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ABSTRACT
Human infections with Giardia duodenalis (giardiasis) is regarded as one of the most
common human diarrheal disease worldwide with 280 million cases estimated to occur worldwide
each year. This parasite lives a biphasic lifestyle either as a dormant cyst or vegetative trophozoite.
Previous work has demonstrated that the cells and mechanisms of the adaptive immune system are
critical for clearance of Giardia parasites. However, the innate system has not been as well studied
in the context of Giardia infection, including what innate recognition mechanisms the immune
system uses to initiate protective or pathologic immune responses during a Giardia infection. This
dissertation explores a role for the Mannose Receptor and Macrophage Galactose Lectin receptor
in protective immunity and also builds upon past studies that have examined the role of
macrophages during Giardia infection. We report a mechanism for macrophage accumulation
during Giardia infection that does not correlate with other intestinal diseases in which tissue
resident macrophages proliferate in response to infection; however, these resident cells are
dispensable for protection. This work also identifies three C-type lectin receptors - MR, MGL1,
and MGL2 - that appear to be involved in the signaling of immune responses leading to protection
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from this parasite. We report that mast cell recruitment appears to be inhibited in MR-deficient
mice, suggesting that parasite clearance may be defective due to the loss of mast cells during
infection. We also show that MGL2 receptor is required for protective Giardia immunity as
depletion of MGL2+ cells lead to a defect in parasite clearance. These cells also may be sources
of IL-6, which is known to induce development of Th17 responses. Lastly, our preliminary data
suggest that MGL1 found on Macrophages mediate production of IL-10. However, MGL1
engagement must occur with simultaneous co-stimulation by LPS that results in enhanced IL-10
production. This study contributes to a greater understanding of the interaction between Giardia
and the immune system. Future studies delving into this host-pathogen interaction is certainly
deserved as better therapies and treatments can be developed that can improve the health and wellbeing of those affected by giardiasis.
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CHAPTER 1: INTRODUCTION TO GIARDIA DUODENALISa
1.1

Chapter Overview

1.1.1

The Impact of Giardiasis
Giardia lamblia (syn. G. duodenalis, G. intestinalis) is a flagellated protozoan

microorganism that is found ubiquitously throughout the world. The first reported discovery of
Giardia is attributed to Anton van Leeuwenhoek, the pioneer of microscopy, when he examined
his own stool for microorganisms and was able to accurately describe this parasite’s features
(Dobell, 1920). Giardia is considered to be a parasite since its replication and growth requires
the colonization of the human or mammalian intestinal tract (Adam, 2001). Infection with
Giardia in humans (giardiasis) is regarded as one of the most common human diarrheal disease
worldwide with an estimated 280 million cases reported worldwide each year (Lane and Lloyd,
2002). Transmission of this parasite occurs via a fecal-oral route and is initiated through the
ingestion of parasite contaminated water or food (Adam, 2001). Thus, developing countries that
lack or have poor water sanitation processes have a prevalence of 20% or greater (RoxstromLindquist et al., 2006) while the United States, which has adequate water sanitation, has an
estimated annual prevalence of <1% (Scallan et al., 2011).

Review Published: Fink, MY and Singer, SM. (2017). The Intersection of Immune Responses, Microbiota, and
Pathogenesis in Giardiasis. Trends Parasitol 33, 901-913.
Book Chapter in press: Singer, SM, Fink MY, Angelova VV. (2019) Recent Insights Into Innate and Adaptive
Immune Responses to Giardia. Academic Press.
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Symptoms of giardiasis appear 6-15 days after infection (Farthing, 1997) and are
characterized with diarrhea, intestinal cramps, nausea, intestinal malabsorption, and reduction in
brush-border dissacharidases. In symptomatic patients, infections are treatable with
metronidazole or other nitroimidazoles, however drug therapies have varying efficacies (Ansell
et al., 2015; Leitsch, 2015; Leitsch et al., 2012) and sub-clinical infections also appear to be very
common. It is also reported that Giardia infection can lead to the long-term manifestation of
post-infectious syndromes. Recent work has shown that irritable bowel syndrome (IBS) and
chronic fatigue syndrome (CFS) develop years after this parasite has been eliminated (Hanevik et
al., 2017; Litleskare et al., 2018). Interestingly, despite the manifestation of short and long term
symptoms, patients do not exhibit intestinal inflammation during Giardia infection. Furthermore,
the presence of this parasite seems to be protective against cases of severe diarrhea in children.
The Global Enteric Multicenter Study (GEMS) has reported that Giardia infections
appear to reduce the incidence of severe diarrheal disease in children in the developing world
(Kotloff et al., 2013; Muhsen et al., 2014; Muhsen and Levine, 2012). The reason for this is not
well understood, though it could be attributed to several factors including development of crossprotective immune responses, reduced inflammatory response or altered composition of the
microbiota. Nevertheless, Giardia was found to be the 4th most common pathogen found in
stools of children younger than 1 year of age and the second most common pathogen among
children between 1 and 2 years of age (Platts-Mills et al., 2015). In the latest report from the
Interactions of Malnutrition and Enteric Infections: Consequences for Child Health and
Development Project (MAL-ED) project, Giardia detection was associated with reduced height
2

and weight measurements by children of age 2 (Rogawski et al., 2017), though stunting and
wasting were reported to be somewhat variable between infection studies (Bartelt and Sartor,
2015). The MAL-ED study found that subclinical Giardia infections were associated with
childhood stunting, yet not necessarily correlated to symptomatic diarrhea; thus, infections with
Giardia contribute to childhood malnutrition (Rogawski et al., 2018).
Giardia belongs to the Phylum: Metamonada, Class: Trepomonadea, Order:
Diplomonadida, and Family: Hexamitidae. Within this family are diplozoic-flagellated
protozoans that possess: paired organelles, transcriptionally active diploid nuclei, the absence of
mitochondria and peroxisomes, and a ventral disc thought to be used for attachment to surfaces
(Morrison et al., 2007; Thompson and Monis, 2004). Before the start of the molecular
revolution, very few species of Giardia could be distinguished on the basis of morphology from
the 51 described species, while the remainder were classified based on host infectivity or
occurrence. Fortunately, Giardia lamblia (humans and mammals), G. muris (rodents), G.
microti (rodents), G. ardea and G. psittaci (birds), and G. agilis (amphibians) were able to be
aggregated into the Giardia genus using morphology and ultrastructure (Adam, 2001; Filice,
1952). Since then, this classification system has further evolved using enzyme electrophoresis
(Thompson and Monis, 2004) and DNA-based analyses phenotyping techniques to separate
different genotypes (Monis et al., 2009).
In the current system, Giardia lamblia is divided into 8 genetic groups, termed
assemblages A-H. Most assemblages are host-specific and do not infect humans. Assemblages
C/D are most commonly found in dogs, assemblage E in livestock, assemblage F in cats, and
3

assemblage G in rats (Caccio and Ryan, 2008). Assemblage H was the newest to be identified in
marine animals (Lasek-Nesselquist et al., 2010). The most relevant assemblages to human health
are assemblages A and B since they are capable of infecting mammals and are the main
assemblages found in all cases of giardiasis (Mayrhofer et al., 1995). However, a small number
of reports describe human infections with differing Giardia assemblages (Lasek-Nesselquist et
al., 2010; Zahedi et al., 2017).
1.1.2

The Giardia Lifecycle and Protein Glycosylation
The Giardia lifecycle has two distinct phases: a vegetative trophozoite and an infective

cyst that is resistant to harsh environmental conditions (Fig. I-1). Giardia cysts have been shown
to be temperature and water resistant by surviving in water at 4°C for up to three months. This
cyst form is also dormant and cannot replicate outside of a host, yet is the primary source of
transmission for the spread of Giardia parasites. Infected individuals can shed up to 10 billion
cysts a day, and ingestion of as few as 10 cysts can yield infection (Rendtorff, 1954). Cysts are
found in most natural sources of water, such as rivers or lakes, however cysts are more likely to
be found in areas that are contaminated with animal fecal matter. Once cysts are ingested by a
host, the excystation process begins after reaching the stomach since the acidity of the stomach
will trigger the breakdown of the Giardia cyst wall. Each cyst will release an excyzoite, which
can generate four trophozoites following two rounds of division. Trophozoites will then proceed
to colonize the host's intestinal tract, particularly the upper intestine or duodenum and replicate
via asexual binary fission. Pathology is caused by the attachment of trophozoites to the lumen of
the small intestine. Eventually, some trophozoites initiate the encystation process, migrating
4

towards the lower intestine where they are shed from the hosts to the outside environment as
infective cysts (Adam, 2001).
A critical point in this cycle is the colonization and attachment of trophozoites to the
mucosa of the small intestine and it is though that carbohydrate structures on the surface of
Giardia aid in this process (Evans-Osses et al., 2010). Interestingly, both forms of Giardia have
relatively simple carbohydrate modifications of both secreted and membrane-bound proteins
when compared to higher ordered eukaryotes (Samuelson et al., 2005). The infectious cyst form
of Giardia is composed of ~63% polysaccharide and ~37% protein. During the encystation
process, three cyst wall proteins (CWP1-3) are generated to provide structural support for the
cyst (Lujan et al., 1995). The remaining surface is composed of the polysaccharide component
of the cyst wall; a β1,3-N-acetyl-D-galactosamine (GalNAc) polymer, now named giardan,
(Gerwig et al., 2002; Jarroll et al., 1989), and is likely synthesized by a β1,3 UDP-GalNAc
transferase (Gerwig et al., 2002; Karr and Jarroll, 2004). Giardia lacks glycostransferases that
add mannose and glucose to N-glycan precursors and produces severely truncated precursors
containing two N-acetyl-glucosamines (GlcNAc2) (Samuelson et al., 2005). This carbohydrate
residue is not only the major sugar added to Giardia glycoproteins (Samuelson et al., 2005), but
also is found on the surface of Giarda trophozoites and is capable of inducing host immune
responses (Evans-Osses et al., 2010; Li et al., 2016).
1.1.3

Intestinal Barrier Pathologies Associated with Giardiasis
Infections with Giardia lead to a reduction in intestinal epithelial integrity as it is well

reported that Giardia trophozoites disrupt the integrity of tight junctions between intestinal
5

epithelial cells during infection and induce apoptosis of host cells. In biopsies of human patients
suffering from chronic Giardia-infections, increased rates of epithelial apoptosis were reported
along with an increase in the lactulose:mannitol ratio and degradation of claudin-1 when
compared to control samples (Troeger et al., 2007). In several reports, IEC transepithelial
resistance has been reduced due to various Giardia–mediated sources. This marker for intestinal
epithelial integrity and permeability suggests that Giardia is fully capable of breaking down
apical junctional complexes, that encompass tight junctions, adherent junctions, and
desmosomes. In support of this idea, in vitro studies suggest that Giardia is able to release
cysteine proteases that mediate the degradation or rearrangement of tight junction proteins such
as ZO-1, occludin, and claudin-1 (Bhargava et al., 2015; Chin et al., 2002; Liu et al., 2019;
Ma'ayeh et al., 2017; Ortega-Pierres et al., 2018).
When human colon (CaCo2) cells are exposed to Giardia trophozoites, a decrease in the
expression of genes associated with cell proliferation is reported (Roxstrom-Lindquist et al.,
2005) along with an increase in the expression of apoptotic associated genes (Banik et al., 2013;
Roxstrom-Lindquist et al., 2005). Furthermore, Giardia is reported to be able to activate
caspase-3, caspase-8, and caspase-9 to induce epithelial cell apoptosis (Chin et al., 2002; Cotton
et al., 2015; Panaro et al., 2007). Similar increased rates of apoptosis were also induced when
Caco2 cells were exposed to Giardia excretory-secretory products, suggesting that apoptosis is
in part mediated by proteases released from this parasite (Allain et al., 2019; Koh et al., 2013;
Ma'ayeh et al., 2017).
Another hallmark symptom of giardiasis is the shortening of microvilli lining the gut,
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which results in a reduction in disaccharidase activity (Buret et al., 1990a; Scott et al., 2000).
This pathological disruption has been reported in both human infections and in animal infection
models (Buret et al., 1990b; Buret et al., 1992) and leads to reduced nutrient absorption. (Scott
et al., 2004) showed that athymic nude mice, lacking T cells, failed to exhibit microvilli
shortening or reduced disaccharidase activity after infection. Moreover, adoptive transfers of
CD8+ T cells, but not CD4+ T cells, from infected donors into uninfected nude mice produced
both microvilli shortening and reduced disaccharidase activity [84]. Furthermore, neither
infected CD4-/- nor β2m-/- mice (which lack surface expression of major histocompatibility
complex I (MHC I) and are deficient in CD8+ T cells) exhibited reduced disaccharidase activity
(Solaymani-Mohammadi and Singer, 2011). This is consistent with CD8+ T cells mediating this
pathology and CD4+ T cells being important for the development of this response. Interestingly,
while CD8+ T cells are responsible for this immunopathology, the intestinal microbiota is a
critical piece to the induction of this pathology as antibiotic treatment, prior to infection, reduced
activation of CD8+ T cells and disaccharidase deficiency during infections (Keselman et al.,
2016).
1.1.4

Interactions with Commensal Microbiota
Giardia parasites are typically extracellular organisms that do not normally invade

epithelial cells lining the small intestine, however there are rare (and controversial) instances of
invasive Giardia infections (Reynoso-Robles et al., 2015). Instead, parasites remain attached to
the microvilli within the intestinal lumen where they proliferate and colonize (Adam, 2001).
Since the turn of the millennium, there has been a rapid increase in the number of reports
7

regarding the interactions between the intestinal microbiome and Giardia (Fink and Singer,
2017).
The foundation for these reports was first reported in 1994, when the Nash group
identified that Assemblage A strains, such as WB, could not colonize adult mice while
Assemblage B strains like GS could (Byrd et al., 1994). Singer and Nash followed up on this
observation and next reported that infection outcomes in the adult mouse model of giardiasis
were dependent on the vendor source of the animals. Mice purchased from Taconic Farms were
resistant to Giardia infections while mice of the same immunodeficient strain from Jackson
Laboratories were susceptible. Treatment with antibiotics made mice from either vendor
susceptible to infection, while cohousing animals made them all resistant, suggesting that the
composition of microbes within the gut determined susceptibility to this parasitic infection
(Singer and Nash, 2000b). The same year, a group from Brazil reported that duodenal microbes
were required to stimulate Giardia pathogenicity during infection. Conventional mice, germfree mice, and germ-free mice reconstituted with microbiota derived from symptomatic
giardiasis patients, were all infected with Giardia trophozoites. Infected conventional mice
showed the greatest signs of intestinal pathology among the three groups, with the reconstituted
germ-free mice showing moderate pathology. However, the most intriguing observation from
this report was that infected germ-free mice did not develop intestinal pathology as compared to
the other groups, suggesting a need for intestinal microbes to stimulate Giardia-induced
pathology (Torres et al., 2000).
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It is quite interesting that this parasite is able to affect the composition of the intestinal
microbiota and the virulence of other microbes, while also being susceptible to various
commensal bacterial secretions. The Singer and Dawson groups first described the inﬂuence of
Giardia on the architecture and abundance of the intestinal microbiota during in vivo murine
infections (Barash et al., 2017). Significant shifts in microbial ecology were observed following
G. duodenalis strain GS infection in mice pre-treated with antibiotics, as well as in non-antibiotic
treated infected mice. Decreases in overall microbial diversity and the abundance of the obligate
anaerobic Firmicutes occurred, while an increase in the abundance of aerobic taxa such as
Rhodocyclaceae, Moraxellaceae, Flavobacteriales, and Comamonadaceae was reported (Barash
et al., 2017). These enriched taxa are all considered to be metabolically ﬂexible, and prosper
with increased oxygen tension, lipid availability, and competition for arginine.
During the same year, Bartelt et al. (2017) also reported an alteration of the intestinal
microbiota in mice fed a protein-deficient diet, prior to and continuously throughout, an infection
with commercially obtained Giardia H3 cysts (Assemblage B). Quantitative PCR analysis of the
16S rRNA revealed that infected mice had greater duodenal bacterial abundance and an increase
in the Firmicutes:Bacteroidetes ratio, with Giardia infections leading to increases in the
population of Firmicutes while reducing the number of Bacteroidetes. Moreover, stool qPCR
also revealed a large increase in the relative abundance of Enterobacteriaceae 14 days post
infection, which was considered a better predictor of growth impairment than Giardia burden in
stool or duodenum. This shift in the duodenal microbial composition of mice fed a proteindeficient diet also coincided with the persistence of the parasite within the gut rather than
9

clearance (Bartelt et al., 2017). Interestingly, antibiotic treatment of mice with ampicillin,
vancomycin, and neomycin prevented Giardia-induced growth impairment which suggests that
Giardia interaction with intestinal microbes is a critical factor for the determination of growth
outcome. Growth impairment was also exacerbated in mice that were co-infected with a
pathogen commonly isolated from malnourished children, enteroaggregative Escherichia coli
(EAEC) (Bartelt et al., 2017).
In a human study of the intestinal microbiome of children from Medellin, Colombia the
diversity and composition of the microbiome was compared between uninfected children and
groups infected with either Cryptosporidium alone, Giardia alone, or co-infected with both
helminths and protozoans (Toro-Londono et al., 2019). Using 16S rDNA sequencing, Giardiaonly infected children (mixed-gender, 5 years or younger) had an enrichment of Prevotella along
with a drastic reduction in Bacteroides when compared to uninfected controls, and this alteration
was also seen in children co-infected with both helminths and protozoans. The most abundant
groups observed in Giardia-only infected children were Ruminococcus of the phylum Firmicutes
followed by Prevotella. The authors suggest that in this case, Giardia is able to shift the
intestinal microbiome from a Bacteroides-dominant composition (type 1 enterotype), which was
associated with the uninfected control children group, to a Prevotella-dominant composition
(type 2 enterotype), which was seen in both Giardia-only and co-infected children (ToroLondono et al., 2019). Although a Giardia-mediated shift in the composition of the young
human intestinal microbiome is clearly evident, it must be noted that different regions of the
world may not express the same type 1 enterotype as seen in uninfected controls, as diet is
10

clearly a significant factor determining the composition of the microbiome. Thus, more human
clinical studies examining microbiome composition and changes in giardiasis will be needed in
the future to elucidate the role and effect of Giardia in mediating shifts of the human intestinal
microbiome. Nevertheless, these data suggest that Giardia colonization leads to a compositional
and metabolic shift among the intestinal microbial community, which could contribute to both
microbial-mediated protection and variation seen in the clinical manifestations of giardiasis.
The Buret group has also described several studies that further suggest the ability of
Giardia infections to induce damage in infected host may result from changes in the resident
microbiota. When Giardia was exposed to laboratory strains of Escherichia coli or human
intestinal microbiota each bacterial group were converted to a toxic state that was deadly to
Caenorhabditis elegans (Gerbaba et al., 2015). Moreover, the Buret lab has also
demonstrated that Giardia not only induced microbial dysbiosis in human mucosal bioﬁlms,
but also increased the virulence of commensal microbes towards human epithelial cells in
vitro. An increase in the levels of inﬂammatory markers, TLR4 and CXCL-8, were also
reported in germ-free mice that were reconstituted with human microbes that had been
exposed to Giardia products, yet was not induced during exposure to the living parasite. It
was found that Giardia cysteine proteases were required for the induction of intestinal
permeability that also mediated the disruption of microbial biofilms (Beatty et al., 2017).
While Giardia clearly has effects on the commensal microbiota, it is also clear that the
microbiota impacts the ability of the parasite to colonize the host. Several microbial probiotic
therapies involving various strains of Lactobacilli have been examined to shield the host from
the detrimental effects mediated by Giardia during infection. The proliferative ability of the WB
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strain (assemblage A) of Giardia was inhibited when trophozoites were exposed to supernatants
of Lactobacillus johnsonii culture medium (Perez et al., 2001), and this effect was conﬁrmed in
vivo using a gerbil model that evaded WB colonization when treated with L. johnsonii (Humen et
al., 2005). The cause for this toxicity to Giardia trophozoites was attributed to the generation of
deconjugated bile salts produced by L. johnsonii (Travers et al., 2016). Three Bile-SaltHydrolase-like (BSH) genes were recently identified in this probiotic microbe and were cloned
into E. coli in order to assess the ability to be used as an anti-giardial agent (Allain et al., 2018).
Two recombinant BSH proteins, rBSH47 and rBSH56, were purified from transgenic E. coli
cultures and incubated with Giardia WB trophozoites. A dose-dependent inhibition of Giardia
growth was reported when compared to non-BSH controls with concentrations of 1 µg/mL or
greater resulting in 100% parasite killing. Scanning electron microscopy revealed significant
structural damage to the parasite surface with several protrusions and perforations seen along the
parasite plasma membrane. Using a murine infection model, the protective effects of rBSH47
were tested in vivo with Giardia-infected OF1 suckling mice. After infection with 1x105
trophozoites, groups of mice were administered different (but increasing) dosages of rBSH47 for
5 consecutive days post-infection. Parasite burden analysis revealed an increase in parasite
numbers in PBS-treated controls (1x106 parasites/intestine); rBSH47-treated groups contained
lesser numbers of parasites with the highest dosage group having the fewest parasites in the
intestine (Allain et al., 2018).
In murine models used by the Shukla and Goyal group, Lactobacillus casei was able to
reduce parasite-mediated mucosal damage and lessen both trophozoite burden and cyst shedding
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(Shukla et al., 2008). Giardia-mediated immunopathologies were also reduced with
Lactobacillus rhamnosus treatments as infected mice treated with L. rhamnosus had increased
antioxidants and brush-border disaccharidases levels, while oxidant concentrations were
decreased in the small intestine (Goyal et al., 2013). Using BALB/c mice, prior treatment with
L. rhamnosus led to a significant increase in secretory IgA antibody concentration and in the
percentage of CD4+ T cells in the small intestine following Giardia infection. Moreover, they
also observed a decrease in the percentage of CD8+ T cells (Goyal and Shukla, 2013), which are
required to mediate the hallmark pathology seen during infection (Keselman et al., 2016). This
effect was recapitulated in C57BL6/J mice where probiotic administration of Enterococcus
faecium lessened parasite burdens and induced a stronger IgA antibody immune response
(Benyacoub et al., 2005). Recently, a reduction in Giardia-mediated pathology, decreased
duration of parasite burden, and an increase in anti-Giardia IgA and nitric oxide were seen in
infected mice that were treated with killed probiotics or probiotic proteins (Shukla et al., 2019).
Whether manipulation of the microbiome presents a viable strategy for reducing the impact of
giardiasis clinically remains to be determined.
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Figure I-1: Life cycle of Giardia. The cyst form of this parasite is found in the environment and
is dormant until ingestion by the host. Replication of Giardia occurs when cysts transition to
active trophozoites and colonize the host’s gastrointestinal tract. Trophozoites then transition
back into cysts as this parasite migrates through the intestinal tract until they are expelled from
the host.
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1.2

The Host Immune Reponses to Giardia

1.2.1

The Cellular Response
The lamina propria of the small intestine is considered one of the largest sites of immune

cell localization in the human body; this layer contains not only myeloid cells that are primarily
responsible for initiating downstream effector immune mechanisms, but also T cells that mediate
protection (Singer and Nash, 2000a) and pathology (Keselman et al., 2016; Scott et al., 2004)
during Giardia infection. Several mechanisms are known to allow macrophages and dendritic
cells (DCs) in the lamina propria to interact with antigens in the intestinal lumen (e.g. M cell
transport or dendritic cell “periscopes”). Giardia is well-known to induce epithelial barrier
breakdown and to promote microbial translocation out of the lumen (Chen et al., 2013; Scott et
al., 2002; Zhou et al., 2007). Thus, macrophages and DCs could act as sentinels during
giardiasis and interact with conserved microbial-associated molecular patterns (e.g.,
lipopolysaccharide [LPS] from gram-negative bacteria) as well as with antigens from Giardia
(Fig. I-2).
1.2.1.1 T cells
The host’s immune system is critical to protection from Giardia. Infection experiments
using SCID mice that lack functional T cells and B cells were unable to properly clear this
parasite suggesting these cells are critical to protective immunity (Singer and Nash, 2000a;
Solaymani-Mohammadi and Singer, 2011). Upon further investigation it was found that CD4+
T-helper (Th) cells are essential for the clearance of Giardia since T cell-deficient mice cannot
control infections (Heyworth et al., 1987; Singer and Nash, 2000a). Conversely, B-cell-deficient
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mice are capable of eliminating parasites; however, when CD4+ T cells are depleted from these
mice, parasite clearance was hindered. Cytotoxic T-lymphocytes, CD8+ T cells, are not required
for parasite clearance, as b2m-deficent mice which lack class I MHC expression and are lacking
of CD8+ T cells are able to rapidly control infection (Singer and Nash, 2000a). Instead, it
appears that CD8+ cells are required for reduction of intestinal disaccharidase activity (Keselman
et al., 2016; Scott et al., 2004). Together, these results suggest that protective Giardia immunity
is dependent on CD4+ Th-cells rather than antibody mediated protection derived from B cells
(Singer and Nash, 2000a).
CD4+ Th-cells are able to direct the proper immune response through the types of
cytokines that they produce. Th1 cells produce interferon IFN-γ, Th2 cells produce IL-4 and IL13, Th17 cells produce IL-17 and IL-22, and regulatory T cells (Tregs) produce IL-10 and TGFb; however, this classification system can be more nuanced. In sera collected from humans,
IFN-γ and IL-4 were found to be increased in patients infected with Giardia (Bayraktar et al.,
2005; Matowicka-Karna et al., 2009), however in murine infection models using IFN-γ and IL-4deficient female mice, parasite clearance was not affected (Singer and Nash, 2000a). It is
becoming increasingly evident that IL-17, within the context of a Giardia infection, is essential
for protective immunity (Singer, 2016). This pro-inflammatory cytokine can be produced by γδ
T cells, group 3 innate lymphoid cells, natural killer T cells, and Th17 cells (Type-17 cells) and
are identified by the expression of the transcription factor, RORγt. Generally, adaptive Th17
cells require both IL-6 and TGF-β for development, while innate Type-17 cells respond to IL-23
and other innate signals such as pattern recognition receptor signals for activation. IL-6-deficent
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mice fail to clear infections and also lack IL-17 expression (Dann et al., 2015), which suggests
Th17 cells are required for parasite clearance in an IL-6 dependent manner. In human patients
that have recovered from Giardia, IL-17 has been found to be upregulated when effector
memory CD4+ T-cell are restimulated with Giardia antigen (Saghaug et al., 2015); in addition,
several studies (Dann et al., 2015; Dreesen et al., 2014; Grit et al., 2014b; SolaymaniMohammadi and Singer, 2011) reported the upregulation of IL-17 during murine or bovine
infections, and delayed parasite clearance in IL-17 knockout mice has also been reported (Dann
et al., 2015; Dreesen et al., 2014). A mechanistic function for IL-17 has also been reported as
this cytokine is responsible for inducing the translocation of secretory IgA into the lumen of the
intestine (Dann et al., 2015).
1.2.1.2 Mononuclear Phagocytic Cells
Intestinal macrophages and dendritic cells are antigen-presenting cells that are found
throughout the intestine and are known for their phagocytic activity. These cells must be able to
distinguish very rapidly between invasive pathogens and innocuous commensals or food, and are
partly responsible for maintaining a balance between inﬂammation and tolerance within the
gut. Studies of macrophage responses during giardiasis are sparse. In murine infections with
Giardia, intestinal macrophages accumulate in the small intestine that expresses both nitric oxide
synthase 2 (NOS2) and arginase 1 (ARG1) (Maloney et al., 2015). During G. muris infection in
IL-10-deficient mice, an expansion of CD11b+, CD11c- macrophages was observed in the colon,
yet not in the small intestine. This expansion led to colonic inflammation in IL-10-deficient
mice, although no such inflammation was seen in wild-type mice. This suggests a regulatory
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role for these cells in limiting inflammatory signals (Dann et al., 2018). Peritoneal macrophages
also were reported to release extracellular traps in response to Giardia trophozoites to ensnare
parasites. However these macrophages were collected, and consequently activated, using
thioglycollate which ultimately may not describe the true biological macrophage function as this
treatment is generally contaminated with LPS that primes these macrophages for an IFN-γ
response without further stimulation (Li et al., 2018).
The role of dendritic cells in the immune system is mainly thought to activate the
adaptive immune response through presentation of antigen:MHC complexes to T cells,
expression of co-stimulatory molecules such as CD80 and CD86, and the provision of cytokines
that help direct the differentiation of naïve T cells into mature effector cells. Several studies
have reported that the DC cytokine response is able to be modulated through a combined
treatment of Giardia protein extract and LPS which leads to the inhibition of pro-inflammatory
cytokine production (Kamda and Singer, 2009; Obendorf et al., 2013; Summan et al., 2018).
Murine bone marrow derived DCs (BMDCs) exposed to Giardia alone led to poor cytokine
induction and only slightly increasing expression of the costimulatory molecules, CD80 and
CD86; yet, the combination of Toll-like Receptor (TLR) agonists and parasite extract led to the
reduction of IL-6, IL-12, and TNFα while enhancing IL-10 production when compared to LPS
controls (Kamda and Singer, 2009). This report further showed that blocking IL-10R and
phosphoinositide-3 kinase (PI-3K) restores production of IL-12, which suggests that Giardia
may activate PI-3K in DCs and that Giardia may restrict development of Th1 cells via IL-12
inhibition (Kamda and Singer, 2009). The contribution of DC-derived IL-18 in the induction of
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Th1 responses is still to be determined in this model. This reduction of pro-inflammatory
cytokines was also recapitulated in TLR4-stimulated cell cultures using human monocytederived DCs (mo-DCs) and the report also suggested a reduction in IL-12/23p40, IL-12p70, and
IL-23 (Obendorf et al., 2013; Summan et al., 2018). However, when these cells were stimulated
with parasite antigen plus a TLR2 agonist, PAM3CSK4, an increase in IL-12/23p40 and IL-23
production occurred (Obendorf et al., 2013). Human mo-DC survival was also reduced when
exposed to Giardia extract or live parasites, and the number of apoptotic DCs increased when
compared to controls. Moreover, this effect was Giardia specific as mo-DC cultures solely
exposed to helminth products did not lead to a reduction in viability, yet co-incubation with both
Giardia and helminth extract did (Summan et al., 2018).
Overall, it is clear that the cytokine production of DCs and macrophages is able to be
directed by Giardia towards a less inflammatory state within the gut; yet this shift may require
other accessory signals that are commonly found in the lumen of the intestine – highlighting the
importance of maintaining the integrity of the intestinal epithelial barrier. While cytokines are
able to dictate the differentiation of activated T cells and other immune responses, it is still
unclear how Giardia infection stimulates the immune system to produce a robust immune
response while simultaneously limiting inflammation. Understanding the mechanisms whereby
Giardia limits inflammation could be valuable for developing therapeutics for chronic intestinal
inflammation and for understanding how environmental enteropathy leads to poor vaccine
efficacy.
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1.2.2

Activation of the Immune Response during Giardiasis

One fundamental challenge for the field of Giardia immunology is identifying the specific
initial interactions with innate immune cells and the mechanisms that are used to activate
downstream effector cells, such as T cells. The effect of early activation and protective
mechanisms have slowly begun to reveal how anti-Giardia immunity is initiated and are critical
to shaping the immune response against any infectious disease. The role of the complement
system during Giardia infections has been somewhat overlooked as both an effector mechanism
as well as an initiator of immunity. This chemical death squad plays a role in not only microbial
killing, but also contains molecules that serve as recruiters of immune cells. Additionally, it is
unclear how immune cell pattern recognition receptors are activated during infection and how
these receptors direct the immune system to appropriately respond to this parasite. These
receptors, such as Toll-like receptors or C-type lectin receptors, are essential components of the
immune response and are therefore one of the key factors involved in recognizing and defending
against invading pathogens.
1.2.2.1 The Complement System
The first role for the complement system in protective Giardia immunity was described in
1984, when trophozoites were exposed to human sera extracted from patients with no history of
giardiasis. Parasite killing was greater in groups exposed to sera rather than controls, and killing
was lost when complement components were blocked, suggesting parasite killing was
complement-dependent. Furthermore, this killing was dependent on structures found on the
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parasite’s surface, as trophozoites treated with neuraminidase or trypsin did not activate the
complement pathway (Hill et al., 1984).
More recently, the lectin pathway has been identified as a pathway that can effectively target
Giardia. This carbohydrate targeting pathway is initiated through the binding of mannose
binding lectin (MBL), a C-type lectin, to carbohydrates such as mannose and Nacetylglucosamine (GlcNAc) that are commonly found on pathogens (Thiel, 2007), including
surface proteins of Giardia trophozoites (Ratner et al., 2008; Ward et al., 1988). It was shown in
vitro that MBL is able to bind to trophozoites and cause cell lysis through the complement
system (Evans-Osses et al., 2010). Our lab has also reported that MBL was expressed in the
murine small intestine during Giardia infection (Tako et al., 2013); additionally, mice deficient
in MBL could not properly clear parasites during infection (Li et al., 2016). This defect in
clearance and recruitment was also dependent on C3a signaling via C3a receptor as mice lacking
C3aR exhibited the same delayed-clearance phenotype as infected MBL-deficient mice.
Moreover, significantly reduced T-cell cytokine responses against parasite antigens following
infection were observed in C3aR deficient mice, although IgA levels within the small intestine
were unaffected (Li et al., 2016). These results have been generally confirmed using the G.
muris infection model (Paerewijck et al., 2017) suggesting that this pathway may also be relevant
to human giardiasis. Taken together, these results indicate a role for the complement system in
not only activating but also mediating downstream immune responses during infection.
However, it is still unclear if other canonical cellular recognition strategies leading to the
activation of the immune system are in play during Giardia infections.
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1.2.2.2 Toll-like Receptors
Pattern-recognition receptors (PRRs) found on macrophages and dendritic cells are used
by the immune system to sense the environment and are important in directing immune
responses when pathogens are detected. The best studied family of PRRs are the Toll-like
receptors and are of great interest since these receptors are capable of discriminating between
self and foreign antigen; however, it is unclear how these receptors initiate immunity during
Giardia infections. TLRs are membrane bound receptors found on the surface or within
endosomes of innate cells and signal through two cytosolic adaptor proteins, MyD88 and TRIF,
that enable the transmission of TLR signals to induce immune response.
It has been reported that the HSP70 immunoglobulin binding protein, BiP, from Giardia
could induce a TLR4-mediated response in TLR4 reporter HEK 293 cells and primary cells from
TLR4-deficient BALB/c mice (Lee et al., 2014). Immature murine BMDCs treated with antiTLR4 blocking antibody had reduced TNF-α cytokine production in response to recombinant
BIP (rBIP) when compared to controls. Furthermore, when TLR4-expressing HEK 293 cells
were treated with rBIP, an NF-κB-dependent response was induced, similar to what was seen for
LPS-stimulated controls. Using BMDCs, it was found that rBIP was able to induce greater
production of canonical DC maturation and expression of surface molecules, MHCII, CD80, and
CD86, to levels that resembled LPS-induced stimulation. The production of cytokines in rBIPactivated BMDCs was also measured using ELISAs; IL-12, TNF-α, IL-6, and IL-4
concentrations were all increased in response to rBIP. However, the production of both IL-6 and
IL-4 was decreased at the highest concentration of rBIP. BMDCs cultured from TLR4-deficent
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mice were unable to reproduce this cytokine response and most cytokines had drastically reduced
concentrations when compared to wild-type mice (Lee et al., 2014). Furthermore, BMDCs
derived from MyD88-/- mice stimulated with recombinant HSP70 immunoglobulin binding
protein (rBiP) were unable to produce cytokines when compared to wild-type controls,
suggesting a role for a TLR-MyD88 interaction leading to cytokine production (Lee et al., 2014).
However in G. muris infections using MyD88-/-,IL-10-/- double knockout mice, parasites were
cleared equally as well as IL-10-/- and wild-type controls suggesting the TLR pathway is
dispensable for protection (Dann et al., 2018).
A role for TLR2 has also recently been described in recognition of Giardia and,
interestingly, it suggests that TLR2 may have a detrimental role for protective immunity (Li et
al., 2017). Using C57BL/6J peritoneal macrophages, TLR2 gene expression was greatly
increased in these cells in response to Giardia WB trophozoites. Immunohistochemical staining
of duodenum tissues from mice infected with WB cysts also indicated increased levels of TLR2.
The production of IL-6, IL-12p40, and TNF-α in response to live trophozoites was increased in
peritoneal macrophages that were treated with TLR2 blocking antibody or macrophages deficient
in TLR2 and compared to wild-type controls. Moreover, the concentration of IFN-γ was also
reduced in TLR2-deficient cells. Western blot analysis of macrophages exposed to trophozoites
revealed the phosphorylation of both p38 and ERK (MAP kinases) along with AKT;
phosphorylation of p38, ERK, and AKT as well as the production of cytokines that were reduced
in TLR2-deficient macrophages. These data suggest that TLR-2 signaling in response to Giardia
activates AKT, p38 and ERK and results in enhanced expression of pro-inflammatory cytokines.
23

However, inhibition of AKT via chemical or siRNA methods instead increased the production of
IL-6, IL-12p40, and TNF-α, suggesting that the signaling mechanisms involved are not
straightforward. In murine infections using WB cysts, parasite burden and typical Giardia–
associated pathologies were found to be drastically decreased in both TLR2-knockout and AKTinhibited mice when compared to wild-type or vehicle-treated controls; however, this infection
model relied on the use of antibiotics for stable infection which may play a role in the
presentation of pathologies and immune cell response (Keselman et al., 2016). Additionally, it is
unclear if littermate control mice were used in the infection model comparisons as different
intestinal microbiota may provide protection during Giardia infections (Singer and Nash,
2000b). Taken together these data suggest that Giardia mediates the reduction of cytokines via
TLR2 by activating AKT, p38, and ERK (Li et al., 2017).
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Figure I-2: The multiple roles of intestinal epithelial cells during Giardia infections.
The intestinal epithelium normally provides a secure barrier against invading microbes. (A)
During Giardia colonization of the small intestine, permeability increases resulting in the
translocation of intact microbes and/or microbial antigens into the lamina propria. Innate
immune cells (e.g., macrophages and dendritic cells) become activated and initiate the
downstream adaptive responses. Which host receptors and parasite ligands serve to activate these
responses are unclear, and other than IL-6, the cytokines which drive development of adaptive
responses are unknown. (B) Adaptive responses include IgA production by B cells, IL-17
production by CD4+ Th17 cells and activation of CD8+ T cells, which contribute to protection or
immunopathology as described in the text. In response to IL-17, intestinal epithelial cells (IECs)
secrete antimicrobial proteins and transport IgA into the lumen where they can aid in Giardia
protection, but also impact the commensal microbes. (C) Additionally, in response to Giardia,
IECs can produce nitric oxide to aid in protective immunity and also release chemokines to
recruit innate immune cells. (D) Activation of CD8+ T cells induces pathological symptoms
including microvilli shortening and reduced dissacharidase activity through an unknown
mechanism. Reprinted from (Fink and Singer, 2017).
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CHAPTER 2: PROLIFERATION OF RESIDENT MACROPHAGES IS DISPENSABLE FOR PROTECTION
DURING GIARDIA DUODENALIS INFECTIONSb
2.1 Chapter Overview
Infection with the intestinal parasite Giardia duodenalis is one of the most common
causes of diarrheal disease in the world. Previous work has demonstrated that the cells and
mechanisms of the adaptive immune system are critical for clearance of this parasite. However,
the innate system has not been as well studied in the context of Giardia infection. We have
previously demonstrated that Giardia infection leads to the accumulation of a population of
CD11b+, F4/80+, ARG1+, NOS2+ macrophages in the small intestinal lamina propria. In this
report, we sought to identify the accumulation mechanism of duodenal macrophages during
Giardia infection and to determine if these cells were essential to the induction of protective
Giardia immunity. We show that F4/80+, CD11b+, CD11cint, CX3CR1+, MHCII+, Ly6C-,
ARG1+, and NOS2+ macrophages accumulate in the small intestine during infections in mice.
Consistent with this resident macrophage phenotype, macrophage accumulation does not require
CCR2, and the macrophages incorporate EdU, indicating in situ proliferation rather than the
recruitment of monocytes. Depletion of macrophages using anti-CSF1R did not impact parasite
clearance nor development of Treg or Th17 cellular responses, suggesting that these
macrophages are dispensable for protective Giardia immunity.

Published Manuscript: Fink, M.Y., Maloney, J., Keselman, A., Li, E., Menegas, S., Staniorski, C., and Singer, S.M.
(2019). Proliferation of Resident Macrophages Is Dispensable for Protection during. Immunohorizons 3, 412-421.
*Italicized text was added after publication of this manuscript
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2.2 Introduction
Giardia duodenalis (syn. G. intestinalis, G. lamblia) is one of the most common
intestinal parasites in the world. Giardia is spread through fecal-oral transmission with
infections initiated through the ingestion of cyst-contaminated drinking water or food. As such,
disease burdens are highest in regions where access to clean water is limited. Recently, the
MAL-ED study found that subclinical Giardia infections were associated with childhood
stunting, yet not necessarily correlated to symptomatic diarrhea; thus, infections with Giardia
contribute to childhood malnutrition (Rogawski et al., 2018). Paradoxically, Giardia is also
associated with a reduced risk of moderate-severe diarrhea (Hollm-Delgado et al., 2008; Kotloff
et al., 2013; Muhsen et al., 2014; Muhsen and Levine, 2012). Acute infections with this noninvasive protozoan can manifest with symptoms typical of intestinal distress or be sub-clinical.
In addition, long term effects such as post-infectious irritable bowel syndrome and chronic
fatigue syndrome have been reported (Hanevik et al., 2017; Hanevik et al., 2011; Hanevik et al.,
2012; Litleskare et al., 2015; Morch et al., 2009). Adding to this intrigue, symptomatic patients
may not exhibit mucosal inflammation despite having diarrhea, diffuse shortening of the
intestinal microvilli, absorptive deficiencies, and epithelial barrier disruption (Buret et al., 1990b;
Buret et al., 2002; Chin et al., 2002; Oberhuber and Stolte, 1997). The causes for this variation
in clinical manifestations and outcomes are still poorly understood, but the host immune
response has been reported to play a role in the pathology associated with Giardia infection.
Previous work from our lab suggests that T cells are critical for clearance of Giardia infections
(Heyworth et al., 1987; Singer and Nash, 2000a) and also contribute to immunopathology
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(Keselman et al., 2016). Recent work has also shown that IL-17 is the major T cell cytokine
necessary for protective immunity against Giardia (Dann et al., 2015; Dreesen et al., 2014; Grit
et al., 2014a; Paerewijck et al., 2017; Singer, 2016). However, it is unclear which innate cells
are responsible for the initial recognition of the Giardia parasite and the activation of T cells.
Myeloid cells, such as macrophages and dendritic cells, function as initiators of
immunity though the use of pattern recognition receptors and also activators of T-cell
proliferation and differentiation. Dendritic cells and their importance to protective Giardia
immunity has been described, as these cells are a significant source of Interleukin-6 (IL-6)
during Giardia-infections and infected IL-6 deficient mice have a defect in parasite clearance
(Bienz et al., 2003; Kamda et al., 2012; Zhou et al., 2003). In contrast, the role of macrophages
has not been as well studied, despite their ability to recognize pathogens and contribute to
activation of downstream immune responses. Moreover, little work has been done to understand
the role of macrophages in vivo during Giardia infections.
Our lab has previously identified an increase in a population of intestinal macrophages
following G. duodenalis infection that expresses both nitric oxide synthase 2 (NOS2) and
arginase 1 (ARG1) (Maloney et al., 2015), markers that are used to distinguish between
canonical macrophage subsets: inflammatory M1 (NOS2+) and regulatory M2 (ARG1+)
macrophages. Similarly, following Giardia muris infections in IL-10-deficient mice there is an
expansion of colonic CD11b+, CD11c- macrophages, that resulted in the inflammation of the
colon, suggesting that macrophages have a role in downregulating inflammatory signals in wildtype mice (Dann et al., 2018). In murine primary cell cultures, thioglycollate-derived peritoneal
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macrophages also were reported to release extracellular traps in response to Giardia trophozoites
to ensnare parasites (Li et al., 2018) and human macrophages are also reported to be able to
phagocytize Giardia trophozoites (Belosevic and Daniels, 1992; Hill and Pearson, 1987; Hill and
Pohl, 1990). However, beyond these reports it is unclear if macrophages have an important
influence on Giardia immunity. As such, the goals of this study were to further define the
phenotype of accumulating duodenal macrophages, to determine the mechanism of macrophage
accumulation during infection, and to assess the role of these cells in Giardia immunity as
possible activators of T cells or as effector cells contributing to control of the infection.
In this study, we further define the phenotype of accumulating macrophages to be F4/80+,
CD11b+, CD11cint, CX3CR1+, MHCII+, Ly6C- cells that express both ARG1 and NOS2. We
also show that macrophage accumulation was not impeded in CCR2-/- mice and, instead, EdU
proliferation studies revealed that tissue resident macrophages accumulate within the intestine
after infection. Lastly, we show that depletion of macrophages does not inhibit parasite
clearance and that induction of critical Th17 cellular responses were not impacted, suggesting
that macrophages are dispensable for protection.

2.3 Materials and Methods
2.3.1 Parasites Culture, Infections, and Counts
G. lamblia (strain GS/M/H7) was obtained from ATCC, Manassas, VA (catalog #:
50581). Parasites were cultured in standard TYI-S-33 medium supplemented with bovine
bile, L-cysteine, ascorbic acid, and an antibiotic-antimycotic solution (Sigma-Aldrich, St. Louis,
MO). In preparation for infection, Giardia trophozoites were thoroughly washed in phosphate
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buffered saline (PBS) for several cycles and then resuspended in PBS. Mice were infected via
gavage with 1 x 106 Giardia trophozoites in 0.1 mL of PBS. Following euthanasia, parasites
were counted from intestinal segments extracted from infected animals by icing duodenum
segments (3-5 cm immediately distal to the ligament of Treitz) for 30 minutes in PBS. Intestinal
sections were then minced and trophozoites were counted on a hemocytometer.
2.3.2 Mice
C57BL/6J, CCR2-/- (B6.129S4-Ccr2tm1Ifc/J), and CX3CR1-GFP (B6.129P2(Cg)Cx3cr1tm1Litt/J) mice were obtained from Jackson Laboratories (Bar Harbor, ME) and kept under
specific-pathogen-free conditions at Georgetown University. CX3CR1-GFP were bred at
Georgetown University and all littermates were used for comparative infection experiments. All
experiments were performed with the approval of the Georgetown University Animal Care and
Use Committee.
2.3.3 Isolation of Intestinal Lamina Propria Cells
Intestinal segments from individual mice were digested to liberate cells residing within
the duodenal lamina propria of the small intestine (Koscsó et al., 2015). Briefly, segments were
excised, Peyer’s patches removed, and intestinal segments were opened longitudinally.
Segments were then minced into small segments, and washed in Complete Medium (CM)
(Hanks’ balanced salt solution supplemented with 2% fetal bovine serum, and 1X antibioticantimycotic solution) with 1mM Dithiothreitol (DTT) for 15 min at 37°C within a shaking
incubator to remove luminal mucous. Segments were then washed with CM and 1.3mM EDTA
as before to remove epithelial cells. Tissues were washed three times with CM and then
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resuspended in RMPI 1640 supplemented with 2% fetal bovine serum, 1X antibiotic-antimycotic
solution, 1 mg/mL Type IV collagenase and 0.5 mg/mL DNAse (Digestion Medium) and
digested at the same speed and temperature with shaking to digest tissue. Finally, tissues were
passed through a 40 µm cell strainer in preparation for staining. If intestinal segments were
pooled for digestion, the pooled duodena were fractionated to collect lamina propria cells as
described (Sheridan and Lefrançois, 2012). After enzymatic digestion, the lamina propria
fraction was separated on a Percoll (Sigma-Aldrich) gradient in order to enrich for leukocytes
and remove dead cells.
2.3.4 Flow Cytometry
Lamina propria cell preparations were washed in PBS, and cells were stained with
LIVE/DEAD Fixable Violet Stain (Invitrogen) for 30 minutes at 4°C in the dark. Cells were FcR
blocked with TruStain FcX (anti-mouse CD16/32 Antibody) (Biolegend) for 15 minutes at room
temperature in the dark, and then immediately stained for cellular surface markers with
fluorophore conjugated antibodies against F4/80, CD11b, CD11c, MHCII, Ly6C, CD3, CD4,
and CD8 (all Biolegend) for 20 minutes at 4°C. If staining for intracellular proteins, cells were
fixed and permeabilized using the True-Nuclear Transcription Factor Buffer Set (Biolegend).
Intracellular staining with fluorophore conjugated antibodies ARG1 (R&D systems), NOS2
(Santa Cruz Biotech), RORγt, FOXP3 (eBioscience), and T-BET (Biolegend) were performed
for 1 hour at room temperature. Isotype matched control antibodies were tested simultaneously
for all stains. Stained cells were analyzed using a FACStar Plus dual laser system (Becton
Dickinson) and FCS express version 6.0 software (DeNovo Software).
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2.3.5 EdU Labeling
C57BL/6J mice received 5-Ethynyl-2´-deoxyuridine (EdU) in drinking water at a
concentration of 0.2 mg/mL from days 3-7 post infection. Drinking bottles were covered in foil
to prevent light-mediated degradation and EdU-water was replenished at day 5. The
incorporation of EdU into small intestinal lamina propria cells was assessed using the Click-iT®
Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen) per the manufacturer’s
protocol. All other antibody staining was done as previously described.
2.3.6 Macrophage Depletion Studies
Anti-CSF1R (CD115) monoclonal antibody (clone AFS98) (Bio X cell; Lebanon, NH)
was used to deplete macrophage populations in C57BL/6J mice and control mice received antitrinitrophenol IgG2a isotope control antibody (clone 2A3) (Bio X cell; Lebanon, NH). All mice
received 1.0 mg of control or depletion antibody on day -1 and day 0 (infection day); mice then
received 0.5 mg of antibody on days +3 and +5.
2.3.7 Real-Time PCR
Small intestinal tissue was collected from all groups following the 7-day infection.
Segments were homogenized in TRIzol (Invitrogen) and total RNA extracted following the
manufacturer’s protocol. RNA (500 ng input) from each sample underwent gDNA treatment and
then reverse transcribed to cDNA using an iScript gDNA Clear cDNA Synthesis Kit (Bio-rad)
following the manufacturer’s protocol. Genes were amplified using validated PrimePCR Primers
(BioRad) for IL-10 (qmmuced0044967), TNF-α (qmmuced0004141), IL-6 (qmmucid0005613),
IL-23p19 (qmmuced0045759), and IL-17A (qmmucid0026592) and expression was normalized
32

to GAPDH (qmmuced0027497). Real-time PCR was performed on cDNA with the primers
listed above on a CFX 96 cycler (Bio-Rad) using Power SYBR Green PCR Master Mix (Applied
Biosystems). All samples were assayed in triplicate and analyzed using the ΔΔCT method to
assess relative fold change for IL-10, TNF-α, IL-6, IL-23p19, and IL-17A.
2.3.8 Statistical Analysis
Statistical significance was determined using a one-tailed test for macrophage depletion
assessment and two-tailed t tests for other flow cytometry plots, MFI comparisons, and qRTPCR fold statistics. All statistical tests, analyses, and graphs were performed with GraphPad
PRISM 8.0 software (La Jolla, CA).

2.4 Results
2.4.1 F4/80+, CD11b+, CD11cint, CX3CR1+, MHCII+, Ly6C-, Cells Accumulate in the Mouse
Small Intestine Following Infection
To characterize macrophages of the small intestine during Giardia duodenalis infection,
intestinal cells residing in the lamina propria were collected from the duodenum of CX3CR1GFP (Fig. II-1) mice seven days after infection and compared to uninfected control mice. The
collected cells were stained with antibodies against CD45, Siglec-F, Ly6C, F4/80, CD11b,
CD11c, Ly6C, and MHCII to phenotype macrophages and distinguish them from other cells of
myeloid lineage (Murray and Wynn, 2011). CXC3CR1 was also assessed through the detection
of endogenous GFP using CX3CR1-GFP reporter mice. After a 7-day infection, we report a
significant increase in the frequency and total cell number of F4/80+, CD11b+ duodenal
33

macrophages in Giardia –infected mice when compared to uninfected mice (Fig. II-1A, II-1B).
When this macrophage population was further examined, flow cytometry revealed that F4/80+,
CD11b+ macrophages additionally express high levels of CX3CR1 (Fig II-1D, II-1E) and MHCII
(Fig. II-1E). These cells also displayed a predominately intermediate level of CD11c expression
(Fig. II-1C), however we did detect a minimal increase in CD11chi expressing macrophages.
Additionally, these macrophages also had little to no expression of Ly6C when compared to
uninfected control groups (Fig. II-1D). We have previously reported an accumulation of ARG1
and NOS2 expressing macrophages in the small intestine during Giardia infection (Maloney et
al., 2015), and this expression was confirmed in the macrophages described here (Fig. II-2). The
cells described (F4/80+, CD11b+, CD11cint, CX3CR1+, MHCII+, Ly6C-) here are consistent with
expansion of resident macrophages (Cerovic et al., 2014).
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Figure II-1: Phenotypic characterization of duodenal macrophage in response to Giardia
infection. CX3CR1-GFP mice were infected with 1x106 Giardia trophozoites on day 0 and
euthanized on day 7. Staining for F4/80 is shown in combination with CD11b (A), CD11c (C),
Ly6C (D), and MHCII (E). CX3CR1 expression was assessed through the detection of
endogenous GFP. Cells are gated on Live, CD45+, Ly6G-, Siglec-F- cells. (A) F4/80 and CD11b
staining was examined on cells from duodenum and jejunum of uninfected and infected mice;
and (B) the comparative cell frequencies and total numbers of F4/80+, CD11b+ macrophages (in
the red boxes in (A) are shown for individual mice. (C-E) Surface expression of CD11c (C),
Ly6C (D), and MHCII (E) of F4/80+, CD11b+ macrophages are shown as red dots with black
dots representing F4/80-, CD11b- cells. All flow cytometry plots are shown from one individual
mouse from the uninfected and infected groups and are representative of three mice/group. Flow
cytometry density plots were adjusted with smoothing = 20. Flow cytometry data are
representative of two independent experiments using CX3CR1-GFP mice. Error bars represent
mean ± SEM. Each circle represents data from one mouse with * P < 0.05 by a two-tailed t-test.
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2.4.2 Macrophages Accumulate in the Duodenum of CCR2-/- Mice during Giardia Infection
During infections, macrophages are often recruited to the tissue in a CCR2 dependent
manner (Boring et al., 1997; Kurihara et al., 1997). To determine if the macrophages described
here represent an expansion of resident cells rather than the recruitment of blood monocytes to
the intestine, we assessed macrophage accumulation during Giardia infection using CCR2deficient mice. CCR2-/- mice and C57BL/6J (WT) control mice were infected with Giardia
trophozoites and macrophages were collected from the duodenum of mice seven days after
infection and from uninfected controls. We have previously reported that ARG1, NOS2 dual
expressing macrophages accumulate in the intestine following infection with Giardia (Maloney
et al., 2015) and used these markers to assess accumulation in this experiment. Macrophage
accumulation was unaffected by CCR2 deficiency supporting in situ expansion as the source of
these cells (Fig. II-2). Parasite burdens were measured from WT and CCR2-/- duodenum at day
seven to determine if CCR2-dependent recruitment is required for parasite clearance; however,
no significant difference in parasite burden was detected between CCR2-/- mice and WT mice
(data not shown). Collectively, these data indicate that CCR2 expression is not required for
macrophage accumulation or parasite clearance during Giardia infection.
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Figure II-2: Macrophage accumulation occurs in CCR2-/- mice during infection. Mice were
infected with 1x106 trophozoites on day 0 and euthanized at day 7. Staining for F4/80 is shown
in combination with CD11b, ARG1, and NOS2 in CCR2-/- and wild-type C57BL/6J mice. Flow
cytometry plots represent pooled intestines of four mice per group.
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2.4.3 Duodenal Macrophages Proliferate in situ during Giardia Infection
As CCR2 deficiency did not interfere with macrophage accumulation in this model, we
next asked if tissue resident macrophage proliferation was occurring in response to infection. To
determine if resident macrophages proliferate in response to Giardia infection, infected mice and
uninfected controls were administered 5-ethynyl-2’-deoxyuridine (EdU). EdU is a thymidine
analog that is incorporated into the DNA of replicating cells and can be used to measure cellular
proliferation (Salic and Mitchison, 2008). EdU was added to the drinking water of C57BL/6J
mice at a dosage 0.2 mg/mL of EdU in their drinking water from days 3-7. Using flow
cytometry analysis, we detected greater incorporated EdU levels and higher numbers of EdU+
cells in F4/80+, CD11b+, CD11c+ cells derived from Giardia infected mice when compared to
uninfected controls (Fig. II-3A). Macrophages isolated from the infected group also had a
greater average mean fluorescence intensity (MFI) (2643.89±150.02) when compared to
uninfected mice (1228.42±127.48) that was statistically significant (Fig. II-3B). These data
indicate that the accumulation of macrophages during Giardia infection results from the
proliferation of tissue resident macrophages.
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Figure II-3: Macrophage accumulation is due to in situ proliferation during Giardia
infection. Wild-type C57BL/6J mice were infected with 1x106 trophozoites on day 0 and
euthanized on day 7. An EdU incorporation assay was used to detect proliferation of cells within
the intestine. EdU was given at a concentration of 0.2 mg/mL in drinking water from day 3-7
post infection. (A) Histogram shows detection of EdU+ macrophages using flow cytometry.
Each line represents macrophages (CD11b+, CD11c+, F4/80+ cells) from an individual mouse
and uninfected mice are shown in black lines and Giardia infected mice using red lines. (B)
MFIs of EDU+ macrophages were also compared between both groups. Cells are triple-gated on
F4/80+, CD11b+, CD11c+ cells. Infection and proliferation data are representative of two
independent trials with 4 mice per group. Error bars represent mean ± SEM. Each circle and
square represents data from one mouse with *** P < 0.0005 by a two-tailed t-test.
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2.4.4 Depletion of Macrophages Does Not Affect Infection Outcome
To determine if tissue macrophages contribute to the development of immune responses
to Giardia, we depleted macrophages in vivo using a monoclonal antibody specific for Colony
stimulating factor-1 receptor (CD115, CSF1R). CSF-1 is required for the maturation and
replacement of tissue resident macrophages; thus, mice deficient in CSF-1 signaling also exhibit
a substantial decrease in F4/80+ macrophages in tissues (Arnold et al., 2016; Koscsó et al., 2016;
MacDonald et al., 2010). C57BL/6J mice were treated with anti-CSF1R or isotype control
antibody prior to infection with Giardia and throughout the seven-day infection. Flow cytometry
analysis revealed reduced numbers of duodenal macrophages at day seven of infection in mice
that had received the depleting antibody (Fig. II-4A, II-S1A); however, parasite burden
following infection did not change between mice receiving depleting or control antibody (Fig. II4B). Flow cytometry also revealed an increase in the frequency of CD3+, CD4+ T helper cells
(Th-cells) (Fig. II-4C, II-S1B) along with a reduction in the frequency of CD3+, CD8+ cytotoxic
T cells in infected groups (Fig. II-4C). Macrophage depletions did not affect overall CD3+ cell
changes between control antibody-treated and depletion antibody-treated groups (Fig. II-4C). In
this trial, we were unable to report total cell numbers for each population; thus it is possible that
our reported increase in CD3+, CD4+ T-cell frequencies are increased due to the depletion of
macrophage populations rather than an actual increase in T cell numbers. Our lab has
previously published that infection of C57BL/6 mice with Giardia is able to greatly increase the
frequency of CD4+T cells in the LP (Keselman et al., 2016), suggesting that an actual increase in
T cells is likely. Of course total cell numbers were not determined in that study either.* When
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compared to past trials (Fig. II-S1), the data for this trial did not see an increase in the
macrophage population of the infected control antibody treated group and anti-CSF1R depletion
did not seem as efficient (Fig. II-S1A), however in both trials, no parasite clearance defect was
apparent (Fig. II-2B) and the proliferation of critical CD4+ T helper cells were still induced (Fig.
II-4C, II-S1B). Intracellular staining of RORγt, FoxP3, and Tbet transcription factors was
conducted to assess any changes to the proportion of Th17, Treg, and Th1 T-cell subsets,
respectively, during macrophage depletion. When compared to control mice, infected groups
were still able to increase frequency of RORγt+ Th17 cells regardless of macrophage depletion
(Fig. II-4D). Moreover, a decrease in the frequency of Treg and Th1 cells also occurred when
comparing the same groups. This increase in Th17 cells was consistent with a 5-fold increase of
IL-6 mRNA levels in the infected-control group and an 8.5-fold increase in the infected depleted
group, based on qRT-PCR analysis of whole gut tissue (Fig. II-4E). IL-17A expression was also
examined using qRT-PCR, and all Giardia-infected group samples amplified during this assay,
however we are unable to report fold-increase for IL-17A as both control Ab and depletion Ab
groups for uninfected mice were unable to amplify within forty cycles, suggesting these samples
had little to no IL-17A transcript available. Depletion of macrophages did not significantly
affect mRNA levels of IL-10, TNF-α, or IL-23p19 during infection (Fig. II-4E). Collectively,
these data suggest that macrophages are dispensable for parasite clearance and for the
development of T-cell responses during Giardia infections.
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Figure II-4: Depletion of murine macrophages does not affect infection outcome. Flow
cytometry analysis of intestinal lamina propria-derived (A) F4/80+, CD11b+ macrophages, (C)
CD3+ T cells and (D) CD4+ Th-cell subsets. All immune cells were extracted from: uninfected
or Giardia-infected mice treated with either isotype control Ab (circle, up-facing triangle) or
anti-CSF1R depletion Ab (square, down-facing triangle). (B) Parasite counts from C57BL/6J
mice that were infected with the GS strain of Giardia for 7 days and treated with anti-CSF1R
depletion antibody or isotype control antibody. Trophozoites were counted from murine
duodenum with four mice per group. (E) Gene expression of intestinal cytokines extracted from
one cm of whole murine duodenum using TRIzol based RNA purification methods. Quantitative
real time PCR was used to examine fold changes of IL-10, TNF-α, IL-23p19 (IL-23a), IL-6, and
IL-17A (not detected in uninfected groups) within the duodenum during infection and compared
to mice that were uninfected and treated with the isotype control Ab. Bar graphs represent mean
± SEM. Flow cytometry and parasite counts data are representative of two independent
experiments and cytokine expression data is from trial 2. Each circle and square represent data
from one mouse with (A)* P < 0.05, ** P < 0.005, *** P < 0.001 by one-tailed t-test and (B-E) *
P < 0.05, ** P < 0.005, *** P < 0.001 by two-tailed t-test.
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Figure II-S1: CSF1R monoclonal antibody is capable of depleting murine duodenal
macrophages. Flow cytometry analysis of intestinal lamina propria-derived (A) F4/80+,
CD11b+ macrophages and (B) CD3+, CD4+ T cells. Cells were isolated from the lamina propria
of the small intestine of uninfected and Giardia-infected mice treated with either isotype control
Ab (circle) or anti-CSF1R depletion Ab (square). Each circle and square represent data from one
mouse with (A) * P < 0.05, ** P < 0.005, *** P < 0.001 by one-tailed t-test and (B)* P < 0.05
by two-tailed t-test.
2.5 Discussion
In this report, we sought to determine the mechanism leading to accumulation of
duodenal macrophages during Giardia duodenalis infection and to determine if these cells were
essential to the induction of protective Giardia immunity. We show that a population of F4/80+,
CD11b+, CD11cint, CX3CR1+, MHCII+, Ly6C-, ARG1+, and NOS2+ macrophages accumulate in
the mouse small intestine during Giardia infection. Consistent with a tissue resident macrophage
phenotype, we show that these macrophages accumulate in the small intestine through
proliferation rather than the recruitment of monocytes. However, macrophage depletion studies
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did not impact parasite clearance, and critical Th17 cellular responses were still induced and
activated, suggesting that these macrophages are dispensable for protective Giardia immunity.
Historically, the separation of macrophages and dendritic cells was based on the
expression of F4/80 and CD11c/MHCII, however it has been demonstrated that within the
intestine these cells are able to express either of these canonical markers (Cerovic et al., 2014).
As every unique myeloid cell phenotype may have a different effector role or represent a
particular developmental stage in immunity, it was critical for us to further refine the surface
phenotype of accumulating cells. We observe the accumulation of a macrophage population
lacking Ly6C, expressing intermediate levels of CD11c, and high levels of F4/80, CD11b,
MHCII, and CX3CR1. This phenotype is associated with mature resident macrophages rather
than phenotypes of recruited monocytes (Bain and Mowat, 2014; Cerovic et al., 2014). The
classification of these cells as resident macrophages is further supported by their expansion in the
intestine of Giardia infected CCR2 deficient mice. This model differs from other studies of
macrophage recruitment during infection and inflammation. In murine infection models using
Toxoplasma gondii (Dunay et al., 2008; Grainger et al., 2013), Citrobacter rodentium (Kim et
al., 2011), and herpes simplex virus-2 (Iijima et al., 2011), Ly6Chi monocytes reportedly
accumulate in infected tissues to control infection and do so in a CCR2 dependent manner.
These Ly6Chi monocytes then differentiate into Ly6C- macrophages through a process that takes
about five days to complete. In this model, Ly6Chi, MHCII-, CX3CR1int monocytes enter
intestinal tissue and first increase MHCII expression while gradually decreasing Ly6C
expression as they differentiate into macrophages (Bain et al., 2014; Bain et al., 2013;
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Tamoutounour et al., 2012; Zigmond et al., 2012). These MHCIIhi macrophages can then be
separated based on CX3CR1 expression, with the larger population of CX3CR1hi cells being the
most mature resident gut macrophages (Bain et al., 2014; Shaw et al., 2018; Tamoutounour et al.,
2012; Zigmond et al., 2012).
In murine models of colitis, the overall regulatory effects of CX3CR1hi resident cells are
overcome by the inflammatory effects of CX3CR1int cells that are derived from Ly6Chi cells to
promote inflammation (Tamoutounour et al., 2012; Zigmond et al., 2012). In contrast to these
past reports, our findings suggest that during murine Giardia infections, the responding intestinal
macrophages do not phenotypically resemble Ly6Chi cells and instead appear to be resident
macrophages.
The macrophage population reported here was found to be dispensable for parasite
clearance during Giardia infection. However, these cells may play an important role in immune
regulation during infection. Intestinal macrophages are spatially located right beneath the
epithelial cell monolayer and are functionally characterized by their highly active phagocytic
activity of not only foreign antigen (Smythies et al., 2005), but also host cellular debris, such as
apoptotic cell bodies (Cummings et al., 2016; Lauber et al., 2003; Smith et al., 2011). It is well
reported that Giardia trophozoites induce apoptosis of host cells during infection. Increased
rates of epithelial apoptosis were reported in human biopsies of patients suffering from chronic
Giardia-infections when compared to control samples (Troeger et al., 2007), and in cell culture,
human intestinal epithelial cells initiated apoptosis in a caspase-3 dependent manner when
exposed to Giardia trophozoites (Chin et al., 2002; Panaro et al., 2007). Similarly, increased
45

rates of apoptosis were also induced when Caco2 cells were exposed to Giardia excretorysecretory products (Koh et al., 2013; Ma'ayeh et al., 2017). Within this context, rather than
supporting protective immunity, it is possible that the accumulation of resident macrophages
may be involved in the maintenance of the epithelial barrier through clearance of epithelial cell
apoptotic bodies caused by Giardia. This clearance and maintenance process is associated with
macrophages that exhibit regulatory characteristics (Mosser and Edwards, 2008). An increase in
regulatory macrophages could also be a potential mechanism for limiting mucosal inflammation
during symptomatic Giardia infection.
Intestinal macrophages often display a regulatory role, helping to limit inflammatory
responses against intestinal microbes. These cells downregulate many TLR signaling molecules
associated with the inflammatory response (Smythies et al., 2010) and increase expression of IL10 (Bain et al., 2013; Rivollier et al., 2012) to reduce any inflammatory signals. Our lab has
previously shown that ARG1+, NOS2+ macrophages accumulate in the duodenal lamina propria
following infection (Maloney et al., 2015) and resemble myeloid-derived suppressor cells
(Gabrilovich and Nagaraj, 2009). An accumulation of these cells has also has been reported in
other parasitic infection models and functionally are reported to act in an immunosuppressive
capacity (Goñi et al., 2002; Voisin et al., 2004). The expansion of CD11b+, CD11cmacrophages during G. muris infection in IL-10 deficient mice resulted in the inflammation of
the colon, suggesting that macrophages normally have a regulatory role and suppress intestinal
inflammation during giardiasis (Dann et al., 2018). Whether or not the macrophage population
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reported here contributes to immune regulation or the suppression of inflammation remains to be
fully elucidated.
Intestinal macrophages may also play a role integrating immune responses among diverse
microbes within the intestinal tract. Within the field of Giardia immunity, it is quite clear that
the intestinal microbiota not only provides protection against this parasite (Fink and Singer,
2017; Keselman et al., 2016; Singer and Nash, 2000b), but also more broadly, has an effect on
the induction of intestinal immune cells (Furusawa et al., 2013; Ivanov et al., 2009). Moreover,
data from the Global Enteric Multi-center Study (GEMS) suggest that the presence of Giardia
reduces moderate-to-severe diarrhea during co-infection with other enteric pathogens (Kotloff et
al., 2013; Muhsen et al., 2014; Muhsen and Levine, 2012). As resident macrophages are longlived (Shaw et al., 2018), a Giardia–induced accumulation of resident macrophages may aid in
control of other pathogens or in limiting the pathology caused by these other pathogens. These
mechanisms, however, remain speculative at this point.
MHCII expression in our reported macrophage population was high. Yet these intestinal
macrophages did not appear to be effective at the initiation of naïve T-cell activation. In our
studies, the frequency of CD3+, CD4+ T cells still increased as expected following infection, and
various CD4+ T-cell subsets were similar between control and macrophage-depleted groups.
Thus, while naïve CD4+ T cells appear to be activated normally after macrophage depletion, it
remains possible that MHCII expression on these macrophages plays a role in antigen
presentation to effector T cells in the gut, which then leads to the maintenance and proliferation
of antigen-specific T cells. A previous study with OT-II transgenic T cells and adoptive transfer
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of CX3CR1+ macrophages suggest that MHCII-dependent antigen presentation by resident
macrophages is important for aiding in T-cell proliferation and differentiation of effector T-cell
populations, rather than driving differentiation of naïve T cells within the lamina propria (Kim et
al., 2018).
Despite the accumulation of macrophages with a potentially regulatory phenotype, our
depletion studies suggest that macrophages are not critical players in protective Giardia
immunity nor do they have any regulatory effect on the induction of T-cell differentiation.
Importantly, IL-6 production and the differentiation of RORγt+ Th17 cells (Dann et al., 2015;
Dreesen et al., 2014; Grit et al., 2014a; Paerewijck et al., 2017; Singer, 2016) both appeared
normal in macrophage-depleted mice. This is consistent with our earlier findings that indicate
dendritic cell production of IL-6 is critical for initiation of protective anti-Giardia immunity
(Kamda et al., 2012). It remains to be determined if these macrophages play other roles during
giardiasis, such as limiting or contributing to immunopathogenesis or influencing immune
responses during co-infections. Given the importance of intestinal macrophages in the
recognition of pathogens and shaping of the host immune response, a better understanding of
their role in Giardia protective immunity is merited.
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CHAPTER 3: THE MANNOSE RECEPTOR IN GIARDIA IMMUNITYc
3.1 Chapter Overview
Giardia duodenalis is one of the most common intestinal parasites and causes of
diarrheal disease in the world. However, it is unknown what innate recognition mechanisms the
immune system uses to initiate protective or pathologic immune responses. Toll-like receptors
have been examined as a possible recognition mechanism, yet it is unclear if these pattern
recognition receptors are used in a biologically meaningful way. Our lab has previously reported
that Mannose Binding Lectin is important in protective immunity through the recruitment of
mast cells. This lectin engages with N-acetyl-glucosamine (GlcNAc) residues located on
proteins produced by the Giardia parasite. The goal of this study was to evaluate the role of the
Macrophage Mannose Receptor (MR) in the induction of protective immunity since this receptor
has similar specificity to MBL. We report a significant parasite clearance defect in micedeficient for MR that lasts for 14 days post infection. Next, we show no difference or inhibition
in the production of Giardia-specific IgA in mice that lack the mannose receptor. Lastly, we
show that mast cell recruitment appears to be inhibited in mannose-deficient mice when
compared to littermate controls, suggesting the defect in parasite clearance may be due to the
loss of mast cells during infection.

Manuscript in Preparation: Fink MY, Coelho CH, Angelova VA, Menegas SA, Li EL, Singer, SM. (2019). The
Macrophage Mannose Receptor mediates Mast Cell Recruitment during Infection with Giardia.
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3.2 Introduction
Giardia duodenalis (syn. G. intestinalis, G. lamblia) is one of the most common
intestinal parasites in the world and lives a biphasic lifestyle as a dormant infectious cyst or
vegetative trophozoite. Giardia is spread through fecal-oral transmission with infections
initiated through the ingestion of cyst-contaminated drinking water or food, and human
infections (giardiasis) are highest in regions where access to clean water is limited. Recently, the
MAL-ED study found that subclinical Giardia infections were associated with childhood
stunting, yet not necessarily correlated to symptomatic diarrhea; thus, infections with Giardia
contribute to childhood malnutrition (Rogawski et al., 2018). Paradoxically, Giardia is also
associated with a reduced risk of moderate-severe diarrhea (Hollm-Delgado et al., 2008; Kotloff
et al., 2013; Muhsen et al., 2014; Muhsen and Levine, 2012).
A critical point in this parasite’s infection cycle is the colonization and attachment of
trophozoites to the mucosa of the small intestine and it is thought that carbohydrate structures on
the surface of Giardia aid in this attachment process (Evans-Osses et al., 2010). Interestingly,
both forms of Giardia have relatively simple carbohydrate modifications of both secreted and
membrane-bound proteins when compared to higher-ordered eukaryotes (Samuelson et al.,
2005). Giardia lacks glycostransferases that add mannose and glucose to N-glycan precursors
and produces severely truncated precursors containing two N-acetyl-glucosamines (GlcNAc2)
(Samuelson et al., 2005). This carbohydrate residue is not only are the major sugar added to
Giardia glycoproteins (Samuelson et al., 2005), but also is found on the surface of Giarda
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trophozoites and is capable of inducing host immune responses (Evans-Osses et al., 2010; Li et
al., 2016).
Lectins play key roles in early recognition of pathogens by the immune system and at
least one lectin thus far is capable of targeting Giardia. Mannose binding lectin (MBL), a C-type
lectin, was reported to bind the surface proteins of Giardia trophozoites (Ratner et al., 2008;
Ward et al., 1988) and mediate cell lysis through the complement system (Evans-Osses et al.,
2010). During infection, MBL is expressed in the murine small intestine (Tako et al., 2013) and
infected mice that were deficient in MBL displayed defective in parasite clearance and
recruitment of mast cells (Li et al., 2016). It was also reported that these deficits were dependent
on C3a signaling via C3a receptor as mice lacking C3aR exhibited the same delayed-clearance
phenotype as infected MBL-deficient mice. Moreover, significantly reduced T-cell cytokine
responses against parasite antigens following infection were observed in C3aR deficient mice,
although IgA levels within the small intestine were unaffected (Li et al., 2016). These results
have been generally confirmed using the G. muris infection model (Paerewijck et al., 2017)
suggesting that this pathway may also be relevant to human giardiasis. Taken together, these
results indicate a role for the lectin pathway in not only activating, but also mediating
downstream immune responses during infection. However, it is still unclear if other lectin
recognition mechanisms are used for protection during Giardia infections.
The Macrophage Mannose Receptor (MR, CD206) is a pattern recognition receptor that
is found on innate immune cells such as macrophages, dendritic cells, and epithelial cells
(Martinez-Pomares, 2012). This receptor contains a C-type lectin domain that is capable of
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binding terminal mannose, fucose, or GlcNAc residues of glycoproteins (Taylor et al., 2005). At
steady state, 10-30% of the MR is expressed on the surfaces of cells while the remaining
percentage is localized internally (Gazi and Martinez-Pomares, 2009). The MR is classically is
considered an endocytic receptor that mediates the clearance of endogenous glycoproteins to
maintain tissue homeostasis (Lee et al., 2002); however this receptor is capable of recognizing
various pathogens such as, Candida albicans (Martínez-Pomares et al., 1998; Maródi et al.,
1991), Leishmania (Akilov et al., 2007; Chakraborty et al., 2001), and Trichuris muris
(deSchoolmeester et al., 2009). Interestingly, MR pathogen recognition does not always equate
to immunoprotection as infection studies using MR-deficient mice did not display increased
susceptibility to these pathogens (Akilov et al., 2007; deSchoolmeester et al., 2009; Lee et al.,
2003). Only murine infections with Cryptococcus neoformans resulted in enhanced
susceptibility due to decreased CD4+ T-cell responses in MR-deficient mice (Dan et al., 2008).
More recently, the MR has been implicated in the induction of protective interleukin-17 (IL-17)
responses by human peripheral blood mononuclear cells when exposed to mannan and C.
albicans in cell culture, though this response was dependent on TLR2 and dectin-1 (van de
Veerdonk et al., 2009).
It is well known that CD4+ T cells are essential for the clearance of Giardia (Heyworth et
al., 1987; Singer and Nash, 2000a). Previous reports have showed that Interleukin-6 is vital in
Giardia control (Bienz et al., 2003; Kamda et al., 2012) and this cytokine is known to aid in the
differentiation of IL-17 producing T cells (Th17) that are also are essential for protective Giardia
immunity (Dann et al., 2015; Singer, 2016). Yet, it is unclear how these critical T-cell responses
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are activated or which innate recognition mechanisms are driving downstream adaptive
immunity. As such, the goal of this study was to evaluate the role of the MR in inducing
protective immunity through the recognition of GlcNAc residues located on the Giardia parasite.
We report a significant parasite clearance defect in mice-deficient for MR that lasts for at least
14 days post infection. Moreover, parasite numbers were only different when littermate controls
were compared rather than comparing bred vs Jackson Labs purchased mice. Next, we show no
difference or inhibition in the production of IgA in mice that lack the mannose receptor. Lastly,
we show that mast cell recruitment appears to be inhibited in mannose-deficient mice when
compared to littermate controls, suggesting the defect in parasite clearance may be due to the
loss of mast cells during infection, since mast cells have previously shown to be necessary for
rapid parasite clearance (Li et al., 2004).

3.3 Materials and Methods
3.3.1 Parasites Culture, Infections, and Counts
G. lamblia (strain GS/M/H7) was obtained from ATCC, Manassas, VA (catalog #:
50581). Parasites were cultured in standard TYI-S-33 medium supplemented with bovine bile,
L-cysteine,

ascorbic acid, and an antibiotic-antimycotic solution (Sigma-Aldrich, St. Louis, MO).

In preparation for infection, Giardia trophozoites were thoroughly washed in phosphate buffered
saline (PBS) for several cycles and then resuspended in PBS. Mice were infected via gavage
with 1 x 106 Giardia trophozoites in 0.1 mL of PBS. Following euthanasia, parasites were
counted from intestinal segments extracted from infected animals by icing duodenum segments
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(3-5 cm immediately distal to the ligament of Treitz) for 30 minutes in PBS. Intestinal sections
were then minced and trophozoites were counted on a hemocytometer.
3.3.2 Mice
C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and MR-/(B6.129P2-Mrc1tm1Mnz/J) were gifted from Dr. Catherine Bosio, NIAID (Hamilton, Montana,
USA). All mice strains were kept under specific-pathogen-free conditions at Georgetown
University. Littermates were generated by first backcrossing MR-/- mice for three generations.
Briefly, male MR-/- mice were treated with antibiotics and then bred with female C57BL/6J mice
purchased from Jackson Labs. The resulting male MR+/- progeny were then bred with purchased
female C57BL/6J mice. After the last generation of backcrossing, progeny were intercrossed to
generate MR-/- mice. Subsequent breeding occurred between male MR+/- and female MR-/- to
generate a 1:1 ratio of MR+/- to MR-/-mice. For cohabitation experiments, MR-/- mice were first
treated with an antibiotic cocktail of 1.4 mg/mL Neomycin (Duvet, Blue Spring, MO), 1.0
mg/mL (Sigma-Aldrich, St. Louis, MO) Ampicillin, and 1.0 mg/mL Vancomycin (Hospira, Lake
Forest, IL) for 4 days and then co-housed with C57BL/6J mice for 7 days prior to infection.
Littermates were used for comparative infection experiments. Animal experiments were
performed with the approval of the Georgetown University Animal Care and Use Committee.
3.3.3 Isolation of Intestinal Lamina Propria Cells
Intestinal segments from individual mice were digested to liberate cells residing within
the duodenal lamina propria of the small intestine (Koscsó et al., 2015). Briefly, segments were
excised, Peyer’s patches removed, and intestinal segments were opened longitudinally.
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Segments were then minced into small segments, and washed in Complete Medium (CM)
(Hanks’ balanced salt solution supplemented with 2% fetal bovine serum, and 1X antibioticantimycotic solution) with 1mM Dithiothreitol (DTT) for 15 min at 37°C within a shaking
incubator to remove luminal mucous. Segments were then washed with CM and 1.3 mM EDTA
as before to remove epithelial cells. Tissues were washed three times with CM and then
resuspended in RMPI 1640 supplemented with 2% fetal bovine serum, 1X antibiotic-antimycotic
solution (Thermo-Fisher), 1 mg/mL Type IV collagenase (Thermo-Fisher) and 0.5 mg/mL
DNAse (Digestion Medium) and digested at the same speed and temperature with shaking to
digest tissue. Finally, tissues were passed through a 40 µm cell strainer in preparation for
staining.
3.3.4 Flow Cytometry
Lamina propria cell preparations were washed in PBS, and cells were stained with
LIVE/DEAD Fixable Violet Stain (Invitrogen) for 30 minutes at 4°C in the dark. To reduce
background Ab binding, Fc receptors were blocked with TruStain FcX (anti-mouse CD16/32
Antibody) (Biolegend) for 15 minutes at room temperature in the dark, and then immediately
stained for cellular surface markers with fluorophore conjugated antibodies against F4/80,
CD11b, CD11c, MHCII, CD3, CD4, and CD8 (all Biolegend) for 20 minutes at 4° C. If staining
for intracellular proteins, cells were fixed and permeabilized using the True-Nuclear
Transcription Factor Buffer Set (Biolegend). Intracellular staining with fluorophore conjugated
antibodies RORγt, FoxP3, and T-BET (eBioscience) were performed for 1 hour at room
temperature. Isotype matched control antibodies were tested simultaneously for all stains.
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Stained cells were analyzed using a FACStar Plus dual laser system (Becton Dickinson) and FCS
express version 6.0 software (DeNovo Software).
3.3.5 Real-Time PCR
Small intestinal tissue was collected from mice 7 days following infection or agematched naïve mice. Segments were homogenized in TRIzol (Invitrogen) and total RNA
extracted following the manufacturer’s protocol. RNA (500 ng input) from each sample
underwent genomic DNA removal and then reverse transcription to cDNA using an iScript
gDNA Clear cDNA Synthesis Kit (Bio-rad) following the manufacturer’s protocol. Transcripts
were amplified using validated PrimePCR Primers (BioRad) for IL-10 (qmmuced0044967),
TNF-α (qmmuced0004141), IL-6 (qmmucid0005613), IL-23p19 (qmmuced0045759), and IL17A (qmmucid0026592) and expression was normalized to GAPDH (qmmuced0027497). Realtime PCR was performed on cDNA with the primers listed above on a CFX 96 cycler (Bio-Rad)
using Power SYBR Green PCR Master Mix (Applied Biosystems). All samples were assayed in
triplicate and analyzed using the ΔΔCT method to assess relative fold change for IL-10, TNF-α,
IL-6, IL-23p19, and IL-17A.
3.3.6 Detection of Giardia-specific IgA
Intestinal segments of the small intestine were collected from uninfected and day 14
infected-mice. Luminal contents were collected by flushing a 3 cm segment of the small
intestine with 1 mL of PBS without BSA or protein inhibitors and were stored at -20°C. To
detect Giardia–specific IgA from the lumen of the small intestine, we followed the protocol
described in Davids et al., 2006. Ninety-six well ELISA plates were coated overnight with 6x105
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Giardia GS trophozoites in 50 uL of PBS per well. The plate was allowed to dry overnight at
room temperature under constant airflow. The next day trophozoites were fixed with 0.15%
glutaraldehyde in 0.15 M sodium phosphate for 5 min at room temperature and immediately
quenched with 0.15 M glycine (pH 7.0) for 1 min. Plates were blocked in 5% dried nonfat milk
and 1% goat serum (Southern Biotech, Birmingham, AL) in PBS for 1 h at room temperature and
washed with PBS prior to incubation with luminal contents. Wells were then incubated with
serial dilutions of gut washes diluted in PBS containing 1% BSA and 1% goat serum for 1 h at
room temperature. Plate was washed in PBS again and then incubated with HRP-labeled goat
anti-mouse IgA (Southern Biotech, Birmingham, AL) at 1/1,000 diluted in 1% goat serum in
PBS for 1 h at room temperature. After another wash, HRP was detected using a
tetramethylbenzidine/H2O2 indicator solution for 15 minutes and stopped with sulfuric acid.
ELISA plate absorbance was measured at 450 nm and 750 nm for background subtraction.
3.3.7 Histology and Counting of Mast Cells
Intestinal segments of the small intestine were collected from all groups of mice and
immediately fixed in 10% Neutral Buffered Formalin (Thermo-Fisher) for 24 hours. Segments
were then dehydrated in 70% Ethanol. Tissues were embedded into paraffin blocks, sectioned,
and stained for chloroacetate esterase activity (CAE) at the Georgetown University
Histopathology & Tissue Shared Resource Core. Quantification of mast cells was determined by
a blind observer who calculated mast cells/4 microscope fields using a light microscope.
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3.3.8 Statistical Analysis
Statistical significance of parasite and mast cell counts were determined using two-tailed t
tests and Mann-Whitney Tests, respectively. All statistical tests, analyses, and graphs were
performed with GraphPad PRISM 8.0 software (La Jolla, CA).

3.4 Results
3.4.1 Littermate Controls Reveal True Infection Kinetics
To identify if the MR played a role in protective immunity during Giardia infection, MRdeficient (MR-/-) and MR-sufficient (MR+/- and WT) mice were infected and parasites counted 7
days after infection. Originally, infections were compared between MR-/- mice bred at the
Georgetown University Animal facility and WT mice purchased from Jackson Laboratories
(Figure 1A). Mice from Jackson Labs are normally susceptible to infection with Giardia while
mice from Taconic Farms are not due to the differing intestinal microbiota (Singer and Nash,
2000b). Interestingly, parasites were cleared faster in bred MR-/- mice when compared to
purchased WT mice suggesting the intestinal microbiota within the GU Animal Facility was
protective and differing from the Jackson Labs microbiota. Furthermore, co-habitation between
bred MR-/- mice and purchased WT mice prior to infection provided greater protection during
infection as low parasite numbers were detected in both groups (Figure III-1A). To homogenize
and provide a more susceptible microbiota we used littermate controls for the next set of
experiments (Figure III-1B). Littermate controls were generated by first backcrossing animals
for three generations by breeding antibiotic treated MR-/- males with WT females purchased from
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Jackson Labs. After the last backcrossing, the resulting progeny was intercrossed to obtain MR-/mice. Subsequent breeding occurred between MR-/- males and MR+/- females. MR+/- and MR-/were both infected and parasite burden was assessed at day 7 and day 14 and, at both time points,
MR-/- had significantly greater parasite numbers when compared to MR+/- groups (Figure III-1B).
This suggests that the mannose receptor is required for proper parasite clearance during Giardia
infection. These data also suggest that our bred MR-/- initially contained an intestinal microflora
that was resistant to Giardia infection, however antibiotic treatment and backcrossing to mice
purchased from Jackson labs was able to revert these mice to a more susceptible state.
Furthermore, this data suggests that littermate controls are essential for proper infection kinetic
comparisons using transgenic mice bred within animal facilities.

Figure III-1: Littermate controls reveal true Giardia infection kinetics in MR-/- mice. Nonlittermate C57BL/6J mice (purchased from Jackson Labs) and MR-/- (bred at Georgetown
University) (A) or littermate MR+/- and MR-/- mice (bred at Georgetown University) (B) were
infected with 1x106 Giardia trophozoites on day 0 and euthanized on day 7 (A, B) or on day 14
(B). For co-habitation experiments (A), MR-/- mice were treated with an antibiotic cocktail and
then co-housed with WT mice for 2 weeks prior to infection. Day 14-infected groups had an
n=2/group. All remaining groups had an n=4/group. Error bars represent mean ± SEM. * P <
0.05, ** P < 0.005, # P < 0.01 by a two-tailed t-test.
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3.4.2 The Secretory IgA Response is Not Affected by Loss of the Mannose Receptor
We next wanted to identify the defective immune mechanisms that contributed to the
hindrance in parasite clearance in MR-/- mice at day 14 (Fig. III-1B). It is well known that a
robust antibody response is activated during infection with Giardia (Snider et al., 1985; Snider et
al., 1988; Zinneman and Kaplan, 1972) and humans with immunoglobulin deficiencies develop
chronic giardiasis (Singer, 2011); yet, previous reports examining the roles of B-cell in Giardia
defense are conflicting. Infection models using Giardia muris suggest that efficient clearance of
this parasite requires both B cells and secretory Immunoglobulin A (IgA) (Langford et al., 2002;
Stager and Muller, 1997); however, during infections with G. lamblia using B-cell-deficient
mice (µMT-/-), parasites were cleared equally as well as WT controls (Singer and Nash, 2000a)
while unable to produce Giardia-specific IgA (Singer, 2011). We hypothesized that the MR was
involved in antigen-presentation to, and subsequent activation of, T cells that are required for
proper IgA production (Heyworth et al., 1988); thus, we expected to find a defect in IgA
production in MR-/- mice. We examined the ability of MR-/- mice to produce Giardia-specific
IgA within the lumen of the small intestine at day 14. We collected luminal contents from
uninfected and infected mice at day 14 post-infection and used an IgA ELISA (Davids et al.,
2006) to detect secretory IgA, and since these ELISA plates are first coated with Giardia
trophozoites, we are able to determine Giardia-specific IgA. As expected, uninfected groups of
MR+/- and MR-/- mice had no detectable levels of Giardia–specific IgA when compared to
infected groups (Fig. III-2). However, infected groups of MR+/- and MR-/- mice were both able to
produce Giardia-specific IgA with little difference between each group (Fig. III-2). These data
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indicate that the IgA response is not compromised by the loss of the MR. Furthermore, since
Giardia-specific IgA is produced in MR-/- mice this also suggests that the T-cell response may
not be effected by loss of the mannose receptor.

Figure III-2: IgA production is not impaired during Giardia infection by MR-deficiency.
Littermate MR+/- and MR-/- mice (bred at Georgetown University) were infected with 1x106
Giardia trophozoites on day 0 and euthanized on day 14. Luminal contents were flushed from
the intestinal segments of uninfected mice and 14-day infected mice. IgA was detected using a
Giardia –specific IgA protocol adapted from Davids et al., 2006. Day 14-infected groups had an
n=2/group, while uninfected mice had an n=4/group. Data is representative of 2 independent
trials. Error bars represent mean ± SEM.
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3.4.3 Mast Cell Recruitment is Inhibited in Mannose Receptor-Deficient Mice
Since our hypothesis regarding IgA deficiency was incorrect, we next assessed the role of
mast cells in contributing to the day 14 parasite clearance deficiency. Our lab has previously
established a critical role for mast cells in protection from Giardia (Li et al., 2004) and we have
also published that a deficiency in mannose binding lectin (MBL), another GlcNAc binding
lectin, results in a delay of mast cell recruitment that coincides with a defect in parasite clearance
(Li et al., 2016). We assessed the accumulation of mast cells in duodenal sections of uninfected
and day 14 infected groups for both MR+/- and MR-/- mice by staining for choloroacetate esterase
activity (CAE) (Fig III-3A). Uninfected groups had little to no detectable mast cells in the small
intestine (Fig III-3B). Infected groups did have mast cells detected within the small intestine,
however a greater number of mast cells were identified in infected-MR+/- while infected-MR-/mice contained little to no detectable mast cell numbers (Fig III-3A, III-3B). Quantification of
mast cells by a blind observer showed a significant reduction in the number of mast cells
between MR+/- and MR-/- at day 14 (Fig. III-3B). These data suggest that, like MBL, loss of the
mannose receptor also leads to an inhibition of mast cell recruitment at day 14 post infection.
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Figure III-3: Mast Cell recruitment is impaired during Giardia infection by MR-deficiency.
Littermate MR+/- and MR-/- mice were infected with 1x106 Giardia trophozoites on day 0 and
euthanized on day 14. Intestinal segments were fixed in 10% neutral buffered formalin,
embedded into paraffin, sectioned, and stained for chloroacetate esterase activity (fuschia) to
visualize mast cells (A). Images are representative of 2 independent trials, each with n=2/group.
Mast cells were averaged from 4 representative microscope fields per individual mouse. Scoring
and numbering was performed by observers blind to the origin of the slides (B). Circles or
squares represent individual mice. Data is aggregated data from two individual trials. Error bars
represent mean ± SEM. Mast cell scoring was analyzed using Mann-Whitney Statistical Test.
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3.5 Discussion
The goal of this study was to evaluate the role of the mannose receptor in inducing
protective immunity through the recognition of GlcNAc residues located on the Giardia parasite.
We report a significant parasite clearance defect in mice-deficient for MR that lasts for 14 days
post-infection. We also show no reduction in the production of IgA in mice that lack the
mannose receptor. Finally, we show that mast cell recruitment appears to be inhibited in MRdeficient mice when compared to littermate controls, suggesting the defect in parasite clearance
may be due to the loss of mast cells during infection.
Giardia trophozoites are extracellular organisms that do not normally invade epithelial
cells lining the small intestine Instead, parasites remain attached to the microvilli within the
intestinal lumen where they proliferate and colonize (Adam, 2001), and also share this space
with intestinal microbes (Fink and Singer, 2017). Our lab was one of the first to link protective
immunity to the intestinal microbiota when we reported that infection outcomes in the adult
mouse model of giardiasis were dependent on the vendor source of the animals (Singer and
Nash, 2000b). Outside of this disease, this trend has also been reported in murine models of
malaria where infection kinetics are also dependent on vendor source (Villarino et al., 2016). In
this report we show no difference in parasite clearance when bred MR-/- mice were compared to
purchased Jackson Laboratory mice. Indeed, even co-habitation to homogenize the intestinal
microbiome between bred and purchased mice did not successfully reveal true parasite infection
kinetics as our data suggests susceptible mice became resistant rather than the opposite. Only
when littermate controls were used for infection experiments was the true infection kinetics
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accurately reported. As such, it is becoming increasingly evident that the use of littermate
controls in infection experiments involving transgenic mice is critical to the determination of
Giardia infection kinetics.
The MR is thought to be primarily expressed by macrophages and dendritic cells (Gazi
and Martinez-Pomares, 2009), but expression on mast cells has also been reported (Vukman et
al., 2013). Classically, the MR has been thought as a marker for identifying regulatory M2
(alternatively-activated) macrophages. Increased expression of the MR is upregulated during the
induction of either anti-inflammatory or type-2 immunity conditions, specifically IL-4, IL-13,
and IL-10, while expression is downregulated in response to IFNγ. Past reports have not
examined the link between the MR and immune cell recruitments and we are also unable to
determine the link between MR+ cells and mast cell recruitment. However, the inhibition of
mast cell recruitment during Giardia infection may be due to a decrease in type 2 conditions in
MR-deficient mice.
A soluble form of the MR (sMR) has also been detected in murine and human serum,
however a function has not been attributed to this form of MR. One report has showed that
human alveolar macrophages increased production of sMR in response to Pneumocystis carinii,
and consequently encircled that organism. The authors propose that this increase was a
pathogen-mediated response to evade detection by the immune system or blocking the binding of
lectins, such as mannose-binding lectin (MBL). Our data do not support this notion of sMR as a
pathogen evasion mechanism, as we report that MR-deficiency leads to an increase in Giardia
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burden rather than faster clearance; instead we propose that the host-immune response is
impaired due to MR-deficiency and fails to respond to Giardia infection.
Several studies have examined the role of MR in antigen uptake and processing to
activate T cells. In cell culture systems, mannosylated bovine serum albumin was able to be
internalized and presented to BSA-specific T cells in an enhanced fashion due to the
mannosylation of antigen (Engering et al., 1997; Tan et al., 1997). Mycobacterial lipoglycan
lipoarabinomannan (LAM) was also recognized by MR expressed on human peripheral blood
mononuclear phagocytes. Furthermore, immunofluorescence also suggested that LAM localized
in endosomal compartments that contained MHCII loading complexes (Sallusto et al., 1995). In
murine models, infections with Cryptococcus neoformans resulted in enhanced susceptibility due
to decreased CD4+ T-cell responses in MR-deficient mice (Dan et al., 2008). Additionally, in a
murine model of neurocysticercosis, MR-/- mice had greater protection from this disease when
compared to wild-type control mice and was attributed to reduced numbers of T cells and
granulocytic myeloid cells in the brain (Mishra et al., 2013). Despite a parasite clearance defect
detected at day 7, our data suggests that the MR does not play a role in the activation of T cells
due to the detection of Giardia-specific IgA in the intestinal lumen at day 14. A past report
showed that Giardia muris–infected athymic nude mice that lack functional T cells were unable
to clear parasites and produce Giardia-specific IgA. Taken together this suggests that in the
absence of any T-cell response, little or no parasite-specific IgA is made (Heyworth et al., 1988),
however this hypothesis still needs to be tested through the direct analysis of T-cell responses in
MR-/- mice.
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It is unclear if the MR is able to initiate any immune signaling events on its own. The
cytoplasmic tail of the MR does not contain known signaling motifs and since this receptor is
primarily considered to be a “housekeeping receptor”, pro-inflammatory signaling events should
not be triggered under normal conditions. Rather, the MR seems to require the aid of other
pattern recognition receptors to initiate signaling events during an immune response. HEK-293
cells that were transfected with either hTLR2 or hMR alone did not secrete IL-8 in response to P.
carinii, yet the co-expression of both receptors led to the secretion on IL-8 (Tachado et al.,
2007). The MR has been linked to the induction of IL-17 responses when exposed to mannan
and C. albicans in cell culture, but this response was dependent on TLR2 and Dectin-1 (van de
Veerdonk et al., 2009). IL-17 production is important in protective Giardia immunity. Our data
suggest that IL-17 mechanisms may not be inhibited in MR-deficient mice as Giardia-specific
IgA was detected and IL-17-deficient mice fail to translocate IgA into the lumen of the intestine
during Giardia infections (Dann et al., 2015), however this hypothesis still needs to be directly
tested through the direct analysis of Th17 cells and IL-17 cytokines responses in MR-/- mice.
It is interesting that our data resemble our past report establishing that MBL is a
significant factor in inducing the protection of Giardia immunity, as MBL-deficient mice
displayed defective parasite clearance and recruitment of mast cells (Li et al., 2016). This
current report, along with previous studies, demonstrate a critical role for mast cells in parasite
elimination (Li et al., 2016; Li et al., 2007; Li et al., 2004). Mice with mutations in c-kit that
lack functional mast cells have profound defects in parasite elimination (Hardin et al., 1997; Li et
al., 2004), and treatment with a monoclonal antibody against c-kit also blocked mast cell
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responses and parasite elimination (Li et al., 2004). In this same report, we showed that
complement factor 3a (C3aR) also is required to properly eliminate intestinal trophozoites as
infection kinetics and mast cell recruitment was also hindered. Our data suggests that the MR is
involved in the recruitment of mast cells to the lamina propria of the intestine during infection;
however, a mechanism linking immune cell recruitment and the MR has not been identified in
this report or in the field. It remains to be determined how the MR contributes to recruitment of
mast cells. Mast cells are clearly vital to the resolution of Giardia infections, yet the functional
role of these cells is still unclear. This cell may contribute to the induction of protective Type-17
immune responses during Giardia infection through their production of IL-6. Also, the release
of preformed mediators, such as histamine or proteases, by mast cells may aid in the restoration
of the breakdown in the intestinal epithelial barrier during infection; however, it is also possible
that this response may contribute to immunopathology rather than protection. Overall, our field
lacks a good understanding of the role for mast cells in the Giardia immune response and a
revisiting of the functional role for this cell type is certainly deserved.
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CHAPTER 4: OTHER LECTINS IN PROTECTIVE GIARDIA IMMUNITY d
4.1 Chapter Overview
Giardia is one of the most common intestinal parasites in the world and lives a biphasic
lifestyle either as a dormant cyst or vegetative trophozoite. The Giardia cyst is enclosed by a
wall that is supported by three cyst wall proteins and β1, 3-N-acetyl-D-galactosamine (GalNAc)
polymers. It is unclear how myeloid cells are activated to respond to Giardia or what pattern
recognition receptors are used to initiate immunity and drive downstream adaptive immune
responses during infection. The goal of this study was to evaluate potential roles for the
macrophage galactose binding lectins, MGL1 and MGL2, in protective Giardia immunity as
these receptors respond to GalNAc engagement. In particular, we aimed to identify the role of
the MGL2 in inducing CD4+ T-cell activation since MGL2 expressing dendritic cells have been
implicated in downstream IL-17 production. Our results confirm that Giardia is able to
modulate the cytokine response of macrophages, however we report that modulation of cytokines
require the addition of lipopolysaccharide to occur. Moreover, our preliminary data suggest that
IL-10 production is mediated through MGL1 found on peritoneal macrophages. We also report
that cells expressing the MGL2 receptor are also required for protective Giardia immunity as
depletion of MGL2+ cells leads to a defect in parasite clearance. These cells may be sources of
IL-6, which is known to induce development of Th17 responses.

Manuscript in preparation: Fink MY, Shapiro DS*, Menegas SA*, Li EL, Singer, SM. Macrophage Galactose
Binding Lectin 1 and 2 Have Differing Immune Responses during Infection with Giardia. 2019
*These authors contributed to work presented here under the supervision of MF
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4.2 Introduction
Giardia duodenalis (syn. G. intestinalis, G. lamblia) is one of the most common
intestinal parasites in the world and lives a biphasic lifestyle either as a dormant cyst or
vegetative trophozoite. Giardia is spread through fecal-oral transmission with infections
initiated through the ingestion of cyst-contaminated drinking water or food. The wall of the
infectious Giardia cysts are composed of ~63% polysaccharide and ~37% protein. The cyst wall
is made up of three cyst wall proteins (CWP1-3) that provide structural support for the cyst
(Lujan et al., 1995) while the remaining surface is composed of polysaccharides, a β1,3-Nacetyl-D-galactosamine (GalNAc) polymer (Gerwig et al., 2002; Jarroll et al., 1989).
The macrophage galactose-type lectin (MGL, CD301) is part of the C-type lectin receptor
(CLR) family and is the only CLR within the human immune system that not only is exclusively
expressed by dendritic cells and macrophages, but also exclusively recognizes terminal GalNAc
residues (van Kooyk et al., 2015). MGL has only one isoform expressed on human immune
cells, whereas murine MGL express two isoforms (MGL1/CD301a and MGL2/CD301b) (van
Kooyk et al., 2015). Interestingly, despite having the same ligand specificity, the murine
receptors seem to play non-redundant roles and induce contrasting immune mechanisms. MGL1
is predominantly expressed by macrophages of the intestine, while MGL2 is expressed largely by
DCs residing within tissues of environmental barriers (e.g., skin). Mice deficient in MGL1
expression are more susceptible to dextran sulfate sodium-induced colitis and show increased
inflammation when compared to littermate controls. This defect is attributed to the lack of IL-10
production via colonic MGL1+ macrophages and suggests that these cells are regulatory in vivo;
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thus, MGL1 expression is required for the induction of protective IL-10 mechanisms to regulate
intestinal inflammation (Saba et al., 2009). On the other hand, the role for MGL2+ DCs in
protective immunity seem to be more pro-inflammatory rather than regulatory. MGL2+ DCs in
the skin were shown to promote Type 2 immune responses during helminth infections
(Kumamoto et al., 2013). Additionally, intranasal infection with Streptococcus pyogonees led to
Th17 responses that depended on IL-6 production from MGL2+ DCs (Linehan et al., 2015). Skin
infections with Candida albicans resulted in IL-17 production from γδ T cells that was
dependent on IL-23 from MGL2+ DCs (Kashem et al., 2015).
It is well known that CD4+ T cells are essential for the clearance of Giardia (Heyworth et
al., 1987; Singer and Nash, 2000a) and that IL-17-mediated mechanisms are essential for
protective immunity (Singer, 2016). Our past data suggest that despite an accumulation of tissue
resident macrophages during infection, these cells are not critical players in protective Giardia
immunity nor do they have any regulatory effect on the induction of T-cell differentiation
(Chapter 2). Instead, it appears that dendritic cells are more critical for initiation of protective
anti-Giardia immunity through the induction of IL-17 responses (Dann et al., 2015), possibly
through their production of IL-6 (Kamda et al., 2012). However, it is unclear how dendritic cells
are activated to respond to Giardia and what ligands or pattern recognition receptors are used to
initiate immunity and drive downstream adaptive T-cell responses.
A role for TLR2 has been described in recognition of Giardia and it suggests that TLR2
may have a detrimental role for protective immunity and immunopathology (Li et al., 2017). In
response to Giardia WB trophozoites, TLR2 was greatly increased in peritoneal macrophages
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and murine small intestine. Inflammatory cytokines, IL-6, IL-12p40, and TNF-α, had greater
production by peritoneal macrophages when treated with TLR2 blocking antibody or
macrophages deficient in TLR2 in response to live trophozoites. Additionally, TLR2-mediated
reduction in cytokines was reported to signal through AKT, p38 and ERK. In TLR2-deficient
and AKT-deficient murine infections using WB cysts, parasite burden and typical Giardia–
associated pathologies were found to be drastically decreased when compared to control groups;
however it is unclear if mice were pre-treated with antibiotics or if littermate controls were used
in infection experiments.
Another proposed mechanism of action to initiate Giardia protective immunity is through
TLR4 recognition of the HSP70 immunoglobulin binding protein (BiP) (Lee et al., 2014) and a
variety of Giardia variable surface proteins (VSPs) (Serradell et al., 2019). TLR4 reporter HEK
293 cells responded to stimulation with recombinant BIP (rBIP) and primary cells from TLR4deficient BALB/c mice had decreased production IL-12, TNF-α, and IL-6 (Lee et al., 2014).
These results were recapitulated using human TLR4-reporter HEK 293 cells which also
responded to Giardia VSPs and BMDCs derived from TLR4-deficient mice had decreased
expression of co-stimulatory receptors CD40 and CD86 when exposed to a specific Giardia
VSP, VSP1267 (Serradell et al., 2019). Immature murine BMDCs treated with anti-TLR4
blocking antibody had reduced TNF-α cytokine production in response to rBIP when compared
to controls (Lee et al., 2014). This same report also suggests that MyD88 is important in parasite
recognition as BMDCs derived from MyD88-/- mice stimulated with rBiP were unable to produce
cytokines when compared to wild-type controls (Lee et al., 2014). However in G. muris
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infections using MyD88-/-, IL-10-/- and double knockout mice, parasites were cleared equally as
well as IL-10-/- and wild-type controls suggesting the TLR pathway is dispensable for protection
(Dann et al., 2018).
Our lab and others have previously reported that murine bone marrow derived DCs
(BMDCs) and human DCs co-stimulated with Giardia protein extract and lipopolysaccharide
(LPS) which leads to the inhibition of pro-inflammatory cytokine production (Kamda and
Singer, 2009; Obendorf et al., 2013; Summan et al., 2018). BMDCs exposed to Giardia alone
led to poor cytokine induction and only slightly increasing expression of the costimulatory
molecules, CD80 and CD86; yet, the combination of Toll-like Receptor (TLR) agonists and
parasite extract led to the reduction of IL-6, IL-12, and TNFα while enhancing IL-10 production
when compared to LPS controls (Kamda and Singer, 2009). We further report that blocking IL10R and phosphoinositide-3 kinase (PI-3K) restores production of IL-12, which suggests that
Giardia may activate PI-3K in DCs and that Giardia may restrict development of Th1 cells via
IL-12 inhibition (Kamda and Singer, 2009). This reduction of pro-inflammatory cytokines was
also recapitulated in TLR4-stimulated cell cultures using human monocyte-derived DCs (moDCs) and the report also suggested a reduction in IL-12/23p40, IL-12p70, and IL-23 (Obendorf
et al., 2013; Summan et al., 2018). When these cells were stimulated with parasite antigen plus a
TLR2 agonist, PAM3CSK4, an increase in IL-12/23p40 and IL-23 production occurred
(Obendorf et al., 2013).
The goal of this study was to identify if either MGL receptor was capable of recognizing
the Giardia parasite to initiate an immune response. We also aimed to identify the role of the
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MGL2-expressing cells in inducing CD4+ T-cell activation. Our results suggest that Giardia is
unable to induce a response in macrophages on its own, but it modulates the macrophage
response to LPS, similar to what we previously reported for DCs. Additionally, our preliminary
data suggest that IL-10 production by peritoneal macrophages in response to LPS can be
enhanced by MGL1 recognition of Giardia. We also report that cells expressing MGL2 are
required for protective Giardia immunity as their depletion leads to a defect in parasite
clearance.

4.3 Materials and Methods
4.3.1 Parasites Culture, Protein Extract Preparation, Infections, and Counts
G. lamblia (strain GS/M/H7) was obtained from ATCC, Manassas, VA (catalog #:
50581). Parasites were cultured in standard TYI-S-33 medium supplemented with bovine bile,
L-cysteine,

ascorbic acid, and an antibiotic-antimycotic solution (Sigma-Aldrich, St. Louis, MO).

Giardia total protein extract was prepared by collecting cells in phosphate buffered saline (PBS)
and washing for at least 3 cycles. The resulting pellet was resuspended in PBS and underwent 5
freeze-thaw cycles and stored at -80ºC. The total protein concentration was measured by
converting absorbance, with an A280 of 1 defined as 1 mg/ml. In preparation for infection,
Giardia trophozoites were thoroughly washed PBS for several cycles and then resuspended in
PBS in preparation for co-cell culture with macrophages or murine infections. Mice were
infected via gavage with 1 x 106 Giardia trophozoites in 0.1 mL of PBS. Following euthanasia,
parasites were counted from intestinal segments extracted from infected animals by icing
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duodenum segments (3-5 cm immediately distal to the ligament of Treitz) for 30 minutes in PBS.
Intestinal sections were then minced and trophozoites were counted on a hemocytometer.
4.3.2 Mice and MGL2+ Cell Depletion
C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and
MGL2DTR/DTR (B6(FVB)-Mgl2tm1.1(HBEGF/EGFP)Aiwsk/J) were a gift from Dr. Akiko Iwasaki at Yale
University (New Haven, Connecticut, USA). All mice strains were kept under specificpathogen-free conditions at Georgetown University. Littermates were used for comparative
infection experiments. Animal experiments were performed with the approval of the
Georgetown University Animal Care and Use Committee. We administered diphtheria toxin
(DTX) (List Biological Laboratories, Campbell, CA) as an intraperitoneal injection to deplete
MGL2+ cells from MGL2+/DTR mice. DTX was administered at a dose of 1.0 ug/ mouse on day 1, pre-infection, and on days +1 and +4, post-infection.
4.3.3 Peritoneal Macrophage Isolation and Cell Culture
Macrophages were isolated from the peritoneal cavity of naïve 8-12 week C57BL/6J
mice following the protocol described in (Zhang et al., 2008). Mice were euthanized and the
peritoneal sac was exposed and flushed with 10 mL of PBS, twice. No eliciting agents were
used to increase macrophage yield. Peritoneal exudate cells (PEC) were centrifuged for 10 min
at 400 x g at 4ºC and suspended in DMEM/F12 Media supplemented with 10% Fetal Bovine
Serum, 10 mM L-glutamine (Gibco), and an antibiotic-antimycotic solution (Sigma-Aldrich, St.
Louis, MO). Cells were then plated at a concentration of 5x105 cells/ well in a 24 well plate for
24 hours prior to simulation. Non-adherent cells were then removed and fresh media with
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stimulants were added. Macrophages were stimulated with either Lipopolysaccharide from
Salmonella eneterica serovar Minnesota (10 ng/mL) (Sigma-Aldrich, St. Louis, MO), GS
Giardia total protein extract (100 ug/mL), live GS trophozoites (1x106 cells/mL) or a
combination of LPS + extract or LPS + trophozoites for 24 hours. If anti-MGL1 blocking mAb
(Clone LOM-8.7, Biolegend) was used, macrophages were pre-incubated for 30 minutes at a
concentration of 1.0 ug/5x105 cells. Supernatants were collected and then stored at -20 ºC till
use. Cytokines were measured using IL-10 and TNFα DuoSet ELISA Kits (R&D Systems,
Minneapolis, MN).
4.3.4 Isolation of Intestinal Lamina Propria Cells
Intestinal segments from individual mice were digested to liberate cells residing within
the duodenal lamina propria of the small intestine (Koscsó et al., 2015). Briefly, segments were
excised, Peyer’s patches removed, and intestinal segments were opened longitudinally.
Segments were then minced into small segments, and washed in Complete Medium (CM)
(Hanks’ balanced salt solution supplemented with 2% fetal bovine serum, and 1X antibioticantimycotic solution) with 1mM Dithiothreitol (DTT) for 15 min at 37°C within a shaking
incubator to remove luminal mucous. Segments were then washed with CM and 1.3 mM EDTA
as before to remove epithelial cells. Tissues were washed three times with CM and then
resuspended in RMPI 1640 supplemented with 2% fetal bovine serum, 1X antibiotic-antimycotic
solution, 1 mg/mL Type IV collagenase and 0.5 mg/mL DNAse (Digestion Medium) and
digested at the same speed and temperature with shaking to digest tissue. Finally, tissues were
passed through a 40 µm cell strainer in preparation for staining.
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4.3.5 Flow Cytometry
Lamina propria cell preparations were washed in PBS, and cells were stained with
LIVE/DEAD Fixable Violet Stain (Invitrogen) for 30 minutes at 4°C in the dark. To reduce
background Ab binding, Fc receptors were blocked with TruStain FcX (anti-mouse CD16/32
Antibody) (Biolegend) for 15 minutes at room temperature in the dark, and then immediately
stained for cellular surface markers with fluorophore conjugated antibodies against F4/80,
CD11b, CD11c, MHCII, CD3, CD4, and CD8 (all Biolegend) for 20 minutes at 4° C. If staining
for intracellular proteins, cells were fixed and permeabilized using the True-Nuclear
Transcription Factor Buffer Set (Biolegend). Intracellular staining with fluorophore conjugated
antibodies RORγt, FoxP3, and T-BET (eBioscience) were performed for 1 hour at room
temperature. Isotype matched control antibodies were tested simultaneously for all stains.
Stained cells were analyzed using a FACStar Plus dual laser system (Becton Dickinson) and FCS
express version 6.0 software (DeNovo Software).
4.3.6

Real-Time PCR
Small intestinal tissue was collected from mice 7 days following infection or age-matched

naïve mice. Segments were homogenized in TRIzol (Invitrogen) and total RNA extracted
following the manufacturer’s protocol. RNA (500 ng input) from each sample underwent
genomic DNA removal and then reverse transcription to cDNA using an iScript gDNA Clear
cDNA Synthesis Kit (Bio-rad) following the manufacturer’s protocol. Transcripts were
amplified using validated PrimePCR Primers (BioRad) for IL-10 (qmmuced0044967), TNF-α
(qmmuced0004141), IL-6 (qmmucid0005613), IL-23p19 (qmmuced0045759), and IL-17A
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(qmmucid0026592) and expression was normalized to GAPDH (qmmuced0027497). Real-time
PCR was performed on cDNA with the primers listed above on a CFX 96 cycler (Bio-Rad) using
Power SYBR Green PCR Master Mix (Applied Biosystems). All samples were assayed in
triplicate and analyzed using the ΔΔCT method to assess relative fold change for IL-10, TNF-α,
IL-6, IL-23p19, and IL-17A.
4.3.7 Statistical Analysis
Statistical significance of flow cytometry and qRT-PCR data was determined using twotailed t tests. All statistical tests, analyses, and graphs were performed with GraphPad PRISM
8.0 software (La Jolla, CA).

4.4 Results
4.4.1 The Macrophage Cytokine Response is Modulated by Giardia and is Dependent on
Lipopolysaccharide
Past reports involving murine and human DC cell culture with Giardia total protein
suggests that Giardia antigen, alone, is weakly stimulatory to myeloid cells and does not invoke
a strong cytokine response (Kamda and Singer, 2009; Obendorf et al., 2013). Yet extract in
combination with various Toll-like receptor ligands are able to modulate the cytokine response.
In chapter 3, we discussed the possibility of the Mannose Receptor acting as a co-receptor in a
signaling complex, rather than as an independent activating receptor. The cytoplasmic tail of the
MR does not contain known signaling motifs and since this receptor is primarily considered to be
a “housekeeping receptor”, pro-inflammatory signaling events should not be triggered under
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normal conditions. Rather, the MR seems to require the aid of other pattern recognition
receptors to initiate signaling events during an immune response. To examine the potential of
other C-type lectin receptors to initiate a cytokine response during exposure to Giardia, we
purified peritoneal macrophages from mice and stimulated them with LPS, Giardia GS-strain
total protein extract, or both and assessed their production of IL-10 and TNFα. Our lab first
confirmed that LPS was able to enhance cytokine production in BMDCs (Kamda and Singer,
2009). We report here that this effect is also recapitulated in peritoneal macrophages as costimulation with LPS+GS extract actually led to enhanced production of IL-10 (Fig. IV-1A).
However, production of TNFα seemed to be slightly decreased in response to co-stimulation
(Fig. IV-1B). We also report than this modulatory effect is dependent on the presence of LPS, as
the addition of Polymixin B, an LPS inhibitor, stops the modulatory effect of Giardia protein
extract and live trophozoites (data not shown) (Fig. IV-1A, IV-1B). Together, these data suggest
that the modulatory effect of Giardia is dependent on LPS.
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Figure IV-1: LPS is required for Giardia-induced modulation of peritoneal macrophage
secreted cytokines. Peritoneal macrophages were isolated from C57BL/6J mice and were plated
at a concentration of 5x105 cells/ well. Macrophages were stimulated with either
Lipopolysaccharide, Giardia total protein extract, or both for 24 hours. Supernatants were
collected and cytokines were measured using IL-10 and TNFα ELISAs. Cells were either pretreated with Polymixin B (A, B) or pre-incubated with anti-MGL1 blocking mAb to prevent
receptor engagement (C, D). Data of IV-1A and IV-1B are representative of 2 independent trials
using 500,000 cells/well. Data of IV-1C and IV-1D are combined data from 2 independent trials
using 500,000 cells/well. Each symbol in IV-1C and IV-1D represents a single well. Giardia.
Error bars represent mean ± SEM. ** P < 0.005, *** P < 0.0005, **** P < 0.0001 by a twotailed t-test.
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4.4.2 Blocking of MGL1 on Peritoneal Macrophages Reduces IL-10 Production during CoStimulation with LPS and Giardia Total Protein
To determine if a C-type lectin receptor is mediating a signal derived from Giardia we
examined MGL1 in the cytokine response to Giardia. As in the previous section, we purified
peritoneal macrophages from mice and examined production of IL-10 and TNFα; however, we
pre-incubated cells for 30 minutes with an anti-MGL1 blocking mAb. Our preliminary data
show that macrophage production of TNFα does not seem to be effected by the blocking of
MGL1 (Fig. IV-1D) and closely resembled TNFα production in our polymixin B studies (Fig.
IV-1B). Blockage of MGL1 did not affect the LPS induction of cytokines in peritoneal
macrophages (Fig. IV-1C, IV-1D). Interestingly, blocking MGL1 resulted in a trend of slightly
decreased production of IL-10 when peritoneal macrophages were co-stimulated with LPS and
Giardia extract (Fig. IV-1C). Collectively, this preliminary data suggests that MGL1 is
engaging with GalNAc residues derived from Giardia total protein. This IL-10 response is
consistent with in vivo reports attributing a regulatory role for MGL1+ cells due to their IL-10
production (Saba et al., 2009); however, the use of peritoneal macrophages isolated from MGL1deficent mice is still required to confirm this result.
4.4.3 MGL2+ Dendritic Cells Are Required for Protection from Giardia Infections
To determine if MGL2+ DCs play a role in protective Giardia immunity we used
MGL2+/DTR mice in our murine infection model. When diphtheria toxin (DT) is administered in
an intraperitoneal injection, MGL2+ cells will be selectively depleted. First, we confirmed that
DT treatment of MGL2+/DTR mice is able to reduce the percentage of total DCs from the lamina
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propria of the small intestine (Fig. IV-2A) along with a reduction in the percentage of MGL2+
DCs. We also found that Giardia-infected MGL2+/DTR mice treated with DT were unable to clear
parasites as effectively as DT-treated Giardia-infected MGL2+/+ littermates (Fig. IV-2B).
Collectively, these results suggest that a reduction in the numbers of MGL2+ DCs leads to a
defect in Giardia clearance.

Figure IV-2: MGL2+ Dendritic cells are required for protection from Giardia infections. All
mice were infected with 1x106 Giardia trophozoites on day 0 and euthanized on day 7 to identify
immune cells (A) and quantify Giardia from the duodenum of infected mice (B). Flow
cytometry analysis of intestinal lamina propria-derived (A) CD11c+, MHCIIhi and MGL2+
dendritic cells and (B) assessment of parasite burdens in MGL2+/+ and MGL2+/DTR littermates
treated with DT. Each shapes (circles or squares) represent individual mice, however squares did
not receive DT infections while circles did receive DT (A). Data are representative of 2
independent experiments. Error bars represent mean ± SEM.
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4.4.4 Depletion of MGL2+ Dendritic Cells Leads to a Deficit in IL-6 Production and
Protective T cells
Since a parasite clearance defect was evident in mice that had reduced numbers of
MGL2+ DCs we next examined the T cell response, as these cells are critical to protection. In
infections lasting 7 days, our preliminary experiment suggest that Giardia-infected MGL2+/DTR
mice that received DT treatment did not have an increase in the cell percentages of TCRβ+, CD4+
T cells when compared to MGL2+/+ mice (Fig. IV-3A). Our hypothesis predicts that MGL2+
DCs are sources of IL-6, which in turn will induce the differentiation of Th17 cells. Using qRTPCR we report a trend of a decrease in the levels of IL-6 mRNA in the gut (Fig. IV-3B) and our
data suggests that IL-6 is also reduced when MGL2+ DCs are depleted from the small intestine.
However, our data was not statistically significant so more experiments must be conducted to
verify our data. To verify if our hypothesis is correct, the use of mixed bone marrow chimeric
mice for infection studies would be used to test this hypothesis. In this chimeric model, bone
marrow isolated from IL-6-/- and MGL2DTR/DTR mice will be transferred into irradiated wild-type
mice that are depleted of normal bone marrow. As such, these chimeric mice will only have a
unique IL-6 production deficit that is restricted to MGL2+ cells upon treatment with DT. During
this infection study, a failure to control this parasite would suggest that MGL2+ cells are indeed
producing IL-6 and are also critical to protection.
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Figure IV-3: Protective IL-6 mediated responses are lost in mice depleted of MGL2+ DCs
during Giardia infection. All mice were infected with 1x106 Giardia trophozoites on day 0 and
euthanized on day 7. Flow cytometry analysis of intestinal lamina propria-derived was used to
identify CD4+, TCRb+ T cells in either MGL2+/+ or MGL2+/DTR littermates (A). Each shapes
(circles or squares) represent individual mice, however squares did not receive DTX infections
while circles did receive DTX (A). Gene expression of intestinal cytokines extracted from one
cm of whole murine duodenum using TRIzol based RNA purification methods. Quantitative real
time PCR was used to examine fold changes of IL-10 and IL-6 within the duodenum during
infection and compared to mice that were uninfected and treated with DTX (B). Data are
representative of 2 independent experiments. Error bars represent mean ± SEM. * P < 0.05 by a
two-tailed t-test.
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4.5 Discussion and Future Directions
The goal of this study was to evaluate the MGL1 and MGL2 receptor in protective
Giardia immunity. We aimed to identify the role of MGL2 in inducing CD4+ T-cell activation.
Our results confirm that Giardia is able to modulate the cytokine response of macrophages,
however we report that modulation of cytokines require the addition of lipopolysaccharide to
occur. Moreover, our preliminary data suggest that IL-10 production is mediated through MGL1
found on peritoneal macrophages. We also report that cells expressing the MGL2 receptor are
also required for protective Giardia immunity as MGL2+ cells leads to a defect in parasite
clearance during Giardia infections. MGL2+ DCs also appear to be cellular sources of IL-6,
which is known to induce protective IL-17 mechanisms. It is still to be determined if MGL2+
DCs have a direct impact on the differentiation of Th17 cells.
Our results do not directly examine if MGL1 or MGL2 directly engage with Giardia
GalNAc polymers; yet our results bring up an interesting question in regards to the Giardia
lifecycle. In human infections, the infectious cyst is ingested and breaks down in the stomach;
thus, it is reasonable to assume that these GalNAc polymers are able to reach the small intestine.
In contrast to this, our infection model relies on the use of Giardia trophozoites that do not
contain GalNAc polymers. Consequently, the only way for GalNAc to be produced during
infection is through the Giardia encystation process. This is intriguing as it was thought that the
Giardia encystation process begins as trophozoites move through the small intestine towards the
colon as opposed to initiating encystation during colonization of the upper small intestine (where
we isolated our immune cells from). To examine this further, the use CWP-transgenic parasites
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capable being used for in vivo live imaging would be of great benefit to monitor infection
kinetics and to establish how early the encystation process is activated during infection.
Unlike the Mannose Receptor (chapter 3), published data suggests that the MGL receptor
is fully capable of transmitting intracellular signals upon activation. Indeed, engagement of
MGL appears to activate the ERK signaling pathway and leads to increased production of IL-10
and TNFα in human monocyte-derived DCs; however, a synergistic effect is reported with the
addition of TLR2 agonists during MGL signaling (van Vliet et al., 2013). While our murine data
do not examine the synergistic effects of TLR2, it has been previously published that peritoneal
macrophages deficient in TLR2 signaling increases the production of IL-6, IL-12, TNFα, and
IFN-γ, suggesting a regulatory role for this receptor (Li et al., 2017). In murine bone marrow
derived DCs, the addition of TLR2 agonists to Giardia protein extract also leads to a decrease in
IL-6 and IL-12, while increasing production of IL-10 (Kamda and Singer, 2009). Our data
confirms that macrophage IL-10 production in response Giardia is dependent on LPS. However,
our preliminary data suggest that the synergistic effect seen during co-stimulation with Giardia
protein and LPS may be due to MGL1 engagement with Giardia GalNAc residues, as blocking
this receptor reduces the modulation of IL-10 production during co-stimulation with LPS and
Giardia extract (Fig. 1C). In murine colitis models involving MGL1-/- mice, IL-10 production is
severely hindered in lamina propria colonic macrophages and MGL1-deficient mice show
exacerbated inflammation than littermate controls (Saba et al., 2009). To clearly establish a role
for MGL1 in IL-10 production during Giardia infection, the use of MGL1-/- mice will be
required with the hypothesis that total gut IL-10 expression will be reduced during infection.
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The MGL2 receptor is thought to be expressed primarily on DCs, however in certain
instances such as allergic asthma inflammation or parasitic infections, MGL2 expression can be
induced on alternatively-activated macrophages (Raes et al., 2005). Several reports have
ascribed a function to MGL2+ DCs that primarily lead to protective immune responses.
Intranasal infections with Streptococcus pyogonees led to Th17 responses that depended on IL-6
production from MGL2+ DCs (Linehan et al., 2015) and skin infections with Candida albicans
resulted in IL-17 production from γδ T cells that was dependent on IL-23 from MGL2+ DCs
(Kashem et al., 2015). During helminth infections, MGL2+ DCs were shown to promote Type 2
immune responses by mediating the accumulation and activation of antigen-specific CD4+ T
cells (Kumamoto et al., 2013). Our lab has previously reported that IL-4 deficient mice are able
to clear parasites normally (Singer and Nash, 2000a), and it is becoming increasingly clear that
IL-17 mechanisms are crucial to protection (Dann et al., 2015; Dreesen et al., 2014; Grit et al.,
2014a; Paerewijck et al., 2017; Singer, 2016). Thus, we focused on identifying if MGL2 was
used in mediating IL-17 responses rather than type 2. Our preliminary data suggest that MGL2+
DCs are required for protective Giardia immunity. We show that depletion of MGL2+ cells,
including MGL2+ DCs, from the intestine leads to a defect in parasite clearance during Giardia
infections. Furthermore, we report that cellular sources of IL-6 within the intestine are also
reduced during MGL2 depletion and collectively our data suggest that these IL-6 sources are
MGL2+ DCs.
The interactions between Giardia and DC-mediated protection are still unclear. It is
reported that IL-6 deficient mice have a defect in parasite control and DCs have been shown to
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be a significant source of IL-6 during infection (Bienz et al., 2003; Kamda et al., 2012; Zhou et
al., 2003). IL-6 induces the differentiation of CD4+ T cells into IL-17 producing Th17 cells;
however, we cannot definitively conclude from our preliminary data that MGL2+ cells are major
cells in this pathway. As our hypothesis predicts that MGL2+ cells are cellular sources of IL-6,
the use of mixed bone marrow chimeric mice for infection studies would be used to test this
hypothesis. In this chimeric model, bone marrow isolated from IL-6-/- and MGL2DTR/DTR mice
will be transferred into irradiated wild-type mice that are depleted of normal bone marrow. As
such, these chimeric mice will only have a unique IL-6 production deficit that is restricted to
MGL2+ cells upon treatment with DT. During our infection studies, a failure to control this
parasite would suggest that MGL2+ cells are indeed producing IL-6 and are also critical to
protection.
Unfortunately, it is still unclear if MGL2 is a receptor that is actively used during Giardia
infection or if this receptor is simply a surface receptor that identifies a small subset of DCs. To
answer these questions, the use of MGL2-/- mice in Giardia infection studies should be able to
answer these two questions. If parasite clearance is not disrupted (normal) in Giardia-infected
MGL2-/- mice, then it suggests that MGL2 isn’t important in inducing protective immunity and
more likely to be a marker that identifies a specific subset of cells that are involved in protection.
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CHAPTER 5: CONCLUDING REMARKS
Infection with Giardia in humans (giardiasis) is regarded as one of the most common
human diarrheal disease worldwide with 280 million cases estimated to occur worldwide each
year (Lane and Lloyd, 2002). In a large study of Malnutrition and Enteric Diseases (MAL-ED)
Giardia was the 4th most common pathogen found in stools of children younger than 1 year of
age and the second most common pathogen among children between 1 and 2 years of age (PlattsMills et al., 2015). Interestingly, the Global Enteric Multicenter Study (GEMS) has reported that
Giardia infections appear to reduce the incidence of severe diarrheal disease in children in the
developing world, yet the reason for this phenomenon is still not fully understood (Kotloff et al.,
2013; Muhsen et al., 2014; Muhsen and Levine, 2012).
More recently, the MAL-ED project reported that Giardia detection was associated with
reduced height and weight measurements by children of age 2 (Rogawski et al., 2017) and also
showed that subclinical Giardia infections were associated with childhood stunting, regardless of
the presence of symptomatic diarrhea; thus, infections with Giardia contribute to childhood
malnutrition (Rogawski et al., 2018). Long term consequences of Giardia infections have also
been reported as infection is able to induce post-infectious syndromes. Recent work has shown
that irritable bowel syndrome (IBS) and chronic fatigue syndrome (CFS) develop years after this
parasite has been eliminated (Hanevik et al., 2017). Taken together, this parasite is clearly a
public health concern. A better understanding of the biology behind this host-pathogen
interaction is needed as better therapies and treatments can be developed that can improve the
health and well-being of those affected by giardiasis.
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This dissertation examines an unanswered, yet fundamental question within the field of
Giardia immunology. What are the specific initial interactions between Giardia and innate
immune cells or immune mechanisms that are used to activate downstream effector cells? The
lamina propria of the small intestine is considered one of the largest sites of immune cell
localization in the human body. This barrier contains intestinal epithelial cells that are important
in nutrient absorption, barrier restoration and maintenance, and also induction of immune
responses. Additionally, this barrier contains myeloid cells that are primarily responsible for
initiating downstream effector immune mechanisms, but also T cells that mediate protection
(Singer and Nash, 2000a) and pathology (Keselman et al., 2016; Scott et al., 2004) during
Giardia infection.
Our lab has previous published that F4/80+ macrophages expand in response to Giardia
during infection (Fig. V-1A). In this dissertation, we identify that this expansion not a caused by
a recruitment of inflammatory monocytes (Fig. V-1B) and is rather caused by an expansion of
tissue residents (Fig. V-1C). These macrophages also do not have an impact on parasite
clearance or development Th17 cellular responses (Fig. V-1D); however, it these cells may be
involved in the maintenance of the epithelial barrier (Fig. V-1E). This dissertation also examines
several C-type Lectins as mediators of an immune response during Giardia infection (Fig. V-2).
We report that cells expressing the MGL2 receptor are also required for protective Giardia
immunity as depletion of MGL2+ cells leads to a defect in parasite clearance. These cells may be
sources of IL-6, which is known to induce development of Th17 responses (Fig. V-2B). Our
preliminary data also suggest that MGL1 found on Macrophages mediate production of IL-10.
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However, MGL1 engagement must occur with simultaneous co-stimulation by LPS that results
in enhanced IL-10 production (Fig. V-2C). Lastly, this dissertation shows that mast cell
recruitment appears to be inhibited in MR-deficient mice, suggesting that parasite clearance may
be defective due to the loss of mast cells during infection (Fig. V-2D).
It is becoming increasingly clear that Giardia is able to induce defects in the intestinal
epithelial barrier as tight junctions between intestinal epithelial cells are degraded during
infection along with increased apoptosis of host epithelial cells (Fig. V-1A, V-2A) (Chin et al.,
2002; Panaro et al., 2007; Troeger et al., 2007). In this dissertation, we show that that
macrophages are not critical to parasite clearance during Giardia infection; however these cells
may instead be utilized in the removal of foreign antigen (Smythies et al., 2005) and host cellular
debris, such as apoptotic cell bodies (Cummings et al., 2016; Lauber et al., 2003; Smith et al.,
2011). Within this context, rather than supporting protective immunity, it is possible that the
accumulation of resident macrophages may be involved in the maintenance of the epithelial
barrier through clearance of epithelial cell apoptotic bodies caused by Giardia. This clearance
and maintenance process is associated with macrophages that exhibit regulatory characteristics
(Mosser and Edwards, 2008). An increase in regulatory macrophages could also be a potential
mechanism for limiting mucosal inflammation during symptomatic Giardia infection.
The intestinal epithelial barrier is perpetually regulated to deter any inflammation from
occurring at this sensitive barrier at steady state. In this regard, the macrophages reported in this
dissertation may play a role in preserving homeostatic conditions within the intestine. Intestinal
macrophages often downregulate many TLR signaling molecules associated with the
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inflammatory response (Smythies et al., 2010) and increase expression of IL-10 (Bain et al.,
2013; Rivollier et al., 2012) to reduce any inflammatory signals. Macrophages have also been
implicated in the expansion of regulatory T-cell (Tregs) through the release of IL-10 and retinoic
acid (Denning et al., 2007). Indeed, the number of these two cell type appear to be directly
correlated within the intestine (Denning et al., 2011). Our lab has previously shown that ARG1+,
NOS2+ macrophages accumulate in the duodenal lamina propria following infection (Maloney et
al., 2015) and resemble myeloid-derived suppressor cells (Gabrilovich and Nagaraj, 2009). An
accumulation of these cells has also has been reported in other parasitic infection models and
functionally are reported to act in an immunosuppressive capacity (Goñi et al., 2002; Voisin et
al., 2004). The expansion of CD11b+, CD11c- macrophages during G. muris infection in IL-10
deficient mice resulted in the inflammation of the colon, suggesting that macrophages normally
have a regulatory role and suppress intestinal inflammation during giardiasis (Dann et al., 2018).
Unfortunately, the biological function of the macrophage population reported in this dissertation
contributes remains to be fully elucidated. Yet, the question of whether these cell are involved in
immune regulation or the suppression of inflammation is an exciting future avenue of research to
explore.
This dissertation also examines several pattern recognition receptors (PRR) that could
respond to Giardia-specific antigen and activate downstream immunity. As Giardia–induced
breakages in the epithelial barrier allows for the translocation of luminal contents to the intestinal
lamina propria, microbial-associated molecules should be able to translocate and activate
myeloid cells. These include commensal bacterial derived TLR-ligands, such as LPS and
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lipoproteins, as well as Giardia antigen. Several reports have suggested a mechanism of myeloid
cell activation in response to Giardia.
A role for TLR2 has been described in recognition of Giardia and, interestingly, it
suggests that TLR2 may have a detrimental role for protective immunity and immunopathology
(Li et al., 2017). In response to Giardia WB trophozoites, TLR2 was greatly increased in
peritoneal macrophages and murine small intestine. Greater production of IL-6, IL-12p40, and
TNF-α was also reported in peritoneal macrophages when treated with TLR2 blocking antibody
or macrophages deficient in TLR2 in response to live trophozoites. Additionally, TLR2mediated reduction in cytokines was reported to signal through AKT, p38 and ERK. In TLR2deficient and AKT-deficient murine infections using WB cysts, parasite burden and typical
Giardia–associated pathologies were found to be drastically decreased when compared to control
groups. Unfortunately, these murine infection studies relied on the use of antibiotics for stable
infection and it is unclear if littermate control mice were used which both may play a role in the
presentation of pathologies and immune cell responses (Keselman et al., 2016) due to differing
intestinal microbiota (Singer and Nash, 2000b) which we report here can drastically effect
infection kinetics (chapter 3). This reports also fails to include the IL-10 response of peritoneal
macrophages in vitro, which would support a regulatory role for TLR2 as one may infer that an
enhancement of pro-inflammatory cytokines would also lead to a decrease in IL-10 production in
TLR2-deficent models. Our lab and others have previously reported that murine bone marrow
derived DCs and human DCs co-stimulated with TLR2 agonists and Giardia protein extract lead
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to a decrease in IL-6 and IL-12, while increasing production of IL-10 (Kamda and Singer, 2009;
Obendorf et al., 2013).
This dissertation also reports that Giardia is capable of inducing greater IL-10 production
in peritoneal macrophages which is dependent on LPS. Our preliminary data also suggest that
the synergistic effect seen during co-stimulation with Giardia protein and LPS may be due to
MGL1 engagement with Giardia GalNAc residues, as blocking this receptor reduces the
enhancement of IL-10 production during co-stimulation with LPS and Giardia extract.
Furthermore, beyond controlling the inflammatory response, these MGL1+ cells could also be
used in epithelial barrier maintenance as it was reported that MGL1-/- irradiated embryos had
slower clearance of apoptotic cells that MGL+ controls (Yuita et al., 2005). To clearly establish
a role for MGL1 in IL-10 production in response to Giardia, the use of primary cells deficient in
MGL1 will be required with the hypothesis that co-stimulation with TLR ligands and Giardia
protein does not lead to enhanced IL-10 production. Additionally, MGL1-/- mice can be used in
infection experiments with the hypothesis that intestinal pathology is more severe and IL-10
expression is reduced during infection.
Another proposed mechanism of action to initiate Giardia protective immunity is through
TLR4 recognition of the HSP70 immunoglobulin binding protein, BiP. In this report, TLR4
reporter HEK 293 cells responded to stimulation with rBiP and primary cells from TLR4deficient BALB/c mice had decreased production IL-12, TNF-α, and IL-6 (Lee et al., 2014).
Immature murine BMDCs treated with anti-TLR4 blocking antibody had reduced TNF-α
cytokine production in response to recombinant BIP (rBIP) when compared to controls. This
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same report also suggests that MyD88 is important in parasite recognition as BMDCs derived
from MyD88-/- mice stimulated with rBiP were unable to produce cytokines when compared to
wild-type controls (Lee et al., 2014). However in G. muris infections using MyD88-/-, IL-10-/and double knockout mice, parasites were cleared equally as well as IL-10-/- and wild-type
controls suggesting the TLR pathway is dispensable for protection (Dann et al., 2018). While
this dissertation does not support or disprove TLR-signaling in the recognition of the parasite, we
do show that C-type lectins are capable of inducting protective immune responses and
modulating responses to canonical TLR stimuli. Thus, we propose that TLRs may aid in the
signaling events of other PRRs during Giardia infections rather than solely acting alone.
Our data suggests that the Mannose Receptor (MR) and Macrophage Galactose Lectin 2
Receptors (MGL2) are both required for proper parasite clearance, yet they each contribute in
different ways. The MR appears to play a role in long term protection (greater than 14 days)
through mast cell recruitment, while MGL2+ cells are required for short term protection (7 days)
through IL-6 dependent induction of Th17 cells. However, in both of these cases we are still
unable to determine if both of these receptors directly mediate an impact on T-cell responses.
The MR and MGL2 are both thought to be used in antigen uptake and presentation to induce
activation of CD4+ T cells. Our data do not formally show that MR is directly involved in this
mechanism, yet it is apparent that redundant mechanisms are still active during infection as
Giardia-specific IgA is still generated. The MR has also been implicated in the crosspresentation of antigen to CD8+ T cells as only soluble OVA was able to activate OT-I transgenic
T-cell (Burgdorf et al., 2006). This avenue is interesting as our lab has reported that activated
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CD8+ T cells mediate a reduction in sucrase activity during infection that is dependent on the
presence of intestinal microbiota, yet it is still unclear how these CD8+ T cells are activated
(Keselman et al., 2016). It is possible that MGL2 is also being used as an antigen uptake
receptor in our infection model. During helminth infections, MGL2+ DCs were shown to
promote Type 2 immune responses by mediating the accumulation and activation of antigenspecific CD4+ T cells (Kumamoto et al., 2013). Our preliminary data supports this report as we
also show that reduction in MGL2+ DCs does inhibit the accumulation of CD4+ T cells and may
be mediated by a reduction in cytokine signaling leading to T-cell differentiation (signal 3) rather
than a lack of antigen presentation on MHCII (signal 1), yet the latter cannot be entirely ruled
out.
Unfortunately, our data do not explore the mechanism linking the MR to immune cell
recruitment, specifically mast cells. The MR is upregulated during the induction of either antiinflammatory or type-2 immunity conditions, specifically IL-4, IL-13, and IL-10, while
expression is downregulated in response to IFNγ. The inhibition of mast cell recruitment during
Giardia infection may be due to a decrease in type 2 conditions in MR-deficient mice. Given the
vital nature of mast cells to protective immunity a greater understanding is certainly warranted.
Additionally, it is still to be determined if the MGL2+ receptor is truly mediating protection or if
this receptor is simply a marker for a specific subset of DCs. Interestingly, it is plausible that
both of these receptors would be able to be engaged concurrently as Giardia antigen (MR) and
Cyst Wall (MGL) components may be present in the small intestine at the same time; yet this
dissertation does not explore that question of PRR kinetics.
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This dissertation is the first work that explores a role for the Mannose Receptor and
Macrophage Galactose Lectin receptor in protective immunity and also builds upon past studies
that have examined the role of resident macrophages during Giardia infection. The goal of this
work was to identify the interactions between Giardia and innate immune cells that were used to
activate downstream effector cells, and while several questions have been answered in this work
- many more still remain. In this work we present a mechanism of macrophage accumulation
during Giardia infection that does not correlate with other intestinal diseases in which tissue
resident macrophages proliferate in response to infection; however, these resident cells are
dispensable for protection (Fig. V-1). This work also identifies three C-type lectin receptors MR, MGL1, and MGL2 - that appear to be involved in the signaling of immune responses
leading to protection from this parasite (Fig. V-2). Moving forward, since many advances in our
understanding of protective Giardia immunity have been discovered using murine infection
models or human cell culture models; additional emphasis on studies of immune responses in
human infections are needed. Yet the greater challenge for our field resides in translating these
advances towards human systems to generate novel therapeutics that promote human health.
Considering the public health implications of this parasite, a better understanding of this hostpathogen interaction is deserved.
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Figure V-1: Model of Results - Proliferation of resident macrophages is dispensable for
protection during Giardia infections. During infection, Giardia induces a breakage in the
intestinal epithelial barrier that allows the translocation of both Giardia and commensal bacteria
antigen into the lamina propria. In response to infection, macrophages accumulate in the small
intestine lamina propria (A). This expansion in not a caused by a recruitment of inflammatory
monocytes (B) and is rather caused by an expansion of tissue residents (C). These macrophages
also do not have an impact on parasite clearance or development Th17 cellular responses (D);
however, it these cells may be involved in the maintenance of the epithelial barrier (E).

98

Figure V-2: Model of Results - C-type lectins respond to Giardia during infection. During
infection, Giardia induces a breakage in the intestinal epithelial barrier that allows the
translocation of both Giardia and commensal bacteria antigen into the lamina propria (A). This
includes β1,3-N-acetyl-D-galactosamine (GalNAc) derived from the Giardia cyst wall, N-acetylglucosamines (GlcNAc) derived from Giardia-produces glycoproteins, and commensal bacteria
Toll-like Receptor ligands, such as lipopolysaccharide (LPS). Macrophage Galactose C-type
Lectin 2 Receptor (MGL2) found on Dendritic cells (DCs) are able to mediate the production of
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IL-6, which then stimulates the differentiation of IL-17 producing T cells (Th17). These cells
then mediate the translocation of IgA into the lumen of the intestine to aid in parasite defense
(B). The Macrophage Galactose C-type Lectin 1 Receptor (MGL1) found on Macrophages
(Mac) mediate production of IL-10, however this engagement must occur with simultaneous costimulation by LPS and results in the induction of IL-10 production (C). The Mannose Receptor
(MR) found on Mononuclear phagocytes (MNP) bearing the are able to recognize terminal
GlcNAc modifications present on Giardia proteins. This receptor is able to mediate the
recruitment of mast cells (MC) that are known to be critical to Giardia protective immunity
through an unidentified mechanism (D).
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