu et al. recently
showed that cysteine proteases can degrade the chemokines CXCL1,
CXCL2, CXCL3, IL-8, CCL2 and CCL20, a finding that could explain the
low protein levels in the medium (Liu et al. 2018).
Effect of ESPs on cell signaling
Giardia ESPs were collected and labelled with Alexa Fluor488 and incubated with human Caco-2 IECs in order to examine the interaction between
them by confocal microscopy. Confocal images showed that the labelled
ESPs could bind not only on the surface of the IECs but on cellular borders
and junctions as well. Signs of ESP internalization were also evident.
Western blot analyses were used to examine the MAPK signaling pathways in IECs and showed a slight decrease in the phosphorylation levels of
ERK1/2 and P38, but an increased level of the nuclear factor kappa-lightchain-enhancer of activated B cells (NFκB). This suggests that activation of
NFκB could be mediated by other factors such as stress, growth factors,
hypoxia or nutrient depletion. Phosphorylated form of c-Jun N-terminal kinase (JNK) couldn’t be detected in this study. These findings suggest that
Giardia ESPs actively modulate MAPK signaling pathway to prevent strong
induction of inflammatory responses. To test this, we incubated inflamed
IECs with Giardia ESPs and observed reduction of inflammation with decreased phosphorylation levels of ERK1/2 and P38 comparing to the inflamed control and nuclear recruitment of NFκB. These results show that
Giardia ESPs can attenuate inflammatory responses by modulating MAPK
signaling and NFκB recruitment.
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Transcriptional study of host-parasite interaction (Paper
III)
Various strategies have been developed in order to study the interplay between Giardia and host IECs both in vitro (Bernet-Camard et al. 1996, Roxström-Lindquist et al. 2005, Panaro et al. 2007, Koh et al. 2013) as well as
in vivo (Roberts-Thomson et al. 1976, Nash et al. 1987, Troeger et al. 2007).
In this study we have used an in vitro experimental set up with differentiated
Caco-2 cells and Giardia intestinalis WB trophozoites (Roxström-Lindquist
et al. 2005) combined with RNA-seq to study transcriptional variations occurring in Giardia trophozoites when they interact with human IECs. Special
interest presents an understudied gene family, the HCMPs.
To study the transcriptional changes occurring in Giardia trophozoites
during interaction with the IECs, we pre-incubated parasites for 2hrs in interaction medium (DMEM) in order to reduce effects from the medium
change (from the growth medium TYDK to the interaction medium
DMEM). We then co-incubated parasites and differentiated human IECs for
1.5, 3 and 4.5 hours and collected RNA which was sent for RNA-seq.

RNA-seq analyses of Giardia in host-parasite interactions
RNA-seq data produced 61, 90 and 151 genes up-regulated more than 2-fold
and 218, 365 and 479 genes down-regulated more than 2-fold for the three
time points, respectively. Most significant changes in gene expression occurred during the first 1.5 hrs of interaction. Many genes that showed upregulation during the first 1.5 hrs, seem to be down-regulated during the
latest time-points of interaction. The level of up- and down-regulation observed in this study is smaller than earlier observed (Ringqvist et al. 2011),
which is most likely due to the pre-incubation in interaction medium, reducing the medium effects. However, 5 genes of the top 30 up-regulated seem to
be highly expressed in all previous studies of host-parasite interactions including the present one, making them good candidates as putative virulence
factors during Giardia infections. Among the highly up-regulated genes
there were several hypothetical proteins, a putative surface glycoprotein, a
putative lipid binding protein, cysteine proteinases and several genes involved in oxidative stress and differentiation of trophozoites to cysts. Downregulated genes were mainly involved in arginine metabolism and cell
growth regulation.

High Cysteine Membrane Proteins (HCMPs)
In the top 30 up-regulated genes, the HCMP family is the most represented
making 27% of this list. While only 61 HCMPs had originally been identified in the Giardia WB genome (Adam et al. 2010), currently 116 HCMPs
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have been found in the new WB genome assembly. HCMPs is a gene family
that has previously been studied in association with encystation (Davids et
al. 2006, Einarsson et al. 2016) but we know now that they are also induced
by other types of stress. Fifty four of these HCMPs were up-regulated during
host-parasite interaction, while 37 seemed to be down-regulated. Many
HCMPs also changed expression due to the medium change suggesting that
HCMPs are environmentally regulated.
The level of up- and down-regulation of transcription in Giardia is relatively small compared to other organisms, suggesting either a very tight level
of regulation or post-transcriptional regulation.
Regulation of HCMPs by chromatin and presence of iron
Environmental changes in gene expression are often mediated by changes in
chromatin modifications (Gargantini et al. 2016). Since the HCMPs are
environmentally regulated we decided to test if histone deacetylase (HDAC)
inhibitors affect the expression of a selected set of HCMPs. Trichostatin A
(TSA) and sodium butyrate (NaB) that inhibit NAD+-independent HDACs
and Nicotinamide (Nt) that inhibits NAD+-dependent HDACs was added to
Giardia trophozoites and the expression of five HCMPs was studied. Four of
the HCMPs were upregulated when TSA was added, whereas sodium butyrate and nicotinamide did not change HCMP expression. This suggests that
regulation of HCMP expression is influenced by the chromatin structure and
inhibition of regulatory enzymes, like HDACs, which are involved in chromatin structure regulation.
Iron is another well-known regulator of virulence genes in pathogens and
it is also an important factor in oxidative stress (Ansell et al. 2015). In order
to test if the expression of HCMPs is affected by the level of iron in the medium we incubated Giardia trophozoites in medium without addition of extra iron and in medium where a chelator was added to reduce the free iron
levels even more. The expression of some HCMPs was significantly upregulated under both conditions suggesting that the level of iron in the medium affects expression of HCMPs.
Localization of HCMPs in the Giardia parasite
Three of the top up-regulated HCMPs were selected and localized at the Cterminal using epitope-tagging. The three HCMPs seemed to localize at the
plasma membrane in transfected trophozoites while a spotty appearance at
the plasma membrane was also seen for one of them and localization of the
nuclear envelope for another. Localization seemed to change during continuous incubation of the transfectants and the initial plasma membrane localization in most cells of recently transfected was converted to non-expressing
cells and more internal localization during later generations. This type of
time-dependent localization was shown for all transfectants while N-terminal
tagging seemed to stay in the ER, suggesting a disturbed protein transport.
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Proteome study of host-parasite interaction (Paper IV)
Substantial progress has been done during the last years in the understanding
of the early stages of pathogenesis of giardiasis; however the current understanding behind the molecular mechanisms taking place is still fragmentary.
Several in vitro models of host parasite-interactions during giardiasis have
been developed using cultured intestinal epithelial cells (IECs) and axenic
Giardia parasites (Bernet-Camard et al. 1996, Panaro et al. 2007, Koh et al.
2013). Quantitative proteomics in gel-free systems using LC/MS is an excellent tool that can be used to study host-parasite interactions on the protein
level (Emery et al. 2016a) and it can be used to confirm later up-regulation
at the protein level after the transcriptional up-regulation. Currently there is
only a limited number of proteomic studies performed on Giardia and only
very few of them focus on the interplay between the parasite and the host
(Emery et al. 2014, Pham et al. 2017). To date, only one study has been published dealing with differential protein expression in parasites during IEC
interactions (Emery et al. 2014). This study has shown that IEC secretion
induces changes in protein expression in the parasites. Recently two studies
using proteomics characterized the parasite and IEC secretomes during hostparasite interactions (Ma’ayeh et al. 2017, Dubourg et al. 2018). These studies showed that both cell types respond to interaction by secretion of large
number of proteins.
In this study we have used proteomics to study differential gene expression in the IECs and the parasites during in vitro interaction. Giardia trophozoites were added to differentiated Caco-2 cells and the cells were coincubated for 1.5, 3 and 4.5 hrs. Starting parasites that had been kept in
DMEM growth medium or the Giardia growth medium TYDK and Caco-2
cells grown in DMEM without parasites were used as controls. Our results
confirm the role of HCMPs during host-parasite interactions and they show
that anti-microbial responses in the IECs are down-regulated as a result of
the interaction.

Caco-2 proteins differentially expressed during parasite interactions
A total of 2436 proteins were identified from the differentiated Caco-2 cells
during our proteomic analyses. There were 21, 33 and 409 unique differentially expressed genes at the three studied time-points of interaction (1.5hrs,
3hrs, 4.5 hrs). Extensive gene expression changes were observed mainly
between 3 and 4.5 hrs of interaction. Initially, after 1.5 hrs there were more
down-regulated (35) than up-regulated (26) genes, after 3 hrs it was more
equal (23 up- and 22 down-regulated genes) and after 4.5 hrs hours there
were 273 up- and 177 down-regulated genes. Overall the level of up- and
down-regulation of protein levels was relatively small compared to the earlier gene expression studies in Giardia done on RNA level (Ringqvist et al.
57

2011) but it is in line with the only study published on protein level (Emery
et al. 2014).
Gene ontology (GO) analyses were performed on the significantly upand down-regulated human proteins during the 4.5 hrs of interaction and
showed that processes that were significantly enriched are associated with
carbohydrate and lipid metabolism, protein transport and oxidative stress
responses, whereas RNA processing processes were significantly downregulated.
Deeper analysis of the most up-regulated proteins the first 1.5 hrs showed
that several cytoskeletal proteins were up-regulated (Vinculin, Alphaadducin, Calpain-1 and Catenin beta-1), suggesting changes in the cytoskeleton, mainly the actin filaments. Changes in splicing factors, succinate metabolic processes and oxidative stress responses were also found after 1.5 hrs
co-incubation. After 3 hrs of interaction other actin-related proteins were upregulated (NCK-associated protein 1 and F-actin capping protein subunit
alpha-1) as well as the epidermal growth factor receptor which is known to
be an activator of the NF-kappa B cascade (Biswas et al. 2000). Lipid metabolism and protein transport processes were also up-regulated at 3hrs on
interaction, but they were even more pronounced after 4.5 hrs.
More proteins were down-regulated in the Caco-2 cells after 1.5 hrs of interaction and most genes were involved in gene regulation and regulation of
apoptosis. Fewer genes were down-regulated after 3 hrs and most were related to cytoskeletal functions but after 4.5 hrs interaction there were extensive
changes in ruffle organization, mRNA splicing and transport and translation.

Parasite proteins differentially expressed during interaction with
Caco-2 cells
In line with the earlier expressions studies we identified a large number of
differentially expressed proteins. A total of 1403 proteins were identified
from the G. intestinalis isolate WB during our proteomic analyses and
showed that up-regulated proteins (162, 218 and 90 at 1.5, 3 and 4.5 hrs interaction) dominated over the down-regulated genes. One major difference
compared to the DMEM control experiments was that most changes in protein expression occurred at the early time-points, peaking after 3 hrs of interaction. GO-term analyses generated enrichments for ribosome biogenesis
and translation in the 1.5 hrs interaction data set and for protein transport and
microtubule based processes in after 3 hrs interaction.
A major difference between the differential expression in DMEM medium and in the interaction with Caco-2 cells was the up-regulation of HCMPs
during the interaction. Our earlier studies in the same experimental set-up
showed that the HCMPs are the main differentially expressed gene group
(Paper III). In the RNA-based studies large up-regulation was seen even in
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DMEM incubation but here in the proteomic analyses we did not see any
major up-regulation of HCMPs on the protein level. This shows that many
HCMPs are differentially expressed during the experiment and the most upregulated proteins are the HCMPs 7715, 91707 and 115066. This confirms
our results from the RNA-based analyses where the same HCMPs were
among the most highly up-regulated genes (Paper III).
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Conclusions and future perspectives

The research included in this thesis covers the molecular mechanisms behind
Giardia-host parasite interactions. In this thesis we present wide changes in
the transcriptome (Paper III) and proteome (Paper IV) of the WB G. intestinalis isolate during host-parasite interaction with the human Caco-2 IECs.
Complete characterization of the secretome of Giardia as well as the human
IECs during their interaction is presented (Paper II). This has provided a
much greater knowledge of the interplay between parasite and host, the molecular mechanisms behind it as well as the responses under their coincubation. Comparative analyses of two human AII G. intestinalis isolates
(Paper I) showed high level of genomic similarities but also genome-wide
variations and high levels of heterozygosity, suggesting that large differences can occur even between isolates of the same assemblage.

Comparative analyses in Giardia
Genetic differences have been observed between two human AII isolates
(AS98, AS175), however it is not known if this diversity is specific for these
two isolates or a general pattern observed in assemblage A and if it is something commonly observed in all G. intestinalis assemblages. Further studies
and analyses between more assemblage A (and other assemblages) isolates
would provide further details on these questions.
Genes with high levels of sequence divergence were found in the variable
regions of the Giardia genomes and made up most of the genetic differences
between different Giardia isolates. These highly divergent genes also included the gene-families VSPs and HCMPs. More detailed investigation of
the genes and gene-families outlined above will likely provide new and important information that will aid in broadening the knowledge of virulence
and potentially host specificity in G. intestinalis.
It has been reported that the GS/M Giardia isolate presents higher virulence than assemblage A isolates in human experimental infections (Nash et
al. 1987) while the assemblage B isolate H3 has shown to cause chronic
infections in mice (Bartelt et al. 2013). These two characteristics of both
assemblage B isolates makes comparative genomic analyses an essential tool
for understanding the factors and mechanisms that could contribute on these
differences.
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Most studies done with the Giardia parasite involve mainly G. intestinalis
species. However, another Giardia species, G. muris, has been commonly
used in in vivo studies using murine models and it has been shown to be very
successful at infecting mice, something that has been seen only for a few G.
intestinalis isolates (Roberts-Thomson et al. 1976, Bartelt et al. 2013). Thus,
comparative analyses between G. muris and G. intestinalis could elucidate
specific mechanisms involved in virulence and host-specificity.

Host-parasite interactions
Studies of Giardia-host interactions resulted in the identification and characterization of the secretome of G. intestinalis and the Caco-2 IECs making it
possible to identify putative Giardia virulence factors and mechanistic pathways involved in giardiasis (Paper II).
Gene expression analyses (Paper III) as well as proteomic analyses (Paper
IV) of Giardia trophozoites during interaction with IECs in vitro, have identified a group of genes that are up-regulated during interactions. This group
contains genes encoding cysteine proteinases, oxidative stress response proteins, metabolic proteins and certain HCMP genes. These studies have provided a greater understanding of the role of the uncharacterized gene-family
HCMPs during host-parasite interactions, however their complete function is
still unknown.

Role of HCMPs
The HCMPs are membrane proteins that are regulated by chromatin modifications and the presence of iron (Paper III) and could be important in signaling during the infection and stress conditions including oxidative stress and
nutrient depletion.
CRISPR interference (CRISPRi) relies on the modification of the
CRISPR/Cas9 system that guides inactive Cas9 (dCas9) to the target loci for
stable transcriptional repression. In Giardia nuclear localization of dCas9 to
both nuclei of the parasite has been challenging, however efficient and stable
CRISPRi-mediated transcriptional repression of endogenous and exogenous
genes in Giardia has been developed (McInally et al. 2019, Lin et al. 2019).
The use of CRISPR repression and mutagenesis systems would make it possible to define the role of HCMP genes in Giardia virulence.
Mutant parasites could be used in in vivo studies with in mice or gerbils
and in vitro in enteroid systems leading to a more detailed molecular understanding of giardiasis. Human intestinal enteroids (HIEs) have been used in
several studies as a study model for human intestinal physiology and pathophysiology and host responses in gastrointestinal viral infections (Saxena et
al. 2016, Zou et al. 2017). Enteroids have also been used in intestinal para61

sitic infections with Cryptosporidium pavrum (Zhang et al. 2016, Ward H).
Human intestinal organoids and enteroids/colonoids have shown to simulate
normal intestinal physiology and pathophysiology and present natural innate
immune responses (Zachos et al. 2016, Chen Y et al. 2017). This ex vivo
model could give a more realistic view of the pathophysiology and responses
involved in giardiasis.
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