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Resumo

Giardia lamblia (Giardia duodenalis ou Giardia intestinalis) é um dos parasitas
intestinais mais comuns do homem que causa doenga gastrointestinal. Este parasita
ndo é invasivo, mas consegue subverter/limitar a resposta inflamatéria no intestino
delgado permitindo a sua colonizagao. No entanto, o conhecimento dos mecanismos
moleculares pelos quais Giardia modula as células imunitdrias da mucosa intestinal,
por exemplo os macréfagos, é limitado. Dado que as proteases de parasitas tém um
papel importante nas intera¢des parasita-hospedeiro, nomeadamente como efectores
de mecanismos de evasdo imunolégica, investigamos o seu contributo nos efeitos
imunomoduladores de Giardia. Para isso, estudaram-se os efeitos de extratos de G.
lamblia na integridade de trés proteinas chave da resposta inflamatdria de macréfagos
estimulados pelo LPS, iNOS, COX-2 e NF-kB p65FeA. Os niveis de iNOS, COX-2 e NF-kB
p65ReA foram avaliados por Western Blot e a atividade proteolitica em extractos de
parasitas foi detetada por zimografia. Os inibidores selectivos das principais classes de
proteases, incluindo a cisteina, serina, aspartato e metaloproteases foram utilizados
para caracterizar a atividade proteolitica. Os resultados mostraram que os extratos de
G. lamblia possuem elevada atividade proteolitica, em particular sobre a subunidade
NF-kB p65Re’A. A zimografia detectou que os trofozoitos contém, pelo menos, trés
proteases distintas: uma metaloprotease com 135 kDa, e duas proteases de cisteina
com 75 e 63 kDa. Além disso, a clivagem de NF-kB p65°f” foi bloqueada
principalmente por fenantrolina, E-64 e leupeptina, inibidores selectivos de
metaloproteases e proteases de cisteina, respetivamente. No geral, os nossos
resultados demonstram que as proteases presentes nos trofozoitos de G. lamblia
est3o envolvidas na inativacdo da NF-kB p65R¢" dos macréfagos, sendo um possivel
mecanismo de subversdo imunoldgica. Este conhecimento pode ser utilizado para o
desenvolvimento de agentes terapéuticos que tenham como alvo proteases do
parasita, permitindo, assim, o tratamento da giardiase. No entanto, sdo necessarios
mais estudos sobre o papel preciso das proteases de Giardia particularmente sobre os
mecanismos pelos quais as células hospedeiras tém acesso a esses produtos de origem

parasitaria.
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Abstract

Giardia lamblia (syn. Giardia duodenalis and Giardia intestinalis) is in humans one of
the most common intestinal parasites responsible for gastrointestinal disease.
Although Giardia is not an invasive parasite, it dampens the inflammatory response in
small intestine by yet unidentified mechanisms, allowing its effective colonization.
Given that parasite proteases have been suggested to play important roles in host-
pathogen interactions, namely as effectors of immune escape mechanisms we sought
to investigate in this work their contribution to Giardia immunomodulatory capacities.
For this we addressed the direct effects of G. lamblia extracts on the integrity of
macrophage iNOS, COX-2 and NF-kB p65Rf¢” three key proteins of inflammatory
response. The levels of iINOS, COX-2 and NF-kB p65R~¢"* were evaluated by western blot
analysis and the detection of proteolytic activities in parasite extracts was analysed by
zymography. Selective inhibitors of the main classes of proteases including cysteine,
serine, aspartic and metalloproteases were used in order to characterize the
proteolytic activity. Our results showed that G. lamblia extracts possess high
proteolytic activity, particularly over macrophages NF-kB p65f¢A subunit. By
zymography assays we found that Giardia trophozoites contain at least three distinct
proteases: a 135 kDa metalloprotease, and two cysteine proteases with 75 and 63 kDa.
Moreover, the cleavage of NF-kB p65R¢" was mainly blocked by phenantroline, E-64
and leupeptin, selective inhibitors of metalloprotease and cysteine proteases,
respectively. Overall our data demonstrate that the proteases present in the infective
trophozoite form of G. lamblia are involved in host-cell NF-kB p65°¢ inactivation,
being a possible immune subversion mechanism. This knowledge may be used for the
development of chemotherapeutic agents that specifically target parasite proteases
allowing therefore the treatment of giardiasis. However, more studies are needed
about the precise role of Giardia proteases particularly on the mechanisms by which

the parasite delivers them to host cells.
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1. Introduction

Giardia lamblia (syn. Giardia duodenalis and Giardia intestinalis) is one of the
most common intestinal parasites of humans that causes gastrointestinal disease;
about 200 million people in Asia, Africa, and Latin America have symptomatic
infections.() In developed countries, infection rates for giardiasis are about 1-7%, and
in developing countries infection rates for Giardia fell into the range of 8% to 30%.!

Giardia parasites were described for the first time in 1681 by Antony van
Leeuwenhoek when examining own diarrhoeal stools under the microscope. The next
description only occurs in 1859 when parasites were observed by Vilem Dusan Lambl
and described as Cercomonas intestinalis. The term Lamblia intestinalis was created in
1888 by Raphael Anatole Emile Blanchard. In 1915, Charles Wardell Stiles et al.
introduced the name Giardia lamblia to honour the work done by Professor A. Giard in
Paris and Dr. Lambl in Prague. Today, the organisms that infect humans are variously
referred to as G. lamblia, G. intestinalis or G. duodenalis, indicating that intense debate

continues to surround this intriguing protozoan parasite.?)

1.1. Giardia Taxonomy

Giardia belongs to Phylum Sarcomastigophora, Subphylum Mastigophora
(=Flagellata), Class Zoomastigophorea, Order Diplomonadida and Family
Hexamitidae.®

Currently, six Giardia species are accepted by most researchers. Among them,
G. agilis, G. ardeae, G. muris, G. microti and G. psittaci infect various animals, whereas
G. lamblia infects humans and many mammals. Although G. lamblia is the only species
found in humans and many other mammals, including pets and livestock, it is now
considered a multispecies complex. Historically, allozyme analyses placed all isolates
from humans into two genetic assemblages (assemblages A and B) encompassing at
least four genetic clusters (groups | to 1V). Additional lineages of G. lamblia from
animals were identified: assemblages C and D from dogs, assemblage E from

artiodactyls, assemblage F from cats, and assemblage G from rodents.(!



1.2. Life Cycle of Giardia

Giardia has a relatively simple life cycle that consists of two different stages of
structural and biochemical development: the trophozoite, vegetative form (Fig. 1a),
which colonizes the host intestine, and the cyst, infective form (Fig. 1b), which is

resistant to environmental conditions.®

a Basal Central mitosomes b
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Nucleolus
Adhesive

Nucleus

Peripheral Axonemes

mitosomes ~ Disc
fragments
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Figure 1 — Trophozoite and cyst of Giardia

a — The trophozoite is shown here viewed dorsally. AF: anterior flagella, VF: ventral
flagella, PLF: posterior/lateral flagella, CF: caudal flagella.

b — Giardia cysts are non-motile and oval shaped, and they measure 8-12 um long by 7—

10 pm wide.
Figure from: Behind the smile: cell biology and disease mechanisms of Giardia species. Nat Rev
Microbiol. 2010

1.2.1. Trophozoite

The trophozoites of G. lamblia are about 12—-15 um long and 5-9 um wide. In
comparison with other eukaryotes, Giardia spp. are unusual in that they have two
nuclei and lack mitochondria, peroxisomes and a typical Golgi apparatus. Each
trophozoite have eight flagella organized in four pairs: the anterior flagella (AF),
ventral flagella (VF), posterior/lateral flagella (PLF) and caudal flagella (CF) (Fig. 1a).
The basal bodies are the sites from which the flagella originate. The median body is a
microtubular structure of unknown function. The adhesive disc is a large, rigid

attachment structure composed of microtubules. There are several central and



peripheral mitosomes in the cell. Peripheral vesicles are lysosome-like vesicles that lie
beneath the plasma membrane throughout the cell (Fig. 1a).5)

The parasite is dependent on high mobility and a strong attachment to the
enterocytes in the upper small intestine to avoid peristaltic elimination, and this is

accomplished by the adhesive disc and the flagella.®®

1.2.2. Cyst
Giardia cysts are non-motile and oval shaped, and they measure 8-12 um long
by 7-10 um wide. Microscopic observations of G. lamblia cysts revealed a thick cyst
wall and an enclosed excyzoite with four nuclei, ribbon-like microtubule structures
extending from the disassembled adhesive disc, and flagella in the centre (Fig. 1b). The
cyst wall is 0.3-0.5 um thick, is lined by a double inner membrane and is mainly
composed of N-acetylgalactosamine and three different cyst wall proteins (CWP1,

CWP2 and CWP3).5)

1.2.3. Differentiation

Infection begins with the ingestion of food or water that is contaminated with
cysts. Following ingestion, the cyst becomes metabolically active and undergoes
excystation. This rapid differentiation process takes place in only 15 minutes-(®)

Excystation is initially triggered by host stomach acids, and the cyst then passes
into the small intestine before rupturing. Flagella first appear through an opening in
one of the poles of the cyst, followed by the excyzoite body”) (Fig.2). Cysteine
proteases, released from the lysosome-like peripheral vesicles, are thought to have an
important role in this process by degrading the cyst wall from the inside.(®

The liberated excyzoite undergoes cytokinesis twice without intervening S
phases, finally producing four trophozoites® (Fig. 2). During this division process, the
excyzoite increases its metabolism and gene expression, segregates organelles,
upregulates proteins associated with motility and assembles the adhesive disc, an
attachment organelle specific to Giardia spp.(10, 11) The adhesive disc functions as a

suction cup and binds surfaces nonspecifically.)



Trophozoites are resistant to removal via bulk flow in the intestinal lumen
because they can attach to intestinal epithelium. When trophozoites migrate into the
lower gastrointestinal tract, they encounter changes in the environment that can
trigger encystation.®

Encystation is a long differentiation process that results in transformation of
the motile trophozoite into the non-motile, infective cyst (Fig. 2). This process is
induced in response to host-specific factors such as high levels of bile, low levels of
cholesterol and a basic pH."? Early in encystation the trophozoite’s flagella start to be
internalized (Fig. 2). The parasite loses the ability to attach to the intestinal epithelium
owing to fragmentation of the adhesive disc,') and the differentiating parasite
gradually rounds up and enters hypometabolic dormancy. 0

To date, three cyst wall proteins (CWPs) have been identified (CWP1, CWP2 and
CWP3), all of which contain leucine-rich repeats and have positionally conserved
cysteine residues.'315) A fourth protein, high-cysteine non-variant cyst protein
(HCNCp), has been shown to be associated with the cyst wall.l!® Early in encystation,
the synthesis of CWPs leads to the formation of new, large encystation-specific vesicles
(ESVs).7) 1t has been suggested that ESVs are unique, developmentally regulated
Golgi-like organelles that are dedicated to the maturation and export of CWPs.(1®)

Several enzymes are needed for post-translational modifications of the CWPs;
these are protein disulphide isomerases,!’® cysteine proteinases®?® 21 and a Ca?* -
binding granule-specific protein.l??) Proteasomes localize close to the ESVs early during
encystation and have been suggested to be involved in the maturation of ESV cargo.?3
Morphological studies suggest that ESVs may be a common mechanism for the
maturation, transport and deposition of cyst wall components in protozoan
parasites,’?” as similar structures have been seen in Entamoeba invadens and
Acanthamoeba castellani.

The cysts are then released from the host through the faeces, and the

transmission cycle is completed upon cyst infection of a new host.®
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Figure 2 — Life cycle of Giardia

Giardia cysts are exposed to gastric acid during their passage through the host’s stomach,
triggering excystation. This entails a rapid differentiation of cysts into vegetative trophozoites via
the short-lived excyzoite stage. Trophozoites attach to the intestinal epithelium with the
adhesive disc and divide with a generation time of 6—12 hours in vitro. Trophozoites start to
encyst in vivo when they migrate to the lower part of the small intestine. The cysts have a lower
metabolic rate than the trophozoites and are highly resistant to environmental factors, being
able to survive for several weeks in cold water outside the host.

Figure from: Behind the smile: cell biology and disease mechanisms of Giardia species. Nat Rev Microbiol.
2010

1.3. Disease Characteristics

G. lamblia is the aetiological agent of giardiasis, one of the most common
gastrointestinal diseases worldwide. The clinical manifestations of giardiasis vary from
no symptoms to acute or chronic diarrhoea with abdominal pain, flatulence, weight
loss, intestinal lesions and malabsorption syndrome that can persist for several
months.*

These symptoms appear 6—15 days after infection and the clinical impact is
stronger in young children and in undernourished or immunodeficient individuals.
Chronic infections are common but conversely, about half of the infections during

epidemics are asymptomatic and the infection frequently resolves spontaneously.®



Giardia infections tend to be self-limiting in individuals with competent immune
systems. A recent study in Brazilian children suggests that symptoms are less severe
during re-infection, consistent with the hypothesis that if previous exposure does not
always protect against future infections, it does at least reduce the severity of
pathology.?>

In addition to its acute symptoms, giardiasis may also cause anorexia and
failure to thrive. Indeed, G. lamblia infections may have detrimental effects on
nutritional status, growth status and cognitive function in humans.(% 27

Recent data indicate that functional gastrointestinal disorders such as irritable
bowel syndrome can be associated with a previous G. lamblia infection. There is little
insight into how Giardia spp. cause disease because they are not invasive and there are

no information about secreted toxins.®

1.4. Pathophysiology of Giardiasis

The pathophysiological consequences of Giardia infection are clearly
multifactorial, and involve both host and parasite factors, as well as immunological and
non-immunological mucosal processes.(?®)

After cyst ingestion in contaminated water or food, excystation occurs
liberating four trophozoites, which adhere to the epithelial surface of the intestine via
a ventral adhesive disk. This tight attachment between Giardia trophozoites and
intestinal epithelial cells, as well as the production of yet incompletely characterized
parasitic products, culminate in the production of diarrhea.?®

As it is the case with other enteropathogens, induction of apoptosis in
enterocytes by Giardia represents a key component in the pathogenesis of the
infection.3%32)  Enterocytes apoptosis during giardiasis is caspase-3 and -9
dependent.(% 31 While both host and parasite factors may modulate intestinal
epithelial cell apoptosis, the products responsible for its activation during giardiasis
have yet to be identified. In addition to promoting increased rates of enterocyte
apoptosis, Giardia trophozoites may also block enterocyte cell-cycle progression via

consumption of arginine, and up-regulation of cell-cycle inhibitory genes.(33)



Giardia-mediated increases in intestinal permeability result from alterations to
the apical tight junctional complexes, including disruption of F-actin, zonula-occludens-
1, claudin-1 and alpha-actinin, a component of the actomyosin ring that regulates
paracellular flow.3% 3437) The role of Giardia proteinases in these effects is a topic of
ongoing research.

Giardia-induced diffuse shortening of epithelial brush border microvilli
represents a key factor in the production of diarrhoeal disease via malabsorption and
maldigestion.(® 3% Whether or not the diffuse loss of microvillous border surface area
associated with giardiasis is related to the release of a “toxin” by the parasite, a
phenomenon similar to the release of proteases in the bacterial overgrowth
syndrome®®, remains poorly understood. Regardless, G. lamblia infection causes
microvillous shortening in a lymphocyte-mediated manner which in turns impairs
activities of disaccharidases3®)

Bacterial components of the intestinal microbiota from Giardia-infected hosts
may act as stimulatory factors for protozoan pathogenicity.*? Indeed, micro-
organisms isolated from the duodenal microbiota of patients with symptomatic
giardiasis can stimulate the pathogenicity of G. lamblia in a gnotobiotic animal

model.*!) The biological basis of this phenomenon remains unclear.

1.5. Host-Parasite Interaction

1.5.1. Immune Response to Giardia

Although current knowledge regarding the mechanisms of immunity to Giardia
is limited, several studies have produced significant advances in the understanding of
innate and adaptive host responses against the parasite (Fig. 3).(*

The innate immune system is a rapid, nonspecific first line of defence against
colonization by pathogens. Giardia primarily colonizes the duodenum and jejunum,
both of which are hostile environments that limit the survival of microbes because of
their high concentrations of digestive enzymes and bile. Therefore, Giardia must
constantly adhere and detach to the epithelia to avoid being entrapped by mucus and

eliminated by peristaltic movement. In chronic giardiasis, patients lose intestinal



barrier function, which results in reduced secretion of mucus and enzymes which can

contribute to the clinical manifestation of the infection (Fig. 3, 1).t 28
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Figure 3 - Host defence mechanisms against Giardia lamblia. Innate and adaptive immune systems
act in synchrony to control Giardia infection.

The mucus layer on the intestine surface and peristaltic movements constitute mechanical barriers to
Giardia attachment (1). Mast cells release pro-inflammatory cytokines such as IL-6; mast cell
degranulation promotes peristalsis (2). Gut epithelial and immune cells produce nitric oxide (NO),
which has a cytostatic effect on Giardia trophozoites, inhibits excystation/encystation processes and
contributes to peristalsis (3). Dendritic cells (DC) play a role as a ‘connector’ between innate and
adaptive immunity and are localized in lamina propria where can recognize antigens. Dendritic cells
also can expand their dendrites into the intestinal lumen to take up antigens (4). Dendritic cells ingest
and process Giardia antigens for further presentation to naive T cells by MHC class Il molecules (MHC-
I1). Activated T cells release a panel of cytokines, which modulate the anti-Giardia response (5). IL-6
released by mast cell, DC or T cells is an important modulator of B-cell maturation, and it induces
antibody class switching to produce IgA (6). Th17 CD4+ T cells are activated during early adaptive
immunity against Giardia, and release cytokines such as IL-17, IL-21, IL-22, which play a pro-
inflammatory role (7).

Adapted from: Host defences against Giardia lamblia. Parasite Immunol. 2015
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Gut epithelial and immune cells can synthesize nitric oxide (NO), which has
immunomodulatory and cytotoxic activities (Fig. 3, 3). NO is produced enzymatically
from L-arginine through the action of NO synthase (NOS), which can exist in three
different isoforms: neuronal (nNOS), inducible (iNOS) and endothelial (eNOS). The
major isoform that is expressed by intestinal epithelial cells, iNOS, is inducible by
cytokines and microbial products.“? 43 |t has been observed that patients infected
with G. lamblia exhibit increased NO levels.*¥ Studies conducted in vitro have
demonstrated that NO inhibits the excystation process and also induces a cytostatic
effect on G. lamblia trophozoites.*>)

Mast cells are currently recognized as effector cells of the immune response
against several parasites. In tissues from the small intestine that have been infected
with G. lamblia, the most strongly induced transcripts are mast cell proteases.®) Mast
cells and NO may act together to induce peristalsis and can also contribute to B-cell
survival, activation and differentiation into plasma cells, driving the development of
IgA-oriented humoral immune responses (Fig. 3, 2). The results suggested that mast
cells play a significant role in the protective immune response against Giardia.* 47

If innate immune mechanisms cannot eliminate the pathogen, it continues
growing and expressing and releasing antigens, which triggers adaptive immune
responses. Specific humoral and cellular immune responses play a role in Giardia
clearance. Several reports have indicated that the clearance of Giardia in
immunocompetent murine models occurs at approximately 3—5 weeks post-infection,
which correlates with the establishment of humoral immunity.#> 4¢) Host control of
Giardia requires mucosal humoral and cellular immune responses, such as a balanced
response of antigen-specific CD4+ T cells, the release of cytokines, including IL-6, TNF-
a, IFN-y and IL-4, and the production of specific IgA or IgG antibodies against parasite
antigens.4 4%-51)

Dendritic cells (DCs) also play a role in the clearance of giardiasis, although G.
lamblia is a weak activator of murine and human DCs,'*2 Giardia lysates, excretory-
secretory products and other specific proteins can activate the maturation of DCs by
causing increases in the expression of pro-inflammatory cytokines, such as IL-6, TNF-a
and IL-12, and of surface molecules, such as CD80, CD86, MHC class Il molecules (Fig.

3, 4).53) Accordingly, the presence of Giardia may activate the maturation and
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migration of DC to the infection site and the subsequent release of
immunomodulatory cytokines.®

Cytokines are small soluble proteins that modulate the differentiation,
activation and proliferation of cells. They are produced by a variety of cell types, and
several of them possess overlapping functions for regulating innate and adaptive
immune responses. The cytokine that is mainly elevated during giardiasis is IL-6, a pro-
inflammatory cytokine that induces innate cellular responses and also mediates B-cell
switching to IgA and T-cell development into Th17 cells (Fig. 3, 5).5% 35 Although there
are many sources of this cytokine, DC-derived IL-6 is fundamental to the clearance of
Giardia. This is probably because the early production of IL-6 by DC is important for T-
cell differentiation.®® %% The presence of IL-6 during initial contact between DC and T
cells could be a key determinant of the type of response that ensues.

TNF-a is another pro-inflammatory cytokine that is released during Giardia
infection.5”) TNF-a-deficient mice exhibit an obvious delay in the clearance of Giardia,
suggesting that TNF-a plays an important role in giardiasis.*®) Nevertheless, the
mechanisms by which TNF-a affects Giardia are still unknown.

IFN-y and IL-4 are the main cytokines that are produced during Thl and Th2
responses, respectively, and they appear to play a role in giardiasis because they are
elevated in infection models.®% 57 58 However, IFN-y- and IL-4-deficient mice can
eliminate the parasite suggesting that neither Thl nor Th2 responses are absolutely
necessary for the clearance of Giardia.l>®

It has been established that antibodies, particularly of the IgA isotype,
contribute to the maintenance of protective immunity against giardiasis (Fig. 3, 6).
Mice deficient in antibody production, mainly of type IgA, fail to eliminate G. lamblia.
Therefore, B cells and especially IgA antibodies are important for the control of Giardia
infections.(* 0

T-cell-mediated immune responses play an essential role in the clearance of
Giardia infections. In humans and animals, a decrease in CD4* T-cell populations
contributes to the development of chronic giardiasis.®® It is possible that CD4* T cells
can cooperatively induce B-cell activation, maturation and differentiation into plasma
cells to produce more specific and efficient immunoglobulins (Fig 3, 7). B-cell-deficient

mice can eliminate the vast majority of parasites when infected with G. lamblia,
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whereas T-cell-deficient mice are not able to control these infections.®® Although
there is evidence of the important role that T cells play during the course of Giardia

infection, the mechanisms of action are poorly understood.®

1.5.2. Giardia Immunogenic Proteins

We still have little knowledge regarding the immunogenic proteins of Giardia
which can induce protective host humoral and cellular responses. The major proteins
(Table 1) that have been identified as target antigens differ in their function and
localization in the parasite and are variant surface proteins (VSP), giardins, tubulins
(cytoskeletal proteins), heat-shock proteins (HSPs), cyst wall proteins (CWPs) and
proteins related to the metabolism of the parasite, such as enolase-a, fructose-1,6-
biphosphate aldose (FAB), arginine deaminase (ADI) and ornithine carbamoyl
transferase (OCT), among others.*

Variant surface proteins are cysteine-rich proteins with molecular masses that
range between 20 and 200 kDa. The most characterized VSP is VSPH7, a 56-kDa
protein that is highly immunogenic.(®!) Mechanisms of antigenic variation in Giardia are
controlled by interfering RNA (iRNA) and alteration of this pathway generates
trophozoites that simultaneously express numerous VSP. Furthermore, gerbils
subjected to primary infection with Giardia expressing many VSP were protected from
subsequent infections,®? suggesting that antigenic variation is essential for immune
evasion.

Giardins are small, structural, constitutive proteins (29-38 kDa) that can be
classified into four groups: o-, B-, y- and O6-giardins. They are associated with
microtubules in the ventral disc and plasma membrane of trophozoites.(®? Further
studies have demonstrated that a-1-giardin not only stimulates the production of anti-
Giardia antibodies (IgA and 1gG2a) but also establishes protection against posterior
challenges.(®3Several metabolic proteins that have been identified in Giardia extracts
act to activate humoral responses in infected humans and mice. The Giardia enzymes
ADI and OCT use arginine to generate ATP and are considered to be Giardia virulence
factors.®®) Arginine depletion modulates the immunophenotypes and cytokine

secretions of DC during giardiasis.®

13



Table 1 — Main immunogenic proteins of Giardia lamblia

Molecular

Name weight (kDa) Localization
Structural proteins

a-1-Giiardin 32 Ventral disc

o-2-Ciiardin 33 Ventral disc

a-7.3-Giardin 13 Ventral disc

w-7.1-Giardin 43% Ventral disc

-1 1-Giardin 35 Ventral disc

SALP-1 27 Ventral disc

B-Giardin 27 Cytoskeleton

a-2-Tubulm S0+ Cytoskeleton

B-Tubulin 55 Cytoskeleton

GHSP-115 115 Intracellular
Metabolism proteins

ADI 64* Intracellular

QcCT 335 Intracellular

FEBA 37 Intracellular

UPL-1 38 Intracellular

Enolase 50 Intracellular
Varianl surface proteins

VSPH7 57* Membrane

VSPYB10, VSPI1267, VSPAG, VSPSI, 3976 Membrane/Intracellular

VSPS2, VSPST, VEPS12 and VSPSS*

TSA 417 25 Membrane
Heat-shock proteins

BIP 71 ER/ESY
Cyst proleins

CWPI1 26 ESV

CWP2 39 Cyst wall
Others

GTA-1 20

GTA-2 27 Intracellular

@ Simultaneous expression by antigenic variation disruption.

SALP, striated fibre-assembling-like protein; GHSP, Giardia head stalk protein
115; ADI, arginine deaminase; OCT, ornithine carbamoyl transferase; FBA,
fructose-1,6-biphosphate aldose; UPL-1, uridine phosphorylase; VSP, variant
surface protein; TSA, trophozoite surface antigen; BIP, binding immunoglobulin
protein; CWP, cyst wall protein; GTA, Giardia trophozoite antigen; ESV,

encystation-specific vesicles; ER, endoplasmic reticulum.
*Data obtained from Giardia database (www.giardiadb.org)
Adapted from: Host defences against Giardia lamblia. Parasite Immunol. 2015

Heat-shock proteins are chaperone proteins that are expressed in live cells.
HSPs contribute to cell surveillance under conditions of intrinsic or extrinsic stress. The
most well-studied HSP is HSP70 (70 kDa), which has been reported in other organisms
as being capable of stimulating the innate immune system.(®® 87) Current knowledge
regarding Giardia HSP70 is limited; they have been used as molecular markers of
organelles (endoplasmic reticulum, ER)®®), encystation-specific vesicles (ESV)?3), life

cycle stages (encystation) and giardiasis diagnosis.(®%71)
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Cyst wall proteins are expressed during the process of encystation and during
the lifetime of a cyst, and they can be classified into two different groups.”® Group |
proteins are expressed during the early stages of encystation and are localized to ESV,
whereas group |l proteins are localized exclusively into cyst wall surface. The CWP2
protein is found in the cell wall of cysts and when mice were immunized with these,
the production of anti-Giardia IgA and 1gG2a was induced and the cyst release was

inhibited.”?

1.5.3. Giardia and Immunomodulation

Accumulating experimental evidence suggests that Giardia infections are also
capable of modulating pro-inflammatory responses to stimuli via several mechanisms.
Observations that Giardia infections can protect against the development of diarrheal
disease are consistent with the immunomodulatory capabilities of the parasite.
Indeed, acute gastrointestinal (Gl) inflammatory responses represent a collection of
cellular and humoral effector responses and involve a variety of different cell types and
mediators; several of these have been shown to contribute to the development of
diarrheal disease.(”®

The entire Gl tract is lined with a layer of mucus of varying thickness with a
structural backbone comprised of mucin glycoproteins dissolved in luminal water. In
the intestinal tract, the primary mucus constituent is the mucin-2 (MUC2) protein.(7476)

Cotton et al.3) research has demonstrated in vivo that Giardia assemblage B
infections in mice damages the small intestinal mucus layer by degrading the MUC2
protein and inducing the hypersecretion of mucus in the small intestine and colon. This
culminated in a weakened mucus layer and facilitated disease (unpublished data).”3)

Recent studies have shown that Giardia infections may attenuate intestinal
polymorphonuclear leukocytes or neutrophils (PMNs) recruitment. Giardia assemblage
A decreased granulocyte infiltration and cytokines and chemokines involved in PMN
recruitment after intra-rectal instillation of pro-inflammatory Clostridium difficile toxin
A/B.77) This study was also the first to demonstrate that co-incubation of Giardia
trophozoites with inflamed colonic mucosal biopsy tissues from patients with active

Crohn’s disease decreased supernatant levels of numerous pro-inflammatory

15



mediators, including those involved in PMN recruitment.””) Further studies went on to
identify potential immunomodulatory molecules involved in this process.

The tissue accumulation of PMNs is a hallmark of numerous bacterial, viral, and
parasitic infections. PMNs are myeloid-derived innate immune cells essential to host
defence against a variety of bacterial and fungal pathogens, and they possess various
anti-microbial mechanisms, including the ability to phagocytose infectious agents,
secrete anti-microbial proteases, and release neutrophil extracellular traps (NETs).(78)

In the absence of pro-inflammatory stimuli, PMNs are kept in a non-activated
state within the bone marrow and circulation. Importantly, PMN infiltration can induce
pathophysiological responses that result in water and solute loss and, hence, diarrheal
disease, and in vivo and in vitro experiments have suggested this may involve PMN-
mediated intestinal barrier dysfunction and/or anion secretion.”® 8% Collectively, these
results demonstrate the importance PMNs have in contributing to diarrheal disease.

In intestinal epithelial cells (IECs), NO is largely produced by iNOS, and is
upregulated following exposure to various host- or pathogen-derived pro-
inflammatory stimulatory processes.®% 82 NO has anti-microbial activity against
numerous bacterial and parasitic pathogens,®> 8 and in vitro experiments have
demonstrated NO and its end-products are cytostatic to Giardia trophozoites and
inhibit their encystation and excystation.> 85 Exposure to parasites resulted in the
initial upregulation of iNOS mRNA in in vitro intestinal epithelial monolayers,®® but
human studies suggest that infection may also result in the downregulation of iNOS
expression.(®7)

Despite the potential effects of NO on Giardia trophozoites, the parasite has
developed strategies to evade this host defence mechanism. Trophozoites
downregulate the expression of iINOS in intestinal epithelial cells.®® Giardia can inhibit
the production of epithelial NO by taking up and consuming arginine as a source of
energy.*> 8% Arginine depletion is known to induce apoptosis in human cell lines.(33,
85) Interestingly, human giardiasis exhibits an increased rate of apoptosis of intestinal
epithelial cells, which is one of the pathogenic mechanisms of the disease.(% 88)

It remains to be determined how the consumption of L-arginine and the
concomitant loss of NO during Giardia infections may contribute to the modulation of

host immune responses and/or susceptibility to co-infecting Gl pathogens. Additional
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experiments are required to determine how the Giardia-mediated inhibition of NO
production may, potentially, modulate host inflammatory responses and/or
susceptibility to Gl infection.”3)

Changes in intestinal epithelial proliferation are essential responses to Gl
infection and facilitate the removal of damaged cells and/or pathogen-infected cells;
however, Gl pathogens can alter the kinetics of epithelial cell death and turnover to
facilitate their colonization and subsequent invasion.!”3

Giardia infections can inhibit intestinal epithelial proliferation and,
subsequently, induce epithelial apoptosis; however, the pathophysiological processes
may differ from those of other Gl pathogens. L-arginine is involved in cellular
proliferation via its conversion into polyamines,’® and Giardia arginine deiminase-
mediated consumption of arginine has been associated with the inhibition of in vitro
IEC proliferation;?3) this consumption was proposed to reduce intestinal epithelial cell
turnover and create a more stable environment for the parasite.®3 Other reports have
demonstrated that Giardia trophozoites induce IEC apoptosis via the activation of
cysteinyl aspartate proteases (caspases) through mechanisms that remain
incompletely understood.3%32) However, it remains to be determined how these
pathophysiologic processes induced by Giardia potentially modulate host immune
responses and their interaction during Gl co-infections.

DCs are essential to the induction of adaptive immune responses and/or
tolerance. Research to date has produced conflicting results on how Giardia
trophozoites affect DC activation and their ability to induce and/or modulate effector
immune responses. The co-incubation of Giardia assemblage B GS/M trophozoite
extracts and murine bone marrow-derived DCs in vitro resulted in the upregulation of
co-stimulatory CD40, and to a lesser extent, CD80 and CD86. Moreover, these extracts
altered DC responses to toll-like receptor (TLR) ligands, whereby parasites reduced the
expression of MHC Class Il, CD80, and C86, decreased the secretion of IL-12, and
enhanced IL-10 production via activation of the phosphoinositide 3-kinase (PI3K)
pathway.®® In contrast, separate experiments found that the Giardia homolog of
immunoglobulin protein (BIP) triggered the expression of MHC Class Il molecules and

concomitantly resulted in the secretion of TNFa, IL-12, and IL-6 via several pro-
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inflammatory signalling cascades in in vitro murine dendritic cells.®3 These results
demonstrate that Giardia trophozoites are capable of modulating DC cell function.

Very little research has examined how Giardia infections modulate macrophage
phenotypes during infection, and only one study has shown that in vivo Giardia
assemblage B infections result in the accumulation of macrophages positive for both
iNOS and Arginase-1.Y Future studies are also required to assess whether a Giardia-
induced switch to macrophage phenotype, if present, may alter susceptibility to Gl co-
infection. Giardia-induced changes to macrophage phenotypes may significantly affect
susceptibility to a variety of infections. For example, the intracellular replication of
Salmonella typhimurium is greatly impaired in monocyte-derived macrophages with an
M1 phenotype.®? Moreover, macrophage Arginase-1 expression has been found to
limit helper Th2-mediated immune responses and fibrosis during in vivo Schistosoma
mansonii infection.®3 These studies highlight the need for additional research
examining the interaction between Giardia and host macrophages.

Therefore, future studies need to assess the immunomodulatory mechanisms

of Giardia infections in the context of the attenuation of diarrheal disease.(”3

1.6. Nuclear Factor-kB (NF-kB)

The transcription factor nuclear factor-kB (NF-kB) is a central element to the
innate and acquired immune responses to pathogens, controlling the expression of
pro-inflammatory effector molecules and coordinating cellular responses.®®¥

The NF-kB pathway is triggered by bacterial and viral infections, as well as pro-
inflammatory cytokines, all of which activate the IKK complex (Fig. 4). This complex is
composed of two catalytic subunits, IKK-a (also known as IKK1) and IKK-B (also known
as IKK2), and a regulatory subunit, IKK-y (also known as NEMO).(®%)

The IKK complex phosphorylates NF-kB-bound IkBs, thereby targeting them for
proteasomal degradation and liberating NF-kB dimers that are composed of REL-A
(also known as p65), REL (also known as cREL) and p50 subunits to enter the nucleus
and mediate transcription of target genes (Fig. 4). This event mostly depends on the

catalytic subunit IKK-B, which carries out IkB phosphorylation.®>
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Pro-inflammatory cytokines (such as
TNF), bacterial cell-wall components,
viruses and DNA-damaging agents

|

Cellular receptor

Proteasomal
degradation

Target-gene transcription
@ REL-A | Inflammation (COX2, INOS, TNF and IL-6)

W bi N dF-KB_,t A Innate immunity (cytokines, chemokines,
RICg e proteases and adhesion molecules)

Figure 4 — Signalling pathway that lead to the activation of nuclear factor-kB
transcription factor
The pathway is triggered by pro-inflammatory stimuli and genotoxic stress, including

the following: cytokines, such as tumour-necrosis factor (TNF) and interleukin-1 (IL-1);
bacterial cell-wall components, such as lipopolysaccharide; viruses; and DNA-
damaging agents. The stimuli lead to the IKK-B-dependent and IKK-y-dependent
phosphorylation of IkBs, which results in their proteasomal degradation, and to the
subsequent liberation of NF-kB dimers (which are mostly p50—REL-A dimers).

COX2, cyclooxygenase-2; iNOS, inducible nitric-oxide synthase

Adapted from: NF-kappaB: linking inflammation and immunity to cancer development
and progression. Nat Rev Immunol. 2005

The NF-kB activation induces an expression of proinflammatory cytokines such
as TNF-a, IL-6 and cyclooxygenase-2 (COX-2). NF-kB also regulates iNOS expression,

which produces the antimicrobial radical NO.®%
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1.6.1. Impairment of NF-KB Pathway as an immune evading mechanism

Cascade signals downstream pattern recognition receptors (PPRs) activation
mainly converge to two key signalling pathways: the transcription factor NF-kB and the
mitogen activated protein kinases (MAPKs). NF-kB is a cornerstone of innate immunity
and inflammatory responses, controlling the expression of effector molecules, such as
pro-inflammatory cytokines/chemokines, anti-apoptotic factors and defensins; MAPKs
are also signalling cascades intimately connected to the regulation of in numerous
aspects of immunity.®® However, as part of their pathogenic strategies, several
microorganisms evade immune system by circumventing, or distorting, these signalling
pathways and creating, therefore, conditions that facilitate their replication and
spreading in the host. In the last few years great efforts have been made to
understand the molecular mechanisms behind this subversion, and various signalling
cascades were identified as main targets of pathogens and virulence factors. (¢

Yersinia species use a type lll secretion system that allows inject into the
cytosol of the host cell six different bacteria outer proteins. These effector proteins
interfere with signalling pathways involved in the regulation of the actin cytoskeleton,
phagocytosis, apoptosis and the inflammatory response, favouring survival of the
bacteria.®”) Salmonella delivers effector proteins into host cell, suppressing cellular
immune response through blockade of NF-kB and MAPKs cascades.®® Shigella flexneri
has evolved the capacity to precisely modulate host cell epigenetic “information”,
interfering with MAPKs and NF-kB pathways at several points. (% 100)

The obligate intracellular bacterial parasite Chlamydia avoids host
inflammatory response, partially by disrupting the NF-kB signal resultant from the PPR
recognition of bacterial component such lipopolysaccharide (LPS).1%% This blockage
was shown to result from the selective cleavage of the p65~¢ subunit of NF-kB by the
chlamydial protease-like activity factor (CPAF).12%V) Also E.coli decreases production of
pro-inflammatory cytokines and reduces macrophage bactericidal activity, by targeting
NF-kB signal transduction at multiple points./1%? Infection by E coli induces a host
caspase 3-mediated cleavage of p65~¢"A, by a mechanism not completely defined, but
thought to be mediated through the mitochondrial pathway of apoptosis.(102)

However, some pathogens, such Toxoplasma gondii and Leishmania spp have

evolved distinct processes to block this central signalling pathway. Toxoplasma gondii
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impairs in macrophages the NF-kB signalling, limiting the production of IL.-12, TNF-a
and NO.19) This blockage was shown to occur independently of infection-induced IKK-
dependent degradation of IkB-a, resulting in specific impairment of NF-kB nuclear
translocation. The termination of NF-kB signalling was therefore associated with
reduced phosphorylation of p65/RelA subunit, an event involved in the ability of NF-kB
to translocate to the nucleus and to bind DNA.(1%3)

One of the most important virulence factors of Leishmania is the surface
metalloprotease GP63 that was shown to cleave host protein tyrosine
phosphatases.1% GP63 is also responsible for the observed cleavage of NF-kB p65Re'A
subunit in L. mexicana and L.infantum -infected macrophages and dendritic cells. From
this cleavage results a fragment of approximately 35 kDa that is rapidly translocated
into the nucleus where it has some transcriptional activity. It was postulated that the
resulting p35°€* fragment may represent an important mediator by which Leishmania
induce several chemokines without inducing other NF-kB-regulated genes, such as

iNOS and IL-12 that are detrimental for parasite survival.(10% 106)

1.7. Proteases

Proteases, also called peptidases or proteolytic enzymes, constitute a large
group of enzymes that catalyse the hydrolysis of peptide bonds. The occurrence of
proteases in all living organisms indicates their critical role in essential metabolic and
regulatory functions in many biological processes.(107)

Proteases are important in the production of nutrients for growth and
proliferation and perform critical regulatory functions in numerous physiological
processes since they regulate the fate, localization and activity of many proteins,
modulate protein—protein interactions and contribute to the generation, transduction
and amplification of molecular signals.®”) A wide span of cellular and metabolic
processes, including regulation of gene expression, DNA replication, transport of
proteins, cell growth and differentiation, cell cycle, heat shock response, SOS response
to DNA damage, misfolded protein response, oxidative stress response and
programmed cell death are closely regulated by proteases. Moreover, in animals,

proteases are involved in tissue morphogenesis and remodelling, angiogenesis,
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neurogenesis, ovulation, fertilization, wound repair, stem cell mobilization,
haemostasis, blood coagulation, inflammation, immunity, autophagy and
senescence. 107

Cleavage of peptide bonds can be general, leading to complete degradation of
protein substrates into their constituent amino acids, or it can be specific, leading to
selective protein cleavage for post-translational modification and processing.(1%7)

Regardless of their specific roles, this class of enzymes catalyses the cleavage of
peptide bonds through a common mechanistic pathway. The aspartic, glutamic, and
metalloproteases activate a water molecule that nucleophilically attacks the peptide
bond of the protein substrate.!1%) The serine, cysteine, and threonine proteases utilize
their respective amino acids (Ser, Cys, and Thr) as the nucleophile to attack the peptide
bond, and since the nucleophiles come from the protease active site, these proteases
can be covalently modified (either reversibly or irreversibly).(108)

Cysteine proteases produced by microorganisms do not only contribute to
general protein turnover and nutrient processing, but often constitute important
virulence factors during host invasion.1%) Parasitic protists accumulate cysteine
proteases in various cellular compartments, like vacuoles, endosomes, lysosomes,
cytoplasmic vesicles and granules, in cell membrane and internal membranes, and in
Golgi apparatus.19113) The vast majority of these proteases exhibit a cathepsin-like
structure and exert numerous pathological effects on the host, including hydrolysis of
the extracellular matrix, haemoglobin, transferrin and immunoglobulins, release of
pro-inflammatory cytokins and kinins, activation or inactivation of the complement
system, degradation of the mucus layer, destruction of the colonic epithelium with its
accompanying tight junctions and macrophage infection.(110-113)

There is also the downside of proteases as some are important virulence
factors of many pathogenic bacteria, parasites and virus. These proteases are involved
in acquiring nutrients for growth and proliferation through host tissue degradation. In
addition to colonizing and facilitating dissemination functions, they are also involved in
evading the host immune system by interrupting the cascade pathways, disrupting the
cytokine network, excising cell surface receptors and inactivating host protease

inhibitors.(107)
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When a given protease has been shown to play a key role in a given infection
and/or pathology, one potential therapeutic approach is to target the protease with a
small molecule protease-specific inhibitor. Protease inhibitors constitute a very
important mechanism for regulating proteolytic activity. They can be classified
approximately according to the class of proteases they inhibit (for example, serine or
cysteine protease inhibitors).(17, 108)

There are several protease inhibitors that show broad inhibitory specificity and
inhibit proteases of different classes.1* 115 Several inhibit both serine and cysteine
proteases (antipain, chymostatin, leupeptin), serine and metalloproteases (bestatin,
puromycin), metallo- and cysteine proteases (amastatin) or metallo-, cysteine and
serine proteases (bacitracin A). The best known cysteine protease inhibitor is E-64 (1-
[L-N-(trans-epoxysuccinyl) leucyl] amino-4-guanidinobutane), an irreversible inhibitor
originally isolated from Aspergillus japonicus and routinely used as a class-specific
cysteine protease inhibitor.(1?®) The only natural inhibitor of aspartic proteases is
pepstatin, originally isolated from various species of actinomycetes,”) which inhibits
several families of aspartic proteases (an hexa-peptide containing the unusual amino

acid statine).

1.7.1. Giardia Proteases

Protease activity from cultured Giardia trophozoites includes cysteine
proteases, serine proteases, aspartic proteases, metalloproteases, and
aminopeptidases.(118-121)
Cysteine proteases are the main proteases in trophozoites and are localized in
endosome-lysosome vacuoles where they function is to degrade endocytosed
proteins. The best-characterized roles of Giardia cysteine proteases are in the
encystation and excystation processes.(108 122) Ward et al.® inhibited the excystation
process in cultured Giardia muris trophozoites with E-64 and three different
fluoromethyl ketone-derivatized dipeptides. They demonstrated that cysteine
protease activity was localized in cytoplasmic vacuoles, which upon excystation,
release their contents into the space between the trophozoite and cyst wall for cyst

wall protein degradation. The cysteine protease inhibitors did not affected trophozoite
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growth, motility, or cyst viability. A specific cysteine protease, GICP2, was implicated in
the degradation of cyst wall proteins.!® 1%) Dubois and collaborators 2% showed that
the GICP2 gene transcript was also highly expressed in the vegetative and encysting
stages of G. lamblia trophozoites, and co-localized to encystation-specific vesicles.
These vesicles contain the precursor materials needed for cyst wall formation,
including cyst wall proteins that need to be proteolytically processed before being
incorporated into the cyst wall.(20-21,108)

Two serine proteases have also been partially characterized in Giardia. One is
the membrane associated dipeptidyl peptidase (DPP) IV(123) and the other is the
subtilisin-like proprotein convertase (gSPC)?. Each may play a role in encystation
(DPP IV and gSPC) and excystation (gSPC). Giardia DPP IV was identified in cultured
trophozoites in the presence of bestatin (aminopeptidases inhibitor). The inhibitor
blocked cyst formation and abolished the expression of cyst wall proteins without
having an effect on trophozoite growth.!23) The exact function of this protease in
trophozoite differentiation into cysts is still unknown. Regarding gSPC its endogenous
activity was inhibited using AEBSF (a specific serine protease inhibitor) resulting in

arrest of encystation and excystation.?4

Giardia parasites may actively subvert/limit the inflammatory response in small
intestine allowing its effective colonization. However, molecular mechanisms by which
Giardia parasites modulate innate immune cells of intestinal mucosa such as
macrophages remain scarce.

Preliminary results suggest that the interaction of Giardia with macrophage
leads to impairment of NF-kB p65R¢™ subunit in LPS-activated macrophages. The
mechanisms of this interaction are however not completely understood.(12°)

In this context, we propose to study the effects of Giardia on the modulation of
inflammatory response in LPS-stimulated macrophages having a special focus on iNOS,

COX-2 and p65 proteins.
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2. Objectives

The present work aimed to study the direct effects of Giardia protein extracts

on the levels of LPS-evoked inflammatory proteins in macrophages.

In view of the main purpose, a work plan was designed with the following

objectives:

Evaluation of the effects of G. lamblia extracts on the cleavage of LPS-
activated macrophages proteins, in particular of iNOS, COX-2 and NF-kB
p65ReA by western blot analysis;

Identification of proteinase activities in G. lamblia by zymographic assays;
Characterization, with specific inhibitors, of the main classes of proteases
present in Giardia trophozoites;

Identification of the proteases responsible for the cleavage of LPS-activated

macrophages proteins, in particular of iNOS, COX-2 and p65F~eA
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3. Materials and Methods

3.1. Chemicals

L-trans-epoxysuccinyl-Lleucylamido-(4-guanidino)-butane (E-64), Leupeptin
(LEUP), Pepstatin A (PEPA) and PepA-penetratin (PEPAP) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Phenylmethylsulfonylfluoride (PMSF),
ethylenediamine tetraacetic acid (EDTA), 1,10-phenanthroline (PHEN) and 4-(2-
aminoethyl)-benzenesulfonyl fluoride (AEBSF) were purchased from Calbiochem

(Darmstadt, Germany).

3.2. Giardia lamblia trophozoites culture

Giardia lamblia (strain WB, clone 6 [ATCC 30957]) was obtained from the
American Type Culture Collection (Manssasas, VA, USA). Trophozoite forms were
maintained in axenic culture at 37°C in 10ml of Keister’s modified TYI-S-33 medium(*2%)
(Support Information, Table S.1). Penicillin (100U/ml) and streptomycin (100ug/ml)

were added during routine culture.

3.3. Macrophage cell culture

Raw 264.7 is a mouse leukemic monocyte macrophage cell line from American
Type Culture Collection (ATCC TIB-71). The cells were growth in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma Chemical Co., St. Louis, MO, USA) supplemented with
10% non-inactivated fetal bovine serum (FBS) (Invitrogen, Paisley, UK), 100U/ml
penicillin, and 100ug/ml streptomycin (Sigma Chemical Co., St. Louis, MO, USA) at 37°C

in a humidified atmosphere containing 95% air and 5% CO,.

3.4. Giardia lamblia trophozoite extracts

Trophozoites were harvested in log-phase growth within 72-96 h
postinoculation after chilling in bath ice for 15 min and collect by centrifugation at 500

x g for 5 min at 4°C. Pooled trophozoites were resuspended in 0.25M sucrose and
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washed thrice by centrifugation.29) Suspensions were frozen at —80°C during 1-2 days,
thawed at room temperature and disrupted at 4°C by ten 10-s periods of ultrasonic
treatment in Vibra Cell sonicator (Sonics & Material INC.). The lysates were centrifuged

at 5000 x g, 20 min at 4°C and recovered supernatants were stored at —-80°C.(120)

3.5. Macrophage LPS-activation and whole cell protein extraction

Raw 264.7 cells (1 x 10°) were cultured in 12-well microplates in DMEM growth
medium at 37°C for 14h. Following this period, medium was replaced and LPS (1
ug/ml) was used to activate the macrophages (30 min for NF-kB p65~¢” and 24h for
iNOS and COX2). To obtain the lysates, cells were washed in cold PBS and harvested in
RIPA buffer (50 mM Tris-HCI, pH 8.0, 1% Nonidet P-40, 150 mM NacCl, 0.5% sodium
deoxycholate, 0.1% SDS and 2 mM EDTA) freshly supplemented with 1 mM DTT,
protease and phosphatase inhibitor cocktails (Roche, Mannheim, Germany) and
sonicated (three times for 4s at 40 um peak to peak) in Vibra Cell sonicator (Sonics &
Material INC.) to decrease viscosity. The nuclei and the insoluble cells debris were
removed by centrifugation at 12000 x g for 10min at 4°C. The postnuclear extracts

were collected and used as total cell lysates.

3.6. Protein quantification

Protein concentration of macrophages lysates and Giardia extracts was
estimated by the bicinchoninic acid protein assay (BCA Protein Assay Reagent Kit,
Pierce), according to manufacturer’s instructions, employing bovine serum albumin
(BSA) as standard (Support Information, Figure S.1). Each sample was assayed in

duplicate and blanks were included in all assays.

3.7. Effect of Giardia extracts on macrophage inflammatory
proteins

Macrophage lysates (40 ug) and Giardia extracts (30 ug, 20 pg, 10 pg, 5 ug, 2.5
pg and 1 pg) were thawed and incubated together 1 hour at room temperature.

Following this period cells lysates were denatured at 95°C, for 10 min, in sample buffer
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(0.125mM Tris, pH 6.8, 2% (w/v) SDS, 100mM DTT, 10% glycerol and bromophenol
blue). Western blot analysis for quantification of COX-2, iNOS and NF-kB p65Rf* was

performed.

3.8. Effects of protease inhibitors on Giardia extracts proteolytic
activity
In order to determine if Giardia proteases are involved on proteolytic cleavage
of studied proteins, protease inhibitors were tested in Giardia and macrophage
interaction assays. EDTA (5 mM), PHEN (10 mM), E-64 (10 uM), LEUP (50 uM), PEPA (1
uM), PEPAP (1 uM), PMSF (1 mM), and AEBSF (1 mM) were incubated with Giardia
extracts (10 pg) at room temperature during 30 min. Then 30 ug of macrophage lysate
were added and incubated for 1 hour at room temperature. Following this period,
denaturing buffer was added and samples denatured 6 min at 95°C. Western blot

analysis was performed as follow.

3.9. Western blot analysis

Western blot analysis was performed to evaluate the effects of G. lamblia
extracts on NF-kB signalling pathways and to evaluate the levels of iINOS and COX-2.
Proteins were electrophoretically separated on a 10% SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore Corporation, Bedford, MA). The
membranes were blocked with 5% (w/v) fat-free dry milk in Tris-buffered saline
containing 0.1% Tween 20 (TBS-T), for 1 h, at room temperature. Blots were incubated
overnight at 49C with the primary antibodies against the different proteins to be
studied as follow: COX-2 (1:10.000) (Abcam, Cambridge, UK), iNOS (1:1000) (R&D
System, Mineapolis, MN, USA) and NF-kB p65R~eA (1:1000) (Cell Signaling Technologies,
Danvers, MA, USA). After washing three times with TBS-T, membranes were incubated
for 2 h at room temperature with alkaline phosphatase-conjugated anti-rabbit or anti-
mouse antibodies (1:20.000) GE Healthcare (Chalfont St. Giles, UK). Protein detection
was performed using enhanced chemifluorescence system and the membranes were
scanned for blue excited fluorescence on the Typhoon imager (GE Healthcare). The
generated signals were analysed using software TotalLab TL120, Nonlinear Dynamics.
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To demonstrate equivalent protein loading, membranes were stripped and reprobed

with anti-tubulin antibody (Sigma Chemical Co., St. Louis, MO, USA).

3.10. Substrate-gel electrophoresis

Proteinase activities in Giardia extracts were examined by zymographic assays.
The Giardia extracts were analysed in 10% SDS-PAGE gels, containing protein
substrates as gelatin (0.1%) and BSA (0.1%). Giardia extracts (50 pg, 20 pug and 10 pg)
were solubilized in zymography sample buffer and loaded on gelatin or BSA
copolymerized gels, respectively. Following electrophoresis, gels were renatured by
washing twice for 30 min with 2.5% Triton X-100 to remove SDS, washed with distilled
water before incubating for 16 h at 37°C in digestion buffer (0.1 M phosphate buffer
pH 7.4, 5 mM Ca?!). Gels were stained with Coomassie Blue R250 0.25% in 50%
methanol and 10% acetic acid and destaining with 25% methanol and 5% acetic acid
solution. Proteolysis was visualized as clear bands against a blue background.
Molecular weight marker (NZYTech) was used.

In order to characterize the proteolytic gelatinase activity, Giardia extracts (10
ug) were pre-incubated with each one of the protease inhibitors EDTA (5 mM), PHEN
(10 mM), E-64 (10 uM), LEUP (50 uM), PEPA (1 uM), PEPAP (1 uM), PMSF (1 mM), and
AEBSF (1 mM) and loaded on gels. After electrophoresis and Triton X-100 treatment,
the gels were incubated in the digestion buffer supplemented with each inhibitor. The

assay was conducted as described above.

3.11. Statistical analysis

The results of Western Blot are expressed as mean + SEM from at least three
independent experiments. The results were analysed by one-way analysis of variance
(ANOVA), followed by Dunnett’s test and t test, using GraphPad Prism, version 6.0d
(GraphPad Software, San Diego, CA, USA). The significance level was ***p<0.001 and
****p<0.0001, when compared to M (LPS-activate macrophages) and ###P<0.0002 and

H###1#P<0.0001 when compared to G (LPS-activate macrophages with Giardia extract).
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4. Results

4.1. Giardia lamblia extracts significantly decreases the total levels
of NF-kB p65°¢'A subunit

The effect of Giardia extracts on macrophage NF-kB p65F¢” was analysed by
Western blot using a specific anti-p65f¢"* antibody. For this, lysates of LPS-activated
macrophages (40 ug protein) were treated for 1 hour with different amounts of

parasite extracts (30ug, 20ug, 10ug, 5ug, 2.5ug and 1pg) (Fig. 5).

As expected, LPS stimulation of Raw 264.7 cells results in a strong NF-kB p65~elA
subunit protein expression (lane 1, M). Strikingly, levels of NF-kB p65R¢'* were strongly
decrease in the presence of Giardia extracts being the effects significant for 10 pg

(p<0.001; lane 4), 20 pug (p<0.0001; lane 3) and 30 pug (p<0.0001; lane 2).
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Figure 5 — Effect of G. lamblia on the total levels of NF-kB p65°¢' in LPS-activate
macrophages
LPS-activated macrophages lysates (lane 1) were incubated with G. lamblia extracts in
concentrations of 30 ug (lane 2), 20 ug (lane 3), 10 pg (lane 4), 5 ug (lane 5), 2.5 ug (lane 6)
and 1.0 pg (lane 7). NF-kB p65Fe* subunit levels was analysed by Western blot using a
specific anti-p65 antibody and anti-tubulin antibody. The blot shown is representative of
three blots yielding similar results. Each value represents the mean * SEM from at least 3
experiments (ns, not significant; ****p <0.0001, ***P <0.001 compared to LPS-activate
macrophages, M).
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4.2. Giardia lamblia extracts does not modify the total levels of
iNOS and COX-2

The effect of parasite extracts on macrophage iNOS and COX-2 proteins was
also investigated. Similarly to the observed for NF-kB p65R~¢"A expression, LPS treatment
caused a strong expression of iNOS (Fig. 6, lane 1, M) and COX-2 (Fig. 7, lane 1, M) in
Raw 264.7 cells. However, contrarily to the observed for NF-kB p65°€/A treatment with f
Giardia extracts (20 pg, 10 ug and 5 pg), does not have significant effects on the total
levels of iNOS (Fig. 6, lanes 2-4) and COX-2 (Fig. 7, lanes 2-4).
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Figure 6 — Effect of G. lamblia on the total levels of iNOS in LPS-activated
macrophages.

LPS-activated macrophages lysates (lane 1) were incubated with G. lamblia
extracts in concentrations of 20 ug (lane 2), 10 ug (lane 3) and 5 pg (lane 4).
iNOS levels was analysed by Western blot using a specific anti-iNOS antibody and
anti-tubulin antibody. The blot shown is representative of three blots yielding
similar results. Each value represents the mean + SEM from at least 3
experiments (ns, not significant; M, LPS-activated macrophages).
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Figure 7 — Effect of G. lamblia on the total levels of COX-2 in LPS-activated
macrophages.

LPS-activated macrophages lysates (lane 1) were incubated with G. lamblia extracts
in concentrations of 20 pg (lane 2), 10 pg (lane 3) and 5 pg (lane 4). COX-2 levels w
analysed by Western blot using a specific anti-COX-2 antibody and anti-tubulin
antibody. The blot shown is representative of three blots yielding similar results.
Each value represents the mean + SEM from at least 3 experiments (ns, not
significant; M, LPS-activated macrophages).
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4.3. Investigation of proteolytic activity of Giardia lamblia extracts

In order to determine whether the effects of Giardia on NF-kB p65°¢ subunit
occurs via degradation by parasite proteases, a serial of experiments were conducted.
Giardia proteases activity was analysed using proteins impregnated SDS-PAGE. These
experiments allowed the identification of subtract and establish the Giardia protein
concentration to be applied in subsequent work for the protease activity

characterization.

The proteolytic activity of G. lamblia was identified by SDS-PAGE gels containing
gelatin (0.1%) or BSA (0.1%) (data not shown) as substrates and using several protein
concentration of parasite extracts (20 pg, 10 ug, 5 ug and 1 pg). Proteinase activity was
mainly observed on gelatin gels in concentrations > 10ug (lanes 1 and 2) (Fig. 8). The
zymogram revealed proteolytic activity, distributed in the migration region of 135 to
63 kDa. Among the profiles, the main pronounced zones of proteolysis were

distinguished at 100, 75 and 63 kDa.
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Figure 8 — Gelatin-SDS-PAGE analysis of G. lamblia proteases activity.
Giardia extracts were loaded in the gel at different protein
concentrations: 20 ug (lane 1), 10 ug (lane 2), 5 ug (lane 3) and 1 g (lane
4). Molecular mass markers are shown on the left in kiloddaltons (kDa).
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4.4. Investigation of the protease classes responsible for
Giardia lamblia gelatinolityc activity

The characterization of the Giardia proteases evolved on gelatinolytic activity,
was based on inhibition assays employing inhibitors for the main classes of proteases
(cysteine, serine, metallo and aspartic proteases). The effect of inhibitors was
evaluated by gelatin zymography using 10 pg of Giardia extracts. Samples were
incubated with protease inhibitors: EDTA (5 mM), PHEN (10 mM), E-64 (10 uM), LEUP
(50 uM), PEPA (1 M), PEPAP (1 uM), PMSF (1 mM), and AEBSF (1 mM).

As observed in previous experiments, the proteolytic activity was visible at a
range from 135 to 63 kDa (Fig. 9 - C, control of proteolytic activity) with prominent
bands observed at 100, 75 and 63 kDa. As can be seen in Figure 9, the proteolytic
activities were mainly blocked by E-64 (cysteine protease inhibitor) at 100, 75 and 63
kDa, LEUP (cysteine-serine protease inhibitor) at 100 and 75 kDa and PHEN

(metalloprotease inhibitor) at 100 kDa.

AEBSF PMSF PEPA PEPAP LEUP EDTA PHEN
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Figure 9 — Gelatin-SDS-PAGE analysis of G. lamblia protease activities in presence of protease
inhibitors.

Zymograms of Giardia lysate 10ug (C; control of proteolytic activity) with protease inhibitors EDTA (5
mM), PHEN (10 mM), E-64 (10 pM), LEUP (50 puM), PEPA (1 uM), PEPAP (1 uM), PMSF (1 mM), and
AEBSF (1 mM). Molecular mass markers are shown on the left in kilodaltons (kDa)
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4.5. Giardia lamblia cysteine, serine and metalloproteases are
responsible for NF-kB p65RelA proteolysis

In order to determine whether the effects of Giardia on NF-kB p65°¢” subunit
occurs via degradation by parasite proteases, we addressed the interaction of Giardia-

macrophage in the presence of protease inhibitors.

The effect of protease inhibitors in NF-kB p65°€* proteolysis was studied using
Giardia extracts (10 pg of protein) and LPS-activated macrophages (30 pg of protein),
pre incubated with protease inhibitors: EDTA (5 mM), PHEN (10 mM), E-64 (10uM),
LEUP (50uM) (Fig. 9), PEPA (1uM), PEPAP (1uM), PMSF (1mM), and AEBSF (1mM) (Fig.
10).

As expected, interaction of LPS-activated macrophages with Giardia extract
results on a significant decrease of NF-kB p65Rf¢” (p<0.0001 (Fig. 10 C-, G). When
protease inhibitors were used, the NF-kB p65F¢* proteolysis was significantly reversed
by the metalloprotease inhibitor PHEN (p<0.001) (Fig. 10, lane 2), the cysteine inhibitor
E-64 (p<0.0001) (Fig. 10, lane 3) and the cysteine-serine inhibitor LEUP (p<0.0001) (Fig.
10, lane 4).
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Figure 10 — Western blot analysis of total levels of NF-kB p65RelA in LPS-activate
macrophages treated with G. lamblia extracts and protease inhibitors.

LPS-activated macrophages lysates (M, C+) were incubated with G. lamblia extracts in
concentrations of 10 pg (G, lane C-) and with protease inhibitors EDTA (lane 1), PHEN (lane
2), E-64 (lane 3) and LEUP (lane 4), PEPA (lane 5), PEPAP (lane 6), PMSF (lane 7) and AEBSF
(lane 8). NF-kB p65RelA subunit levels was analysed by Western blot using a specific anti-p65
antibody and anti-tubulin antibody. The blot shown is representative of three blots yielding
similar results. Each value represents the mean + SEM from at least 3 experiments (ns, not
significant; ****p <0.0001, LPS-activated macrophages (M) vs Giardia treated extracts (G), M;
###p <0.001, ##H##p <0.0001, inhibitors vs G).
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5. Discussion

Recent evidences suggested that Giardia parasites may actively subvert/limit
the inflammatory response in small intestine allowing its effective colonization.* 73)
One of the hypothesis proposed suggests that Giardia may compromise NF-kB
signalling pathway in macrophages resulting in attenuation of COX-2 and iNOS
expression. The inhibition of LPS-induced iNOS expressed by Giardia impairs NO
production, in vitro.(1?

However, the molecular mechanisms by which Giardia parasites modulate
innate immune cells of intestinal mucosa such as macrophages remain scarce.
Therefore, we sought to investigate the effects of Giardia lysates on inflammatory
response of LPS-stimulated macrophages having a special focus on iNOS, COX-2 and
NF-kB p65 inflammatory proteins.

We first addressed the direct effects of Giardia on the cleavage of macrophage
NF-kB p65R~e" subunit. For this, lysates from LPS-activated macrophages were exposed
to Giardia extracts and analysed by western blot for NF-kB p65F¢A quantification. We
demonstrated that 10 ug of Giardia protein extract were sufficient to cause a decrease
of about 80% on the levels of NF-kB p65F€” subunit and higher concentrations lead to
total disappearance of p65°eA, This result led us hypothesize that Giardia may contain
proteases that directly cleave NF-kB p65~€A causing its inactivation. This is consistent
with a preliminary report on Giardia capacity to cleave NF-kB p65R~elA (123) Accordingly,
numerous microorganisms as Toxoplasma gondii,*%® Chlamydia,*®) Samonella,’®®
Shigella flexnerit®® 199 E, colil® and Leishmania®> 1%) have as immune evading
mechanism the impairment of NF-kB signalling pathway. The NF-kB pathway is a
central element in immune responses to infection given that its activation induces the
expression of pro-inflammatory cytokines and coordinates cellular responses in the
presence pathogens. Therefore the blockage or inhibition of this pathway facilitates
parasite replication and spreading in the host.

As we observed a cleavage of NF-kB p65°€A subunit by Giardia extracts, we
addressed if the same occurs with pro inflammatory proteins such as iNOS and COX-2.
In literature there are evidences that several pathogens such as Toxoplasma gondiit®3

and Leishmania spp.,'1° 1% have the ability to downregulate pro inflammatory
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proteins, creating conditions that facilitate their permanence in the host. Furthermore,
preliminary results from our lab showed that, in vitro, infection of LPS-stimulated
macrophages with Giardia strongly impairs NO production, suggesting a possible
interference with iNOS.('?>) However, contrary to the observed for p65°¢* subunit, we
found no degradation of iNOS or COX-2 when macrophage extracts were exposed to
the different concentrations of Giardia proteins.

We then focus our attention on the cleavage of p65Ff¢” subunit and on the
possible molecules present in Giardia extract that can be responsible for this activity.
The production of proteolytic enzymes by parasites have attracted considerable
interest of researchers given that they can mediate crucial events of host-pathogen
interactions. With respect to Giardia, non-invasive protozoa, the fact that trophozoites
contain and/or release proteases appears to be of special importance in giardiasis
pathogenesis. There are evidences that these enzymes may be implicated in epithelial
injury during the infection(2%),

In order to study the putative proteinase activities in Giardia we performed
zymographic assays with Giardia extracts at different concentrations, using BSA and
gelatin as substrates. We only detected proteolytic activity over gelatin subtract, being
this result consistent with previous findings reported by Coradi et al. and another
authors!120 121, 127) Qur results revealed proteolytic activity at a range from 135 to 63
kDa, with at least three prominent bands observed at 100, 75 and 63 kDa.

With the purpose to define the class of proteases responsible for this
gelatinolytic activity, Giardia extracts were incubated with inhibitors of the main
classes (cysteine, serine, aspartic and metalloproteases) and zymographic analysis was
performed. We observed that the bands of proteolytic activity were differently
affected by the inhibitors used. The cysteine-serine protease inhibitor LEUP slightly
reduced the activity of the 3 observed bands similarly to the specific cysteine protease
inhibitor E64. However, E64 showed a prominent effect over the 75 kDa band causing
its complete inhibition. This can indicate that the protease present here may be of the
cysteine class. Accordingly, several studies reported the blockade of Giardia gelatin
hydrolysis by cysteine and serine proteases inhibitors as E-64 and LEUP.(120, 121, 127)
Finally, phenantroline (PHEN), a ZN?* chelating agent, specifically blocked the activity

of the band at 135 kDa. All the other inhibitors tested do not caused substantial
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effects. These results indicate that the main proteases present in Giardia extract
belong to cysteine and metalloprotease classes.

Protease activity in cultured trophozoites is dominated by cysteine proteases
(localized in endosome-lysosome vacuoles) and these cysteine proteases are well
characterized in the encystation and excystation processes.(1%8 122) Therefore it is
reasonable that the main proteolytic activity observed in our experiments came from
cysteine and serine protease, given that these proteases are essential for the parasite
life cycle and differentiation and maybe are in larger amount. Ward and
collaborators® showed that cysteine protease inhibitors inhibited the excystation
process in cultured Giardia muris trophozoites , while trophozoite growth, motility or
cyst viability were not affected. Despite the cysteine and serine proteases are
important for encystation and excystation, this fact shows that maybe there are other
proteases that which may be involved in Giardia intestinal colonization and
proliferation.

We next addressed how the different protease inhibitors affect the degradation
of macrophage NF-kB p65F€” subunit. For that, Giardia lysates were incubated with
each one of protease inhibitors and then macrophage extract was added, being the
effects analysed by western blot. We demonstrated that the cleavage of NF-kB p65ReA
subunit was completely reverted by protease inhibitors E-64, LEUP and PHEN. This is
consistent with the results obtained in zymography assays. We can then conclude that
Giardia cysteine, serine and metalloproteases are involved on NF-kB p65RelA
proteolysis.

Proteases are important virulence factors of many pathogenic bacteria,
parasites and virus. These proteases are involved in acquiring nutrients for growth and
proliferation through host tissue degradation. In addition to colonizing and facilitating
dissemination functions, they are also involved in evading the host immune system by
interrupting the cascade pathways, disrupting the cytokine network and excising cell
surface./’%) Cysteine proteases have been associated with the pathogenesis of
trypanosomiasis; cruzipain of Trypanosoma cruzi and brucipain or rhodesain of
Trypanosoma brucei. Cruzipain (or cruzain) has been extensively studied since it is
critical for parasite viability in all stages of infection, especially for nutrition acquisition,

tissue invasion and host immune response evasion.(128) Other cysteine proteases have
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been implicated in the pathogenesis of Leishmania species and are major virulence
factors as they substantially modify the immune response.*?®) Surface metalloprotease
GP63 has been shown to be essential for establishing and maintaining the infection
and responsible for the observed cleavage of NF-kB p65F©'* subunit in L. mexicana and
L. infantum -infected macrophages and dendritic cells.!39  The transcriptional
activation is impaired and consequently the ability of the macrophage to mount a pro-
inflammatory IL-12-driven response is also impaired.(131)

Another studies showed that L. infantum promastigotes was unable to activate
the NF-kB transcription factor, as shown by the inability of parasites to promote
phosphorylation and posterior degradation of the NF-kB inhibitory protein, IkB-a.(10)
The parasites actively counteracted the LPS-triggered activation of NF-kB cascade by
reducing IkB-a phosphorylation and extensively cleaving the NF-kB p65°¢A subunit,
resulting in a major new fragment of approximately 35 kDa.(106)

Attending to our results, we think that potentially Giardia can promote
proteolytically cleave of NF-Kb p65Re” subunit resulting in non-transcription of target
genes that induces an expression of pro-inflammatory cytokines, impairing recruitment
of several chemokines such TNF-a, IL-6, COX-2 and iNOS.

Blocking parasite proteases may therefore be an attractive pharmacological
approach given that this will impair parasite evasion of immune system and lead to a
most efficient elimination.

As Giardia are extracellular parasites the effects of their proteases over
cytosolic proteins such as NF-kB p65R¢» may be the consequence of their release as
soluble forms or included in secreted/excreted vesicles. Through reported studies we
know that parasites as Leishmania and Trypanosoma cruzi produce extracellular
vesicles in response to external factors as host inflammatory immune response.
Silverman and co-workers’32) described the release of exosome-like vesicles by
promastigotes of Leishmania donovani. Exosomes are delivered to the cytoplasm of
infected macrophages, as a response to the environmental changes between the
insect midgut and the acidic vacuole in vertebrate macrophages. Moreover, the
authors demonstrated that these Leishmania exosomes have an immunosuppressive
effect on host cells.!33) Microvesicles release by T. cruzi were first described in tissue-

culture-derived trypomastigotes, as a mechanism of spontaneously shedding of
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surface antigens into the culture medium.34 These vesicles released spontaneously
are adsorbed to non-infected mammalian cell membranes, increasing the expression
of extracellular matrix components that will facilitate infection.!*3>) Moreover pre-
immunization of mice using trypomastigote microvesicles induce severe heart
pathology with intense inflammatory reaction and higher number of amastigote nests
in cardiac tissue. (139

The role of extracellular vesicles in Giardia infectivity and capacity to modulate
host immune system is still poorly understood. We believe that Giardia may release
vesicles/exosomes containing pathogen effectors such as the proteases identified in
present work. The endocytosis of these vesicles by epithelial and phagocytic cells may
then promote important events such as the impairment of intracellular signalling
pathways. We are currently exploring this hypothesis at our lab.

Overall, our results demonstrate that Giardia extracts significantly decrease the
total levels of NF-kB p65RelA subunit in macrophages, a mechanism dependent on
parasite cysteine, serine and metalloproteases. More experiments are needed to
clarify the role of these proteases in Giardia infections and their exploitation as
potential chemotherapeutic targets for the treatment of giardiasis. On the other hand,
these proteases, due their anti-inflammatory activity, could have potential to be used

for the attenuation of diarrheal and of intestinal inflammatory diseases.
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Support Information






Table S.1

Culture medium for Giardia

Keister’s modified TYI-S-33 medium

A. Nutrient broth

KoHPO4 lg
KH2PO4 0.6g
NacCl 2g
Casitone 20g
Yeast Extract 10g
Glucose 10g
Ascorbic Acid 0.2¢g
Ferric Ammonium Citrate 0.023 g
Distilled H,0O 800 ml

Dissolve ingredients, adjust pH to 6.8 with NaOH 1N

sterilize by filtration. Broth can be stored at -20°Cup to 6

months.

B. Cysteine-bile solution

L-Cysteine HCI 2g
Distilled H,0 100 ml
When dissolved add:

Bile bovine 06g
NaOH 1N 1ml

Mix to clear the solution, sterilize by filtration and
immediately add to the broth

C. Complete Medium

Mix aseptically:

Broth (A) 800 ml
Heat-inactivated Bovine Serum 100 ml
Cysteine-bile solution (B) 100 ml

Add Antibiotic solution (penicillin 100 U/ml and
streptomycin 100 pg/ml)

Adapted from: Jaroslav Kulda and Eva Nohynkova. Giardia in Humans and Animals.

In Parasitic Protozoa. Vol. 10. 1995. Ed. Julius P. Kreier.
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Figure S.2

Calibration curve for protein quantification

Calibration Curve
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