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The protozoan parasite Giardia duodenalis is responsible for more than 280 million cases
of gastrointestinal complaints (“giardiasis”) every year, worldwide. Infections are acquired
orally, mostly via uptake of cysts in contaminated drinking water. After transformation into
the trophozoite stage, parasites start to colonize the duodenum and upper jejunum where
they attach to the intestinal epithelium and replicate vegetatively. Outcome of Giardia
infections vary between individuals, from self-limiting to chronic, and asymptomatic
to severely symptomatic infection, with unspecific gastrointestinal complaints. One
proposed mechanism for pathogenesis is the breakdown of intestinal barrier function.
This has been studied by analyzing trans-epithelial electric resistances (TEER) or by
indicators of epithelial permeability using labeled sugar compounds in in vitro cell culture
systems, mouse models or human biopsies and epidemiological studies. Here, we
discuss the results obtained mainly with epithelial cell models to highlight contradictory
findings. We relate published studies to our own findings that suggest a lack of barrier
compromising activities of recent G. duodenalis isolates of assemblage A, B, and E
in a Caco-2 model system. We propose that this epithelial cell model be viewed as
mimicking asymptomatic infection. This view will likely lead to a more informative use
of the model if emphasis is shifted from aiming to identify Giardia virulence factors to
defining non-parasite factors that arguably appear to be more decisive for disease.
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INTRODUCTION

Giardia duodenalis (also Giardia lamblia or Giardia intestinalis) is an ubiquitous protozoan parasite
of the order diplomonadida and forms a species complex of eight different phylogenetic groups
(assemblages) characterized by different host specificities. Assemblages A and B are infectious
to humans and other mammals (Thompson and Monis, 2012). It is responsible for more than
280 million symptomatic cases of infection, i.e., cases of giardiasis associated with gastrointestinal
malfunctions (see below), every year, worldwide. Infections are acquired by uptake of dormant cyst
forms of the parasite mostly via contaminated drinking water, and highest prevalences are reported
for countries with poor access to higher sanitation standards, though it is one of the most common
reported parasitic infections in other countries as well. Since 2004, more attention is paid to this
pathogen due to WHO’s “Neglected Diseases Initiative” (Adam, 2001; Savioli et al., 2006; Ankarklev
etal., 2010). Giardia sp. cysts transform into their trophozoite stage after passing the host’s stomach
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by starvation and subsequent detachment of the trophozoites.

FIGURE 4 | Tight junction integrity and trophozoites. Micrographs depict tight junction protein occludin (red) and trophozoites (yellow) in Caco-2 bbe monolayer after
24 h, comparing uninfected control (CTRL-), 1 uM staurosporine control (CTRL+) and G. duodenalis isolate WB6 of MOI 10 and 100. Scale bars indicate 100 pm.

Nuclear staining with DAPI is shown in blue. No significant changes concerning occludin due to Giardia-infection are detectable. A MOI of 10 is sufficient to completely
cover the Caco-2 monolayer. Of note, MOI 100 show artificially less trophozoites attached than MOI 10 condition, possibly due to rapid nutrient consumption followed

Analysis of Chemokine/Cytokine Profiles in
Giardia Epithelial Cell Co-cultures

In order to validate the asymptomatic outcome of our Caco-
2 setup further, several chemokines/cytokines potentially or
claimed to be upregulated during giardiasis were investigated.
Most of the cytokine analyses that have been published were
performed using cell monolayers grown on cell culture plastic.
A seminal study used micro-array analysis of Giardia-infected
Caco-2 cells during the first 18 h and showed an increase
in CCL20, CCL2, and CXCL1/2 mRNA abundance among
others (Roxstrom-Lindquist et al.,, 2005). However, increased
IL-8 and TNFo mRNAs were not detected. Another study
indicated no changes to IL-8, CCL2, GM-CSE, and TNFa
(Jung et al., 1995). Hence, it appears that responses to Giardia
infections differ from the generalized response by enterocytes

of colonic origin to bacterial infections (Jung et al., 1995).
This was corroborated by Fisher et al. (2013) for CCL2,
GRO-isoforms (CXCL1/2), or IL-8 in the Caco-2 co-culture
system. Interestingly, Caco-2 co-cultured with macrophages
alone elicited GRO-isoform and IL-8 expression but this
was abolished again when Giardia trophozoites were added,
indicating immune-modulatory capabilities of the parasite
(Fisher et al., 2013). Giardia’s ability to alter immune responses
has been described by others, too (Kamda and Singer, 2009;
Cotton et al,, 2014, 2015). Our data using the Caco-2 transwell
culture system also suggest no triggering of basolateral release
of CCL2/20, CXCL1/2, IL-8, TNFa, or GM-CSF by different
isolates or MOIs tested (Figure 6). Overall, our cytokine data
also suggest an asymptomatic Giardia-infection. Whether this
may be due to parasites’ immune-modulatory features (Kamda
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FIGURE 5 | Effects on tight junction proteins. Micrographs are derived from z-stacks, spanning whole cells, by using maximum intensity projection and depict tight
junction proteins ZO-1 (green) and claudin-1 (red) in Caco-2 bbe monolayer, comparing uninfected control (CTRL—), 1 uM staurosporine control (CTRL+) and G.
duodenalis isolate WB6 of MOI 1, 10 and 100 after 24, 48, and 72 h (A). An additional selection of micrographs of same samples is shown in (B), illustrating Caco-2
peculiarities. Arrows in (A,B) indicate observed random phenotypes like ZO-1 “branching” (a), claudin-1 flocculation and delocalization (b) or its absence directly next
to it (c), mismatch of ZO-1 and claudin-1 localization (d), odd cellular contacts (e), and areas of increased claudin-1 presence (f).

WB6 MOI10  WB6 MOI 100

and Singer, 2009; Cotton et al., 2014, 2015) requires further
studies.

CONCLUSION

As mentioned in the introduction, one of the major enigmas
in giardiasis is what distinguishes acutely symptomatic from
asymptomatic outcomes of Giardia-infections. In this work, we
reviewed and discussed current in vitro epithelial cell culture
systems that we propose do reproduce asymptomatic host-
parasite interaction rather than acutely symptomatic giardiasis.
We propose for further development of these systems a
structured approach that aims at identifying appropriate in

vitro correlates for distinct clinical symptoms: The search
for correlates of acute manifestations such as diarrhea could
focus on readouts such as TEER, tight junction function, and
ion secretion, but should focus on testing combinations of
parasite and non-parasite factors. Food factors, or the lack
of certain nutrients, could determine trophozoite virulence
as well as bile or pancreatic secretions. Especially bile is a
requirement for axenic trophozoite cultivation (Keister, 1983;
Halliday et al., 1988) and it could stimulate the parasite not
only to grow, but also to increase its virulence. It is also
imaginable that certain host proteases could cleave Giardia
proteins in a way that an inactive virulence function is activated,
similar to what has been shown as a necessity for host cell
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FIGURE 6 | Cytokine response. Cytokine levels of CCL2, CCL20, CXCL1, CXCL2, IL-8, TNFa, and GM-CSF were compared using basal supernatants of the
conducted 48-72 h TEER experiments and the Luminex® technology. Data show means and standard deviation of cytokine levels of supernatants, gathered from at
least two independent TEER experiments. Except for CCL20, cytokines were barely detected in this compartment independent of infection. In contrast, monolayers
insulted with staurosporine (CTRL+) increased amounts of CCL20, CXCL1/2, and IL-8, whereas CCL2, TNFa, and GM-CSF remained below the lower quantification
limit.

entry of influenza virus particles (Kido et al., 2012). Of note,
Giardia specifically decreases the activity of pancreatic trypsin,
but not of chymotrypsin (Seow et al., 1993), which suggests
that certain proteases can be hazardous for Giardia and may
disturb a finely balanced silent infection to provoke pathogenic
reactions. Additionally, a host’s genetic background linked to
hypogammaglobulinemia, IgA deficiency or cystic fibrosis or
a host’s phenotype comprising reduced gastric acidity, stress,
co-infections, or other concomitant diseases, could contribute
to the pathogenesis (DuPont, 2013). Furthermore, since the
mechanisms of trans-epithelial transport are as diverse as the
respective substrates (Kiela and Ghishan, 2016) and our lack of
knowledge if and how Giardia affects those transport systems, the
search for correlates and explanations for more protracted effects
such as stunted growth that may be linked to altered fluxes of
particular biomolecules, should focus on a systematic assessment
of epithelial cell functions related to those transcellular transport
and absorption mechanisms. Another important factor relevant
for the symptomatic outcome may be the hosts microbiome,
as suggested by others (Singer and Nash, 2000; Chen et al,
2013; Slapeta et al., 2015). The fact that young children after the
lactation period are generally more affected by Giardia infestation
than older children or adults may be an epidemiological correlate
of a not-yet-settled microbiome that is more susceptible to
interference by the parasite. Moreover, differences in food

resources and cultural habits, resulting in distinct intestinal
bacterial colonization may underlay the variances noted between
studies that cover different geographic regions. Additionally,
very recent publications reporting experimental findings also
point toward an increasing role of the intestinal microbiota
during Giardia infections (Allain et al, 2017; Barash et al,
2017; Beatty et al., 2017). Finally, since giardiasis resembles
symptoms of food allergies, hypersensitivity or intolerance like
coeliac disease, pathogenesis could be more related to the host’s
individual immune reaction (Scott et al., 2004). This might
explain why Giardia-infections are less severe or even protective
in developing countries, where allergic diseases are usually not
as prevalent. However, due to the parasite’s ability to enhance
sensitization toward food antigens (Di Prisco et al., 1998), the
causal relationship will be difficult to investigate. Moreover, the
general in vitro methodology of Giardia-host interaction studies
requires better standardization with the goal to offer robust,
inter-laboratory evaluated models.
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