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Summary 

Marie-Kristin Raulf 

C-type lectin receptor recognition in parasitic infections 

 

Myeloid C-type lectin receptors (CLRs) are pattern recognition receptors (PRRs) recognising 

carbohydrate structures of all classes of pathogens, including bacteria, virus, fungi and 

parasites, thereby initiating innate as well as shaping adaptive immunity to intruding agents. 

Parasitic protozoans and helminths are known to modulate the host immune response by the 

secretion of immunomodulatory factors, including a vast number of proteins, lipids, and other 

molecules, most of which are heavily glycosylated. Although these glycosylated 

immunomodulatory factors represent promising ligands for CLRs, almost nothing is known 

about the contribution of CLRs to parasite infections. Therefore, the first part of this work aimed 

to unravel yet unknown interactions of CLRs with the protozoan parasites of the genus 

Plasmodium, and the helminths Toxocara canis and Toxocara cati. 

Plasmodium spp. remain one of the major global causes of death from infectious diseases. 

Morbidity is mainly due to cerebral malaria (CM), as severe neurological disorders are common 

symptoms of CM. A contribution of the CLR dendritic cell immunoreceptor (DCIR) to CM has 

previously been shown, whereas the role of other CLRs has not been unravelled so far. Using 

a murine CLR-hFc fusion protein library, we identified CLEC12A as a novel receptor for 

plasmodial hemozoin, a parasite-derived crystalline disposal product. Hemozoin affected 

dendritic cell (DC) effector function with significantly reduced reactive oxygen species (ROS) 

production in CLEC12A-/- DCs compared to wild-type DCs. DC/T cell co-culture assays 

indicated that the CLEC12A/hemozoin interaction enhanced CD8+ T cell cross-priming since 

hemozoin-induced granzyme B and IL-2 secretion was CLEC12A-dependent. 

The dog roundworm Toxocara canis and the cat roundworm Toxocara cati are worldwide 

distributed zoonotic intestinal helminths with frequent exposure to humans. Within paratenic 

hosts’ tissue, Toxocara third-stage larvae (L3) can persist up to a decade due to immune evasion 

and cause severe disease pathology such as visceral as well as ocular larva migrans and 

neurotoxocarosis. Immune responses to Toxocara infection are mainly mediated by L3-secreted 

Toxocara excretory-secretory antigens (TES), which are the key drivers of Toxocara-mediated 

immune evasion and contain a vast number of glycoconjugates as potential targets for CLRs. 

To date, little is known about the role of CLRs during toxocarosis. The use of the CLR-hFc 

fusion protein library in ELISA-based assays revealed two promising candidate CLRs, 
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macrophage galactose-type lectin-1 (MGL-1) and macrophage C-type lectin (MCL), 

recognising T. canis and T. cati-derived antigens. MGL-1 bound to the oral aperture of both 

T. canis and T. cati L3 in immunofluorescence microscopy. Immunoblot defined distinct 

protein fractions of TES and Toxocara somatic antigens (TSOM) interacting with MGL-1 and 

MCL, thus containing potential ligands for these CLRs. Moreover, stimulating MCL-/- DCs 

with Toxocara spp. antigen showed that T. cati-mediated IL-6 and TNF cytokine production of 

DCs was MCL-dependent suggesting an immunological relevance of the MCL/T. cati 

interaction. 

The work presented in this thesis provides novel insights into the CLR-mediated immune 

response against Plasmodium and Toxocara spp., holding potential for urgently needed novel 

applications in therapy and diagnosis of malaria and toxocarosis. Most of all, the availability of 

reliable, sensitive, and specific serological tests detecting human Toxocara exposure is limited. 

To meet this need, the second part of the thesis involved the establishment of a commercially 

available anti-Toxocara ELISA and WB, which were recently brought to market. Sensitivity 

and specificity of both ELISA and WB exceeded 90% compared to an over 20 years established 

in-house anti-Toxocara ELISA; thus, these newly developed tests are suitable to be used in 

routine diagnosis and seroepidemiological studies on toxocarosis. 

In conclusion, the presented work revealed novel CLR/parasite interactions, unravelling 

CLEC12A as an innate sensor for plasmodial hemozoin and MGL-1 and MCL as promising 

candidates for immunomodulation during toxocarosis, and proved two commercially available 

serological tests as highly reliable for detection of Toxocara infection, ultimately giving the 

prospect for their use in Toxocara diagnosis. 
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Zusammenfassung 

Marie-Kristin Raulf 

Funktion von C-Typ Lektin-Rezeptoren bei parasitären Infektionen 

 

Myeloide C-Typ Lektin-Rezeptoren (CLRs) gehören zur Gruppe der 

Mustererkennungsrezeptoren (pattern recognition receptors, PRRs) und erkennen vorwiegend 

Kohlenhydratstrukturen aller Erregerklassen wie Bakterien, Viren, Pilze und Parasiten. Diese 

Erkennung hat die Einleitung der angeborenen Immunität und nachfolgend die Modulierung 

der adaptiven Immunität zur Folge. Parasitische Protozoen und Helminthen sind dafür bekannt, 

die Immunantwort des Wirtes mit Hilfe von sekretierten immunmodulatorischen Faktoren zu 

beeinflussen. Diese Faktoren setzen sich aus unterschiedlichsten Proteinen, Lipiden und 

anderen Molekülen zusammen und sind zumeist stark glykosyliert. Trotz der Tatsache, dass 

diese glykosylierten immunmodulatorischen Faktoren vielversprechende Liganden für CLRs 

darstellen, ist bisher nur wenig bezüglich der Beteiligung von CLRs bei parasitären Infektionen 

bekannt. Daher war es das Ziel des ersten Teils dieser Arbeit, bisher unbekannte Interaktionen 

von CLRs mit protozoären Erregern der Gattung Plasmodium sowie den Helminthen 

Toxocara canis und Toxocara cati zu identifizieren und zu charakterisieren. 

Protozoen der Gattung Plasmodium sind Erreger der Malaria und verursachen nach wie vor 

eine Vielzahl der durch Infektionskrankheiten bedingten Todesfälle. Die Mortalität ist 

hauptsächlich durch die zerebrale Malaria (ZM) bedingt, da diese häufig in schweren 

neurologischen Störungen resultiert. Eine Beteiligung des CLR dendritischer Zell-

Immunrezeptor (dendritic cell immunoreceptor, DCIR) in der ZM wurde bereits gezeigt. Über 

die Rolle weiterer CLRs ist bisher jedoch wenig bekannt. Mit Hilfe einer murinen CLR-hFc 

Fusionsprotein-Bibliothek wurde Hämozoin, ein von Plasmodien produziertes kristallines 

Stoffwechselprodukt, als distinkter Ligand von CLEC12A nachgewiesen. Hämozoin 

beeinflusste die Effektorfunktion dendritischer Zellen (DZs) mit einer verminderten reaktiven 

Sauerstoffspezies (reactive oxygen species, ROS) -Produktion von CLEC12A-/- DZs. 

DZ/T-Zell-Kokultivierungen zeigten, dass die CLEC12A/Hämozoin Interaktion zur 

Kreuzpräsentation von CD8+ T-Zellen beiträgt, die infolgedessen Granzym B und IL-2 

vermehrt sezernieren. 

Der Hundespulwurm Toxocara canis und der Katzenspulwurm Toxocara cati sind weltweit 

verbreitete intestinale Helminthen mit zoonotischer Bedeutung. Durch Immunevasion können 

Toxocara-Larven (L3) oft jahrelang im Gewebe von paratenischen Wirten persistieren, was mit 
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klinischen Symptomen (viszerale, okuläre oder Neurotoxokarose) einhergehen kann. Das von 

Larven sezernierte exkretorisch-sekretorische Antigen (TES), das als Auslöser für die 

Immunantwort gegen und als Mediator der Immunevasion von Toxocara gilt, besteht aus einer 

Vielzahl von Glykokonjugaten, die potenziell von CLRs erkannt werden. Ungeachtet dessen ist 

bisher nur wenig über die Rolle von CLRs bei der Toxokarose bekannt. Das Makrophagen 

Galaktose-Typ Lektin (MGL-1) und das Makrophagen C-Typ Lektin (MCL) wurden mittels 

ELISA-basierten Bindungsstudien als vielversprechendste Rezeptor-Kandidaten, sowohl für 

die Bindung an T. canis- als auch T. cati-Antigen, identifiziert. Die 

Immunfluoreszenzmikroskopie infektiöser T. canis- und T. cati-L3 zeigte, dass MGL-1 an die 

Mundöffnung beider Parasiten bindet. Mittels Immunoblot konnten TES- und Toxocara 

somatisches Antigen (TSOM)-Proteingruppen identifiziert werden, die potenzielle CLR-

Liganden für MGL-1 und MCL beinhalteten. Die immunologische Relevanz der MCL/T. cati-

Interaktion wurde anhand von DZ-Stimulationsassays gezeigt, in denen die IL-6- und TNF-

Zytokinsekretion T. cati-stimulierter DZs MCL-abhängig war. 

Die in der Arbeit gewonnen Erkenntnisse ermöglichen neue Einblicke in die CLR-vermittelte 

Immunantwort gegen Plasmodium und Toxocara spp. und zeigen möglicherweise Perspektiven 

für dringend benötigte, neuartige Anwendungsmöglichkeiten in der Therapie und Diagnose der 

Malaria und Toxokarose auf. Insbesondere die Diagnostik der Toxokarose gestaltet sich als 

schwierig, da es derzeit an zugänglichen und zuverlässigen serologischen Tests mit einer hohen 

Sensitivität und Spezifität mangelt. Um diesem Defizit entgegenzuwirken, beinhaltete der 

zweite Teil dieser Arbeit die Etablierung eines neuen, kommerziell erhältlichen ELISAs und 

Westernblots. Beide neu entwickelten serologischen Nachweismethoden zeigten Sensitivitäten 

und Spezifitäten von über 90% im Vergleich zu einem über 20 Jahre etablierten in-house 

ELISA, und stellen somit geeignete Tests für die Anwendung im Bereich der Routinediagnostik 

und seroepidemiologischer Studien zum Nachweis der Toxokarose dar. 

Somit wurden in der hier präsentierten Arbeit neue CLR/Parasiten-Interaktionen aufgedeckt, 

mit Hämozoin als distinkten Liganden für CLEC12A und MGL-1 und MCL als 

vielversprechende Kandidaten hinsichtlich der Immunmodulation bei der Toxokarose. Zudem 

wurden zwei kommerziell erhältliche serologische Tests zur Detektion einer Toxocara-

Infektion als sehr zuverlässig evaluiert und schlussendlich Perspektiven für die Nutzung von 

CLRs im Rahmen der Toxocara-Diagnose aufgeführt. 
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Introduction 

Hallmarks of the immune system 

The immune system represents one of the most complex and versatile networks of cellular and 

soluble components in mammalians, protecting them from exogenous and endogenous threats. 

To maintain health and homeostasis, two engaging and interdepending segments have evolved 

over millions of years: the fast and undirected innate system and the late and specialised 

adaptive system as part of immunity (CHAPLIN 2010). Mechanisms of innate immunity can 

be found in most ancient multicellular organisms, whereas adaptive immunity developed later 

along with jawed vertebrates (KIMBRELL and BEUTLER 2001, PANCER and COOPER 

2006). While innate immunity is characterised by the recognition of conserved self- and non-

self-patterns by genetically pre-determined receptors as early as within hours from exposure 

(JANEWAY and MEDZHITOV 2002), adaptive immunity mediates specific long-term 

immunological protection by genetically randomised receptors (BONILLA and OETTGEN 

2010). Together, these highly diverse segments of immunity are essential for clearance of 

pathogenic agents and maintenance of homeostasis to protect the host (PALM and 

MEDZHITOV 2009). 

Innate immunity 

The innate immune system represents the first line of defence against exogenous agents and is 

mediated by multiple defence mechanisms. As soon as a pathogenic organism invades the host, 

it first has to overcome cutaneous, respiratory and gastrointestinal barriers composed of tight 

junction-interlinked epithelial cells (IVANOV et al. 2010). These cells secrete antimicrobial 

peptides, enzymes, and glycoproteins, ultimately forming a covering mucus layer which 

inhibits the epithelial adherence and growth of invading pathogens (RIERA ROMO et al. 2016). 

Moreover, the physical barrier function is supported by chemical mechanisms, such as an acidic 

pH, and commensal microbiota, competitively pressuring invasive pathogens (GALLO and 

HOOPER 2012, MURPHY and WEAVER 2016, TURVEY and BROIDE 2010). 

Upon impairment of the integrity of the epithelial barrier, pathogenic agents enter the host and 

mediate innate immune responses, which can be subdivided into humoral and cellular fractions. 

The humoral fraction is composed of soluble components such as antimicrobial peptides, acute 

phase proteins and the complement system, which mediate pathogen lysis, opsonisation, and 

phagocytosis of intruding agents (BEUTLER 2004, HOLERS 2014). The cellular compartment 
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comprises a broad range of cell types, namely antigen-presenting cells (APCs), [monocytes, 

macrophages, dendritic cells (DCs)], natural killer (NK) cells, mast cells and granulocytes 

(basophils, neutrophils, eosinophils) (JANEWAY and MEDZHITOV 2002). Most innate cells 

are derived from common bone marrow-derived pluripotent stem cells. These pluripotent stem 

cells divide into myeloid progenitor cells, which further on develop to above-mentioned cell 

types during haematopoiesis (RIEGER and SCHROEDER 2012). Despite being innate immune 

cells, natural killer (NK) cells are separated from the myeloid lineage as they commonly origin 

from a lymphoid progenitor developing during lymphopoiesis (CICHOCKI et al. 2019). After 

migration of innate immune cells to the circulatory system, peripheral tissues and the site of 

infection, they encounter and recognise a variety of exogenous pathogens and endogenous 

danger signals by germ-line encoded pattern recognition receptors (PRRs) (BRUBAKER et al. 

2015). The recognition and uptake of these products leads to the activation of innate immune 

cells, which exert antimicrobial and tissue-protective functions. First, they generate and release 

proteases, antimicrobial peptides, reactive oxygen species (ROS) and nitric oxide (NO) 

(BEUTLER 2004, TURVEY and BROIDE 2010) and second, they produce pro-inflammatory 

cytokines and chemokines, such as interleukin (IL)-1, IL-6, IL-8, IL-12 and tumour necrosis 

factor (TNF), which initiate inflammation (TAKEUCHI and AKIRA 2010). Accumulation of 

cytokines has various effects on, for instance, the regulation of inflammation-mediated cell 

death and the increase of vascular permeability, facilitating the extravasation of leukocytes from 

circulation to the site of inflammation (ROCK and KONO 2008, VESTWEBER 2012). 

Importantly, pro-inflammatory cytokines are critically involved in the activation of APCs by 

promoting antigen presentation, a process which is indispensable for initiation of an adaptive 

immune response (OLSON and LEY 2002). 

Antigen presentation is facilitated by professional APCs, of which DCs represent the 

predominant cell type involved in antigen presentation (ROSSI and YOUNG 2005). The 

process is initiated by the endocytosis of pathogenic agents, which are transported along early 

and late endosomal compartments within the cell. Upon fusion of late endosomes with 

lysosomes, endocytosed antigens are degraded into peptides (BLUM et al. 2013). These 

peptides are loaded to major histocompatibility complex (MHC) molecules on the surface of 

APCs for presentation to naïve T lymphocytes and their peptide-matching lymphocyte receptors 

(CHO and SPRENT 2018). Besides MHC/T cell receptor (TCR) interaction, a co-stimulus, 

mediated by the interaction of the APC-expressed cluster of differentiation (CD) 80/86 and 

T cell-expressed CD28, is critically needed for cell survival and proliferation of T cells 

(KAPSENBERG 2003, REIS E SOUSA 2004). Thus, APCs have a dual role connecting both 
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arms of immunity as they are indispensable for both initiating innate immunity and shaping 

adaptive immune responses. An overview on innate and adaptive immunity is given in Figure 1. 

Figure 1: Composition of the innate and adaptive immune system. The immune system can be subdivided in 

two main arms: the innate (red, left) and adaptive (blue, right) immune system with its cellular (top) and humoral 

(bottom) components. Innate immunity represents the first line of defence against invading pathogens. First, by 

hindrance of entry of foreign agents by physical, chemical and commensal barrier functions. Second, by humoral 

plasma proteins such as C-reactive protein of the complement cascade and mannose-binding lectin, which aid in 

pathogen lysis, opsonisation and phagocytosis of invading pathogens. Third, and most importantly, by the cellular 

compartment, which is composed of phagocytic cells such as macrophages and dendritic cells. These cells are 

activated by the recognition of pathogen- and danger-associated molecular patterns (PAMPS and DAMPS) via 

pattern recognition receptors (PRRs) on their surface and subsequently lead to the initiation of immune responses 

as early as within 1 to 12 hours upon infection. The classical antigen-presenting cells (APCs), namely dendritic 

cells, are able to bridge innate to adaptive immunity by active presentation of phagocytosed pathogenic antigens 

via major histocompatibility complexes (MHC) to the T cell receptor (TCR) present on T cells. As a result of 

MHC/TCR interaction, naïve T cells are activated and differentiate either into cytotoxic- (CTL) or helper T cells 

(Th). Further on, B cells are activated by two distinctive signals: the recognition of the antigen by the B cells’ 

antigen receptor, leading to the internalisation and subsequent presentation of the antigen via MHC molecules, and 

the interaction of B cell expressed CD40 with CD40L present on previously primed Th cells. Upon this interaction, 

T cells secrete the cytokine IL-4, promoting the clonal expansion of activated B cells, which results in the 

production of antigen-specific antibodies as part of humoral adaptive immunity. Overall, efficient activation of the 

adaptive immune system requires 3 to 7 days. This Figure was modified from Servier Medical Art 

(http://smart.servier.com). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 

Unported License. 

http://smart.servier.com/
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Adaptive immunity 

The adaptive immune system represents the delayed, but highly specific and long-lasting branch 

of immunity. The generation of an immunological memory is the hallmark of adaptive 

immunity, which is mediated by somatically recombined and diversified receptors present on 

lymphocytes (JANEWAY and MEDZHITOV 2002). Lymphocytes, namely T and B cells, and 

their released effector molecules represent the predominant mediators of adaptive immunity 

(BONILLA and OETTGEN 2010). As innate immune cells, lymphocytes arise from a common 

bone marrow-derived pluripotent hematopoietic stem cell. These stem cells differentiate into 

lymphoid progenitor cells, which subsequently mature to lymphocyte progenitors 

(BUSSLINGER et al. 2000). During lymphopoiesis, progenitor cells develop into a 

comprehensive and vast repertoire of T and B cells, of which each expresses a unique TCR or 

B cell receptor (BCR) to efficiently enable adaptive immune responses against a wide range of 

invading pathogens (DEPOIL and DUSTIN 2014, HOLT 2017, TREANOR 2012). TCRs and 

BCRs are randomly generated during early T and B cell development by V (variable) 

D (diversity) J (joining) rearrangement of gene segments encoding the antigen binding 

domains. This somatic recombination results in a manifold of slightly differing T and B cells, 

each of which carries a unique receptor that has a certain antigenic specificity (ROTH 2014). 

Lymphopoiesis occurs in primary lymphoid tissues, e.g. the bone marrow and the thymus. 

Precursors of both B cells and T cells originate from bone marrow. While B cells remain in the 

bone marrow during maturation, T cell precursors migrate to the thymus where they develop 

into mature T cells (BOEHM and BLEUL 2007). To avoid auto-reactivity, T cells undergo 

selection in their primary lymphoid tissues, where they are confronted to self-antigens presented 

on MHC molecules. Proper and sufficient affinity of TCRs to ligand/MHC complexes with low 

reactivity to self-molecules leads to positive selection of immature adaptive immune cells by 

survival signals. In contrast, negative selection with the induction of apoptosis is initiated upon 

strong ligand/MHC affinity as an indicator for auto-reactivity (KLEIN et al. 2009, MELCHERS 

et al. 1995, PALMER 2003). Upon positive selection, the binding preference of T cells, either 

to MHC-II or MHC-I molecules, defines their differentiation into CD4+ or CD8+ T cells, 

respectively (TANIUCHI 2018). After lymphopoiesis, both mature naïve B and CD4+ as well 

as CD8+ T cells migrate and reside in secondary lymphoid tissues such as the spleen, lymph 

nodes, Peyer plaques and tonsils. Here, they interact with primed APCs and become activated 

upon the recognition of their specific foreign antigen (BONILLA and OETTGEN 2010). 
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Activation of mature naïve CD4+ T cells via antigen/MHC-II complex interaction results in 

clonal expansion and differentiation into T helper (Th) subsets, which aid in activating other 

immune cells, such as B cells and cytotoxic T cells (KÖNIG 2002, MURPHY and WEAVER 

2016). Depending on the cytokine milieu during activation, Th cells can differentiate into 

different types such as Th1, Th2, Th9, Th17 and regulatory T cell (Treg) subsets (ZHU et al. 

2009). Briefly, Th1 cells are related to the clearance of pathogens mediating pro-inflammatory 

processes, such as intracellular bacteria. Therefore, Th1 cells secrete IFN-γ and TNF, enhancing 

the activation of phagocytes, mainly macrophages and microglia, which leads to elevated 

phagocytic activity and elimination of intracellular pathogens (LUCKHEERAM et al. 2012, 

ZHU and PAUL 2008). Th2 cells mainly shape humoral immune responses against extracellular 

bacteria and parasites by secreting IL-4, IL-5 and IL-13. These effector cytokines drive Th2 

differentiation as well as immunoglobulin (Ig) E isotype class switching (IL-4), the recruitment 

of eosinophils (IL-5) and the B cell-mediated secretion of IgE as well as the polarisation of M2- 

and alternatively activated macrophages (IL-13) (LUCKHEERAM et al. 2012, SHAPOURI‐

MOGHADDAM et al. 2018, WALKER and MCKENZIE 2018, ZHU and PAUL 2008). Th9 

cells are predominantly involved in the defence against helminth infections and in 

pathophysiological processes such as allergy and autoimmune diseases by the production of 

IL-9 and IL-10. While IL-9 mediates the activation and proliferation of mast cells, triggers 

eosinophilia and contributes to isotype switching, IL-10 impairs antigen processing and 

presentation by DCs and may be involved in the activation of regulatory T cells (CHEN et al. 

2020, KAPLAN 2013, LICONA-LIMON et al. 2017). Th17 cells exert adaptive immune 

functions during infections with fungi and extracellular bacteria by the secretion of IL-17, 

which leads to the recruitment and activation of neutrophils (LUCKHEERAM et al. 2012, ZHU 

and PAUL 2008). Treg cells are involved in immune regulation and tolerance, mainly in 

autoimmune and inflammatory diseases in which the secretion of IL-10 and TGF-β mediates 

immunosuppressive responses, involving the control and modulation of macrophage, neutrophil 

and Th cell function and the neutralisation of pro-inflammatory cytokine secretion (LI et al. 

2018, LUCKHEERAM et al. 2012, ZHU and PAUL 2008). The DC-mediated differentiation 

of Th cell subsets and their effector cytokines are depicted in Figure 2. 
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CD8+ T cells represent another subset of T cells that is predominantly involved in immunity 

against intracellular pathogens. CD8+ T cells are activated via antigen/MHC-I complex 

interaction, thus mediating cytotoxic effects by cytolysis of infected cells (MURPHY and 

WEAVER 2016, VAN KAER 2002). Therefore, CD8+ T cells are also known as cytotoxic 

T lymphocytes (CTL). To this end, CTLs express the Fas ligand (FasL) and release perforin 

and granzyme B. CTL-expressed FasL interacts with Fas, also known as the “death receptor”, 

Figure 2: Dual role of DCs – recognition of PAMPs and DAMPs and subsequent activation of T cells. Pattern 

recognition receptors (PRRs) expressed by antigen-presenting cells (APCs) recognise exogenous microbial-

derived ligands or endogenous self-antigens. These ligands are internalised, processed and peptides are presented 

on major histocompatibility class (MHC)-II molecules to CD4+ T cells. Moreover, signalling within APCs leads 

to the expression of co-stimulatory molecules CD80/86 and the release of cytokines. CD4+ T cells are activated 

upon TCR-mediated recognition of the MHC-II/peptide complex and co-stimulation. Depending on the polarising 

cytokine milieu released by APCs, CD4+ T cells differentiate in T helper (Th) 1, Th2, Th9, Th17 or regulatory 

T cells (Treg). This Figure was modified from Servier Medical Art (http://smart.servier.com). Servier Medical Art 

by Servier is licensed under a Creative Commons Attribution 3.0 Unported License. 

http://smart.servier.com/
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present on the surface of activated lymphocytes, thereby inducing a caspase cascade which 

leads to apoptosis of the target cell (VOLPE et al. 2016). Perforin directs the disruption of the 

targeted cellular membrane by the formation of pores, which allow granzyme B to penetrate, 

leading to caspase activation and apoptosis of infected cells (GERRITSEN and PANDIT 2016, 

VOSKOBOINIK et al. 2015). Cytotoxicity is potentiated by CTL-secreted cytokines, i.e. TNF 

and IFN-γ, which enhance apoptosis and the upregulation of MHC-I expression on APCs, 

respectively (WONG and PAMER 2003). 

The efficient activation of naïve B cells requires two distinctive signals. Initially, the B cell 

recognises its foreign antigen by its BCR, which leads to the internalisation and subsequent 

presentation of the recognised antigen via MHC molecules on the B cells’ surface. During the 

major route of B cell activation, the B cell receives a second signal from a previously primed 

Th cell. While the Th cell directly interacts with the B cell via the recognition of the 

peptide/MHC-II complex and CD40/CD40L interaction, thereby inducing B cell activation, 

T cell-secreted cytokines define the fate of the B cell-produced antibody isotype (HARWOOD 

and BATISTA 2008, LAMAN et al. 2017). Subsequently, activated B cells undergo clonal 

expansion. This expansion results in the generation of short-lived and long-lived plasma cells 

and the secretion of low- (mainly IgM) and high-affinity (mainly IgG, IgA and IgE after isotype 

class-switching) antibodies (SHLOMCHIK and WEISEL 2012, SUAN et al. 2017). Moreover, 

memory B cells are formed: these will be able to initiate a fast secondary response upon 

re-exposure (MCHEYZER-WILLIAMS and MCHEYZER-WILLIAMS 2005). 

Pattern recognition receptors – initiators of innate immunity 

In innate immunity, recognition of pathogens, pathogen-derived components and danger signals 

is indispensable for the initiation of immune responses against intruding agents and self-

damage. Recognition of conserved exogenous microbial-derived pathogen-associated 

molecular patterns (PAMPs) or endogenous cell death- and damage-derived danger-associated 

molecular patterns (DAMPs) is mediated by PRRs (BIANCHI 2007, TAKEUCHI and AKIRA 

2010). PRRs comprise different main groups, namely Toll-like receptors (TLRs), retinoic acid 

inducible gene-I (RIG-I)-like receptors (RLRs), nucleotide-binding oligomerisation domain 

(NOD)-like receptors (NLRs) and C-type lectin receptors (CLRs) (TAKEUCHI and AKIRA 

2010). 
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Toll-like-, NOD-like- and RIG-I-like receptors 

TLRs are the best characterised receptors of innate immunity, of which 10 (TLR1 to TLR10) 

and 12 (TLR1 to TLR9 and TLR11 to TLR13) are described in the human and murine system, 

respectively (MORESCO et al. 2011). TLRs are type-I transmembrane proteins that consist of 

19 to 25 copies of an extracellular leucine-rich repeat (LRR, binding domain), a transmembrane 

region, and a cytoplasmic Toll/IL-1 receptor (TIR) domain involved in signal transduction 

(BOTOS et al. 2011). TLRs bind to a manifold of PAMPs, especially those of bacterial origin. 

These include bacterial-derived lipopeptides (TLR1 and TLR10), lipoteichoic acids (TLR2), 

lipopolysaccharides (LPS, TLR4), flagellin (TLR5), diacyl lipopeptides (TLR6), unmethylated 

CpG oligodeoxynucleotides (CpG DNA) (TLR9) and ribosomal RNA (TLR13) (GUAN et al. 

2010, OLDENBURG et al. 2012, VIDYA et al. 2018). TLR3, TLR7 and TLR8 are 

predominantly involved in viral recognition by sensing double- (ds) and single-stranded (ss) 

RNA (CHEN et al. 2017), whereas TLR11 and TLR12 are known to interact with parasitic 

profilin (RAETZ et al. 2013, YAROVINSKY et al. 2005). Endogenous DAMPs released in 

response to cell stress are recognised by TLRs as well, such as fibrinogen (TLR4), heat shock 

proteins (TLR2, TLR4), extracellular matrix components (TLR2, TLR4, TLR6) and host-

derived DNA (TLR9) (PICCININI and MIDWOOD 2010). Upon TLR/ligand interaction, TLR 

ectodomains are dimerised, bringing the cytoplasmic TIR domains together to initiate 

intracellular signalling. Intracellular signalling is mediated by adaptor proteins such as the 

myeloid differentiation factor 88 (MyD88, activated upon engagement of all TLRs except 

TLR3), the TIR domain-containing adapter protein (TIRAP, activated upon TLR2/1, TLR4, 

TLR2/6 engagement), the TIR-domain-containing adaptor-inducing IFN-β (TRIF, activated 

upon TLR3 and TLR4 engagement) or the TRIF-related adapter molecule (TRAM, activated 

upon TLR4 engagement) (ANTHONEY et al. 2018, KAWASAKI and KAWAI 2014, 

MURPHY and WEAVER 2016). Signalling cascades initiate the activation of the transcription 

factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) with subsequent 

induction of pro-inflammatory cytokines such as TNF, IL-1β, IL-6 and IL-12, and chemotactic 

factors including interferon regulatory factors (IRFs) 3/7 for antiviral type I interferon (IFN) 

release (VIDYA et al. 2018). 

NLRs represent cytosolic sensors of bacterial infection and cellular damage by detecting 

PAMPs, environmental components and host cell molecules present in the host cells’ cytoplasm 

(MOTTA et al. 2015). They are composed of multiple N-terminal ligand-recognising LRRs, a 

nucleotide oligomerisation domain (NOD) and a C-terminal effector domain responsible for 

protein-protein interaction, which is specific for each subfamily of NLRs (KIM et al. 2016). 
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NOD1 and NOD2 are receptors of the NOD subfamily that contain an amino-terminal caspase 

recruitment domain (CARD) for signalling. They recognise bacterial peptidoglycans (muramyl 

dipeptide, MDP) or their metabolites and facilitate the formation of autophagosomes to promote 

bacterial clearance (MUKHERJEE et al. 2019). Opposed to the NOD subfamily, NLRPs carry 

a pyrin instead of a CARD domain and are essential for the formation of a multiprotein 

signalling complex known as the inflammasome. This complex is formed of NLRP1, NLRP3 

and NLRC4 and activates the protease caspase-1, which in turn mediates inflammatory cell 

death (pyroptosis) and aids in cleavage of precursors of the pro-inflammatory cytokines IL-1β 

and IL-18 (DAVIS et al. 2011). Thus, NLRs are involved in autoinflammatory diseases, such 

as gout, mediated by inappropriate inflammasome activation (HUGHES and O'NEILL 2018). 

For instance, monosodium urate (MSU) crystals are initiators of such diseases by activating the 

NLRP3 inflammasome, thereby initiating the release of pro-inflammatory cytokines despite an 

absence of infection: a state which is referred to as sterile inflammation (DESAI et al. 2017). 

While TLRs are receptors prone to detect exogenous viral genetic material entering the cell via 

endocytic pathways, RLRs facilitate viral detection by sensing cytoplasmic viral RNAs 

produced within the host cell. RLRs bind viral DNA by a C-terminal RNA helicase-like domain 

with subsequent signalling via two N-terminal CARD domains. Downstream signalling leads 

to the activation of the mitochondrial antiviral signal protein (MAVS) with subsequent initiation 

of NF-κB, IRF3 and IRF7 expression, followed by release of pro-inflammatory cytokines, IFN 

and IFN-stimulated genes (ISGs) (REHWINKEL and GACK 2020). 

C-type lectin receptors 

CLRs contribute to innate immunity against parasites, bacteria, fungi, and viruses by 

modulating functions of CLR-expressing cells such as endocytosis or cell activation. To this 

end, CLRs bind to carbohydrate structures on invading pathogens often in a Ca2+-dependent 

manner through a conserved carbohydrate-recognition domain (CRD), also frequently referred 

to as C-type lectin-like domain (CTLD) (MAYER et al. 2017). The CTLD encodes a specific 

amino acid motif, which defines ligand specificity. While the EPN (Glu-Pro-Asn) motif is 

characteristic to interact with N-acetylglucosamine (GlcNAc) and mannose, fucose as well as 

glucose-based carbohydrates, the QPD (Gln-Pro-Asp) motif mediates binding affinity towards 

N-acetylgalactosamine (GalNAc) and galactose-based sugars (LEE et al. 2011). However, 

binding of CLRs is not necessarily restricted to glycans or glycoconjugates: interactions with 

non-glycosylated lipids, proteins and even urate crystals are commonly reported 

(DRICKAMER 1999, NEUMANN et al. 2014). CLRs can be divided into type I- or type II 
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transmembrane proteins, depending on the extracellular- or intracellular location of the 

N-terminus, respectively. Independently from this classification, CLRs encompass 17 different 

groups of secreted as well as membrane-bound receptors featuring a manifold of different 

effector functions such as serum glycoprotein homeostasis, pathogen sensing, and the initiation 

of immune responses (MAYER et al. 2017). Three of these 17 groups, namely the 

asialoglycoproteins/DC receptors (group II), the NK cell receptors (group V), and the multi-

CTLD endocytic receptors (group VI) harbour so-called myeloid CLRs, which are essential for 

initiating innate immune responses by recognising PAMPs and DAMPs (MAYER et al. 2017, 

ZELENSKY and GREADY 2005). As myeloid CLRs are the main objective of this thesis, the 

following sections will predominantly focus on this group of CLRs. 

Myeloid CLRs are predominantly expressed by APCs and phagocytes, including DCs, 

macrophages, monocytes, and granulocytes. The signalling pathways of these receptors are 

highly diverse and complex as CLRs may elicit cellular activation or inhibition, either by direct 

signalling or by crosstalk with other signalling receptors (GEIJTENBEEK and GRINGHUIS 

2009). Cell activation is mediated by CLRs bearing immunoreceptor tyrosine-based activation 

motifs (ITAMs) or hemITAMs. They both harbour an YxxL (Y=tyrosine, L=leucine, x=random 

amino acid) consensus sequence in their intracellular tail, either in form of a tandem repeat 

(ITAM) or as a single sequence (hemITAM). ITAMs and hemITAMs interact with signalling 

adaptors such as the fragment crystallisable (Fc) receptor γ-chain (FcRγ), which is responsible 

for the recruitment of the spleen tyrosine kinase (Syk) (DEL FRESNO et al. 2018). A direct 

interaction with Syk is possible as well, however less common (KERRIGAN and BROWN 

2010). Activation-mediated phosphorylation of Syk drives innate immunity towards pro-

inflammatory responses by downstream signalling of the caspase recruitment domain-

containing protein 9 (CARD9)/B cell lymphoma 10 (BCL10)/Mucosa-associated lymphoid 

tissue lymphoma translocation protein 1 (Malt1)-complex. Subsequently, kinases and 

transcription factors such as mitogen-activated protein kinases (MAPK), activator protein 1 

(AP-1), NF-κB and nuclear factor of activated T cells (NFAT) are activated and trigger 

phagocytosis, DC maturation and cytokine production (HOVING et al. 2014, OSORIO and 

REIS E SOUSA 2011). 

Immunoreceptor tyrosine-based inhibitory motifs (ITIMs) bear an I/V/L/SxYxxI/L/V 

(I=isoleucine, V= valine, S=serine) consensus sequence and facilitate the inhibition of cell 

activation. Therefore, ITIM-associated CLRs recruit phosphatases like Src homology region 2 

domain-containing phosphatase-1 (SHP-1) or SHP-2, that negatively regulate activatory 

signalling pathways exploited by other PRRs (REDELINGHUYS and BROWN 2011). For 
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instance, dendritic cell immunoreceptor (DCIR) interferes with TLR signalling, as shown by 

the DCIR-mediated inhibition of TLR8- and TLR9-induced cytokine production (MEYER-

WENTRUP et al. 2008, MEYER-WENTRUP et al. 2009). However, CLR signalling can also 

be ITAM/ITIM-independent. For instance, dendritic cell-specific ICAM-grabbing non-integrin 

(DC-SIGN) activates the rapidly accelerated fibrosarcoma (Raf)-1 kinase and utilises other 

routes than the common Syk/CARD9 axis, finally leading to NF-κB activation (BARROW and 

TROWSDALE 2006). 

Since CLRs are mainly expressed by APCs such as macrophages and DCs, CLR engagement 

impacts innate responses by regulating phagocytosis, antigen presentation, and cytokine 

expression in APCs. Consequently, antigen presentation and cytokine production by APCs 

affects T cell activation and initiates adaptive immunity (MAYER et al. 2017). Thus, CLR 

targeting not only impacts innate but also adaptive immune responses. In the following sections, 

special emphasis is given to the CLRs CLEC12A, MGL and MCL as candidate receptors 

mediating immunity in parasitic infections. 

CLEC12A 

The C-type lectin domain family 12 

member A (CLEC12A), often referred to as 

myeloid inhibitory C-type lectin-like 

receptor (MICL) (MARSHALL et al. 

2004), is a type II transmembrane receptor 

that is predominantly expressed by myeloid 

cells, including granulocytes monocytes, 

macrophages and DCs in both humans and 

mice. (DROUIN et al. 2020, KASAHARA 

and CLARK 2012, LAHOUD et al. 2009, 

MARSHALL et al. 2006, PYZ et al. 2008). 

CLEC12A harbours a single CTLD and an 

ITIM motif (V/LxxYxI/V), which mediates 

rapid recruitment of SHP-1 and SHP-2 

phosphatases, interfering with activatory 

signals of other PRRs (HAN et al. 2004, 

MARSHALL et al. 2004, PYZ et al. 2008) 

as depicted in Figure 3. 

Figure 3: CLEC12A signalling in cell death. Upon 

ligation, e.g. the detection of monosodium urate acid 

(MSU) crystals released by necrotic cells, CLEC12A 

mediates the recruitment of SHP-1 and SHP-2 

phosphatases. Inhibitory signalling of CLEC12A interferes 

with cellular activation exploited by other PRRs. Hence, 

CLEC12A controls cell death-mediated sterile 

inflammation. CRD: carbohydrate-recognition domain, 

ITIM: immunoreceptor tyrosine-based inhibitory motifs, 

PRR: pattern recognition receptor. Modified according to 

JOHANNSSEN (2016). This Figure was modified from 

Servier Medical Art (http://smart.servier.com). Servier 

Medical Art by Servier is licensed under a Creative 

Commons Attribution 3.0 Unported License. 

http://smart.servier.com/
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Thus, CLEC12A is considered as a regulatory receptor counteracting excessive inflammation 

(DROUIN et al. 2020). In this context, CLEC12A was shown to exert a regulatory function in 

sterile cell death by binding to its only known ligand so far: endogenous MSU. The 

CLEC12A/MSU interaction dampened MSU-mediated hyperinflammation and respiratory 

burst by interfering with Syk signalling and reduced the activation and recruitment of 

neutrophils in MSU-challenged WT compared to CLEC12A-/- mice (NEUMANN et al. 2014). 

Furthermore, it was recently shown that CLEC12A potentiates type I IFN responses induced 

by MSU in vitro and by viral infection in vivo (LI et al. 2019). CLEC12A was also reported to 

be involved in other inflammatory diseases such as experimental autoimmune 

encephalomyelitis (EAE, the murine model of multiple sclerosis) and rheumatoid arthritis. 

CLEC12A-/- mice exhibited delayed EAE disease induction and reduced disease severity 

(SAGAR et al. 2017) and the blockade of this CLR led to enhanced severity of inflammatory 

rheumatoid arthritis (REDELINGHUYS et al. 2016).  

Moreover, CLEC12A exerts regulatory functions on DC activation and subsequent modulation 

of T cell responses, which is not surprising as CLEC12A is highly expressed on common APCs. 

For instance, CLEC12A was shown to deliver tumour antigens into DCs, mediating the 

activation of CD8+ T cells by MHC-I cross-priming (HUTTEN et al. 2016). Furthermore, 

targeting of CLEC12A contributes to the induction of influenza antigen-specific tissue-resident 

memory CD8+ T cells and increases the frequency of GrB+ T cells (WAKIM et al. 2015). 

Macrophage galactose-type lectin (MGL) 

The DC and macrophage-expressed macrophage galactose-type lectin (MGL) is an ITAM-

ITIM-independent type II transmembrane protein that carries an extracellular domain with a 

trimeric CTLD (JEGOUZO et al. 2013, SUZUKI et al. 1996, VAN KOOYK et al. 2015). The 

CTLD bears a QPD motif, which mediates binding of MGL to galactose (Gal) and terminal 

N-acetylgalactosamine (GalNAc) (VAN KOOYK et al. 2015). These sugars are abundantly 

found on tumour antigens or on glycoconjugates of a variety of pathogenic organisms, such as 

bacteria, viruses and helminths. Human MGL has two orthologues in the murine system: 

MGL-1 and MGL-2 (TSUIJI et al. 2002). While MGL-2 exhibits equal binding preferences to 

human MGL, MGL-1 recognises Lewis X [Galβ1-4(Fucα1-3)GlcNAc] and Lewis A 

[Galβ1-3(Fucα1-4)GlcNAc] glycostructures (TSUIJI et al. 2002, VAN KOOYK et al. 2015). 

MGL has a predominant role in cancer immunity by interacting with cancer-related 

glycosylation patterns on tumour cells, thus promoting tumour invasion and suppression of the 

immune response (VAN KOOYK et al. 2015, ZIZZARI et al. 2015). In this context, MGL 
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recognises α-GalNAc-bearing tumour-associated antigens, also referred to as Tn antigens, 

which mediate homodimerisation or -trimerisation of MGL. Subsequent phosphorylation of 

extracellular signal-regulated kinases 1/2 (ERK1/2) and the activation of NF-κB lead to 

enhanced DC activation, CD8+ T cell cross-priming and reduced IL-10 and TNF secretion 

(NAPOLETANO et al. 2012, VAN KOOYK et al. 2015). 

In bacterial infections, interactions of MGL with Staphylococcus aureus, 

Neisseria gonorrhoeae, Campylobacter jejuni and Escherichia coli were reported (MNICH et 

al. 2020). However, the immunological relevance of bacteria/MGL interaction has rarely been 

addressed in vivo. It has only been shown that MGL1-/- mice exhibit increased susceptibility to 

Klebsiella pneumoniae-induced pneumonia with increased mortality due to exacerbated lung 

pathology involving hyperinflammation and pulmonary neutrophilia (JONDLE et al. 2016). 

Additionally, MGL is known to induce viral uptake and dissemination. Thus, viruses may enter 

host cells and evade immune responses by MGL-targeting (ZIZZARI et al. 2015). Upon 

influenza A virus infection, MGL is used as a primary entry receptor (NG et al. 2014). 

Moreover, MGL binds to surface envelope glycoproteins of Marbug and Ebola filoviruses 

(TAKADA et al. 2004, USAMI et al. 2011). 

Most importantly, MGL represents one of the most prominent CLRs involved in helminth 

infection by shaping innate and adaptive immunity in response to helminth-secreted products. 

In this context, MGL inhibits TLR-mediated activation of immature DCs stimulated with 

antigens of the trematode Schistosoma mansoni and the nematode Trichuris suis (KLAVER et 

al. 2013, MEEVISSEN et al. 2012, VAN LIEMPT et al. 2007, VAN VLIET et al. 2005). 

Furthermore, anti-inflammatory immune responses upon Fasciola hepatica infection are 

mediated by MGL, leading to suppressed immune responses by reduced Th1 polarisation 

(RODRIGUEZ et al. 2017). Murine MGL-1 binds to excretory-secretory antigens of the cestode 

Taenia crassiceps, thus dampening pro-inflammatory immune responses (MONTERO-

BARRERA et al. 2015, TERRAZAS et al. 2013). 

Macrophage C-type lectin (MCL) 

The macrophage C-type lectin (MCL) is a type II transmembrane CLR that is expressed by 

macrophages monocytes and DCs in mice and by Langerhans cells, neutrophils, monocytes, 

macrophages and immature and mature DCs in humans (ARCE et al. 2004, BALCH et al. 1998, 

GRAHAM et al. 2012, MIYAKE et al. 2015, RICHARDSON and WILLIAMS 2014). MCL 

possibly resulted from gene duplication of the macrophage inducible C-type lectin (Mincle), 

showing an adjacent localisation in the genome and a close genetic relationship to each other 
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(ARCE et al. 2004, MIYAKE et al. 2013). Moreover, MCL closely interacts with Mincle by 

forming a heterodimeric complex for stabilisation on the cell surface (BROWN and CROCKER 

2017, LOBATO-PASCUAL et al. 2013, MIYAKE et al. 2015). The CTLD of MCL contains a 

conserved Ca2+ binding site with a non-canonical EPD (human) or ESN (mice) motif. This 

motif enables MCL to bind to hexoses, including Man, Fuc, Glc, GlcNAc, Gal and GalNAc, 

however only with low affinity (RICHARDSON and WILLIAMS 2014). So far, only one 

distinct ligand of MCL was identified: trehalose dimycolate (TDM, mycobacterial cord factor), 

a glycolipid in the wall of mycobacteria (MIYAKE et al. 2013). TDM is bound by the 

heterodimeric Mincle/MCL complex in which Mincle recognises the carbohydrate headgroup 

and MCL the lipid tail of TDM (RICHARDSON and WILLIAMS 2014). 

Although MCL does not interact with adaptor molecules such as FcRγ directly, engagement of 

the receptor triggers Syk signalling, resulting in the release of ROS and pro-inflammatory 

cytokines. It was shown that MCL indirectly interacts with the Syk-recruiting FcRγ adaptor 

protein by heterodimerisation with Mincle (GRAHAM et al. 2012, LOBATO-PASCUAL et al. 

2013, MIYAKE et al. 2015). Consistently, MCL/Mincle interaction affects Mincle expression 

as shown by reduced expression of this CLR in DCs from MCL-/- mice (MIYAKE et al. 2015). 

MCL is involved in Mycobacterium tuberculosis, Blastomyces dermatitidis, K. pneumoniae and 

Candida albicans infection. MCL-/- mice show an increased susceptibility to tuberculosis, are 

not responsive to B. dermatitidis vaccination and exhibit pronounced K. pneumoniae-induced 

hyperinflammation leading to pneumonic sepsis (STEICHEN et al. 2013, WANG et al. 2015, 

WILSON et al. 2015). Upon C. albicans infection, MCL senses α-mannans present on hyphae, 

thus inducing inflammatory responses through NF-κB activation (ZHU et al. 2013). 

Furthermore, MCL is linked to TDM-induced EAE accompanied by an impaired innate immune 

response in MCL-/- mice (MIYAKE et al. 2013). 

Protozoan and helminth infections – a predominant role for C-type lectins? 

Parasites are typically defined as organisms that obtain nutrients from another species that they 

live in (their hosts) – a relationship characterised to be beneficial for the parasite but detrimental 

for the host. Most of the parasitic organisms share a common hallmark: they evolved an intricate 

host-parasite balance to ensure an efficient long-term parasite persistence without killing the 

host. To maintain this host-parasite balance, parasites massively synthesise and secrete 

immunomodulatory factors to evade anti-parasite immunity. These immunomodulatory factors 

are typically recognised by PRRs, thus mediate the efficient and pronounced modulation of 

innate and adaptive immunity of the host (DEROOST et al. 2016, MAIZELS 2013, VAN DIE 
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and CUMMINGS 2010). Although this is true for both protozoans and helminths, astonishingly 

little is known about PRRs recognising parasites and their secreted immunomodulatory factors. 

Most importantly, the role of CLRs in parasitic infections remains largely unaddressed so far. 

Thus, this thesis deals with the relevance of CLRs in the recognition of parasites with a special 

focus on Plasmodium and Toxocara species. Hence, the following section provides insights 

into the public health importance of and host immunity to above-mentioned parasites. 

Plasmodium spp. – the causative agent of malaria 

The apicomplexan intraerythrocytic 

parasites of the genus Plasmodium are the 

causative agents of malaria, which 

remains one of the major global causes of 

death from infectious diseases. Upon 

WHO estimates, 229 million cases and 

409,000 deaths were recorded worldwide 

in 2019 (WHO 2020). The life cycle of 

the parasite includes three stages in two 

hosts: the mosquito stage with sexual 

reproduction in a female Anopheles 

mosquito as the definitive host, and the 

liver and blood stage with asexual 

reproduction in vertebrates as 

intermediate hosts (MEIBALAN and 

MARTI 2017). The detailed life cycle of 

Plasmodium spp. is depicted in Figure 4. 

Symptoms are restricted to the blood 

stage of the disease (TRAMPUZ et al. 

2003). In humans, comparably mild 

symptoms, with early developing fatigue, 

headache as well as dizziness and later 

occurring fever, vomiting and convulsion 

are observed upon infection with 

P. falciparum, P. knowlesi, P. vivax, 

P. ovale and P. malariae, whereas severe 

Figure 4: Plasmodium spp. life cycle. After a bite of an 

infected Anopheles mosquito, Plasmodium sporozoites 

invade hepatocytes in the liver (beginning of the liver stage) 

and develop into merozoite-containing schizonts. After 

hepatocyte rupture, merozoites enter the blood stream and 

infect red blood cells (beginning of the blood stage). Here, 

merozoites develop from ring stage to trophozoites and 

merozoite-containing schizonts, followed by release of 

merozoites upon synchronised erythrocyte rupture. 

Merozoites either invade erythrocytes once again (repeated 

blood stage) or develop into gametocytes, which are ingested 

by a mosquito during a blood meal (beginning of mosquito 

stage). Male and female gametocytes form ookinetes, which 

migrate through the midgut wall where they develop into 

sporozoite-containing oocysts. Sporozoites are released, 

invade the mosquitos’ salivary glands and are transmitted to 

their intermediate hosts, i.e. humans, thus initiating a new 

Plasmodium life cycle. This Figure was modified from 

Servier Medical Art (http://smart.servier.com). Servier 

Medical Art by Servier is licensed under a Creative Commons 

Attribution 3.0 Unported License. 

http://smart.servier.com/
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pathogenesis is mainly restricted to P. falciparum, P. vivax and P. knowlesi infection (MILNER 

2018, WARRELL 2002). Mortality rates are associated with severe malaria, which is 

characterised by metabolic acidosis as well as hypoglycaemia, respiratory distress, anaemia, 

acute renal failure, shock and coma (NEWTON et al. 1998, TRAMPUZ et al. 2003, WARRELL 

2002). 

The pathology of severe malaria is mediated by disturbance of the immunological balance 

between the host and the parasite. While parasite clearance depends on a delicate balance 

between parasite growth and host immune reactions against infection, exacerbated parasite 

growth may result in the malaria-associated acute respiratory distress syndrome (MA-ARDS) 

or severe malaria anaemia (SMA). However, upon triggering of both, parasite growth and 

immune reactions, the host suffers from high parasitic burden, inflammation, and metabolic 

disturbances, ultimately leading to death due to cerebral malaria (CM) (DEROOST et al. 2016). 

Thus, CM is considered one of the most severe complications in Plasmodium infection 

accounting for 10 to 20% of fatality (DE SOUZA et al. 2009). Most cases of CM are reported 

in children under the age of 5 as they lack partial immunity to Plasmodium, which is acquired 

during childhood upon repeated exposure to infection (MISCHLINGER et al. 2020, POSTELS 

and BIRBECK 2013). 

Experimental cerebral malaria and associated immunity 

Intraperitoneal or intravenous infection of susceptible mice, mainly C57BL/6 mice, with 

Plasmodium berghei ANKA (PbA) is a widely used model for CM, a Plasmodium-induced 

inflammation involving severe complications of the central nervous system. PbA-induced 

experimental cerebral malaria (ECM) pathology is mediated by neurovascular inflammation 

leading to neurological symptoms such as paralysis, ataxia, convulsions, and coma, with death 

within the first 2 weeks of infection (DE OCA et al. 2013, ENGWERDA et al. 2005, 

GHAZANFARI et al. 2018). Immunopathology during PbA infection has been extensively 

studied and is initiated in the spleen, where uptake of malarial antigens is mediated by splenic 

conventional DCs (cDCs). cDCs contribute to T cell-mediated pathology during malaria by 

priming naïve T cells via (cross-)presenting PbA-derived antigens (DEWALICK et al. 2007, 

LUNDIE et al. 2008). Primed T cells migrate to the blood brain barrier (BBB), where pro-

inflammatory cytokines, especially TNF and IFN-γ, are produced by various immune cell 

subsets in response to Plasmodium blood-stage infection (GHAZANFARI et al. 2018). These 

high systemic pro-inflammatory cytokine levels lead to endothelial activation and subsequent 

adhesion of infected erythrocytes and leukocytes, such as previously primed CD4+ and 
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CD8+ T cells (GRAU et al. 1987). It is known that ECM pathology is critically dependent on 

brain-sequestered T cells, which is supported by the fact that T cell-depleted or knock out mice 

do not develop ECM (BOUBOU et al. 1999, GRAU et al. 1986, HERMSEN et al. 1997, 

HERMSEN et al. 1998, YANEZ et al. 1996). CD4+ T cells secrete INF-γ, thereby recruiting 

CD8+ T cells to the BBB (VILLEGAS-MENDEZ et al. 2012), whereas CD8+ T cells exert 

cytotoxic effects on the brain endothelium. Upon recognition of parasitic antigens presented by 

MHC-I molecules on endothelial cells, previously primed CD8+ T cells release granzyme B and 

perforin, thus inducing apoptosis of brain endothelial cells ultimately leading to the breakdown 

of BBB integrity (HAQUE et al. 2011, NITCHEU et al. 2003, POTTER et al. 2006). 

Neurological symptoms occur due to further parenchymal and axonal damage caused by 

reduced BBB integrity possibly leading to the lack of solute exclusion and the consequent 

swelling of the brain (GHAZANFARI et al. 2018). An overview on ECM pathogenesis is given 

in Figure 5. 

Figure 5: Experimental cerebral malaria pathogenesis. In the spleen, uptake of antigens is mediated by 

conventional dendritic cells (cDCs) with subsequent activation of CD8+ and CD4+ T cells by malarial antigens 

presented by DCs on major histocompatibility complex (MHC)-I and MHC-II molecules, respectively. As a result 

of systemic inflammation, high pro-inflammatory cytokine levels lead to the activation of the brain endothelium 

(blood brain barrier, BBB) and subsequent adhesion of infected erythrocytes and leukocytes. Upon recognition of 

parasitic antigens presented by MHC-I molecules on endothelial cells, previously primed CD8+ T cells release 

granzyme B and perforin, thus inducing apoptosis of brain endothelial cells. Neurological symptoms occur due to 

the lack of solute exclusion and the consequent swelling of the brain by reduced BBB integrity. RBC: red blood 

cell. Modified according to GHAZANFARI et al. (2018) and JOHANNSSEN (2016). This Figure was modified 

from Servier Medical Art (http://smart.servier.com). Servier Medical Art by Servier is licensed under a Creative 

Commons Attribution 3.0 Unported License. 

http://smart.servier.com/
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Hemozoin 

A systemic pro-inflammatory cytokine milieu is a hallmark of ECM pathogenesis and is closely 

linked to the disease. Besides secretion of pro-inflammatory cytokines by immune cells, 

Plasmodium-derived hemozoin, a disposal product during intra-erythrocytic parasite 

development, is believed to be a cause of inflammatory processes (DEROOST et al. 2016, 

PHAM et al. 2020). A major nutrient source for Plasmodium parasites is erythrocytes’ 

haemoglobin (GOLDBERG et al. 1990), which is degraded to haem monomers in the digestive 

food vacuole of the parasite. Haem is released during haemoglobin degradation leading to the 

oxidation of haems’ central atom Fe2+ into toxic Fe3+, thus causing oxidative stress in the cell 

(DEROOST et al. 2016, PHAM et al. 2020). Consequently, Plasmodium spp. dimerises haem 

monomers which then crystallise to form insoluble hemozoin (CORONADO et al. 2014). Upon 

host cell rupture, hemozoin crystals are released into the blood circulation, where they interact 

with plasma proteins and are rapidly phagocytosed by immune cells (HÄNSCHEID et al. 2007, 

SHIO et al. 2010). This process triggers certain inflammatory processes, involving the 

production of pro-inflammatory cytokines, NO, and ROS at the early onset of disease 

(OLIVIER et al. 2014, SHIO et al. 2010, TYBERGHEIN et al. 2014). For instance, hemozoin 

induces the activation of the NLRP3/inflammasome complex followed by the release of IL-1β 

(DOSTERT et al. 2009, SHIO et al. 2009) and facilitates NF-κB signalling leading to the release 

of the pro-inflammatory cytokine TNF as well as the chemokine CCLR2 (also known as 

MCP-1) and the upregulation of the activation marker CD83 (DEROOST et al. 2016, SHIO et 

al. 2010, TYBERGHEIN et al. 2014). During severe malaria, increased numbers of phagocytic 

cells such as monocytes and neutrophils deposit hemozoin intracellularly (PHU et al. 1995) and 

hemozoin may increase or decrease effector functions of APCs such as their phagocytic 

capability and ROS production (CAMBOS et al. 2010, OLIVIER et al. 2014, SCHWARZER 

and ARESE 1996, SHIO et al. 2010). Hemozoin mainly accumulates in the brain of PbA-

infected ECM-susceptible mice, whereas hemozoin aggregation in brains of mice infected with 

the non-ECM-inducing strain P. berghei NK65 is limited (SULLIVAN et al. 1996). In humans, 

hemozoin deposits are predominantly found in brain, bone marrow and placenta from severely 

infected patients, suggesting a role of hemozoin in inflammatory processes in both humans and 

mice (AGUILAR et al. 2014, LUCCHI et al. 2011, TAYLOR et al. 2004). It has been proposed 

that TLR9 is interacting with hemozoin (COBAN et al. 2005). However, these results were 

debated because hemozoin surface-associated molecules such as CpG and adenine thymine 

(AT) motifs in plasmodial DNA may rather be bound by TLR9 (PARROCHE et al. 2007). 

Thus, cellular receptors recognising hemozoin still remain largely unknown. 
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C-type lectins in cerebral malaria 

There is a knowledge gap regarding the role of CLRs in immunity to malaria. PbA infection 

enhances CARD9 expression, whereas CARD9-/- mice were not protected against CM 

suggesting that CARD9 may be not involved in this inflammatory process (HAFALLA et al. 

2012). The F-actin-interacting CLR CLEC9A defines a DC subset essential for ECM 

development by mediating cross-priming of CD8+ T cells (PIVA et al. 2012). The Lepenies 

working group has shown previously that DCIR contributes to the development of ECM. 

DCIR-/- mice were markedly protected from neurological symptoms as indicated by impaired 

splenic T cell activation and reduced CD8+ T cell sequestration to the brain (MAGLINAO et 

al. 2013). So far, direct recognition of a Plasmodium-derived ligand by any CLR has not been 

shown. 

Toxocara spp. – the causative agent of toxocarosis 

The dog roundworm Toxocara canis and the cat roundworm Toxocara cati are worldwide 

distributed zoonotic intestinal helminths with a high zoonotic potential. Worldwide human 

seroprevalence rates range from 6.2% in Europe, 12.8% in the North Americas, 24.2% in the 

Western Pacific region, 27.8% in the South Americas, 34.1% in South-East Asia to 37.7% in 

Africa with an estimated global burden of 19.0% (MA et al. 2020, ROSTAMI et al. 2019, 

STRUBE et al. 2020), indicating a frequent exposure of humans to Toxocara species. Its wide 

distribution is maintained by the longevity of the parasite and different lifecycles in definitive 

(in particular canids) and paratenic host (broad range of species) (MACPHERSON 2013). The 

detailed life cycle of Toxocara spp. is depicted in Figure 6. 
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Infection of humans as paratenic host is common due to insufficient hygiene conditions and 

foodborne transmission, including the consumption of contaminated soil, water, or food such 

as the uptake of Toxocara third-stage larvae (L3) via raw or undercooked meat of paratenic 

hosts (GLICKMAN et al. 1987, STRUBE et al. 2013). Upon accidental ingestion of infective 

stages, migrating L3 induce a broad range of clinical symptoms in paratenic hosts, known as 

toxocarosis. Toxocarosis is one of the world’s most common zoonotic helminthoses and is 

considered one of the “Neglected Parasitic Infections”, a group of five parasitic diseases that 

have been targeted by the CDC (Centers for Disease Control and Prevention) for public health 

action (CDC 2020, WOODHALL et al. 2014). Toxocarosis is classified in diverse syndromes 

depending on the location of migrating and persisting L3: covert toxocarosis with inapparent 

Figure 6: Toxocara spp. life cycle. In the definitive host, namely dogs (T. canis) and cats (T. cati), adult worms 

are located in the small intestine. These adults excrete eggs that are subsequently shed by the faecal route to the 

environment. Here, eggs embryonate over a period of 2-8 weeks resulting in the formation of infectious Toxocara 

third-stage larvae (L3). After ingestion of infectious eggs or of L3-containing tissue by definitive or paratenic 

hosts, L3 hatch in the intestine, penetrate the gut wall and enter the blood circulation, thereby initiating somatic 

migration. In the definitive host, L3 perform tracheal migration, in which they moult, are coughed up and 

swallowed, and re-enter the small intestine, where they mature to the adult stage and therefore complete their life 

cycle. In the paratenic host however, L3 migrate to various tissues, including the heart, lung and liver (visceral 

larva migrans), eyes (ocular larva migrans), as well as brain (neural larva migrans), where they remain in an 

arrested state without further development. Modified according to WAINDOK et al. (2020). This Figure was 

modified from Servier Medical Art (http://smart.servier.com). Servier Medical Art by Servier is licensed under a 

Creative Commons Attribution 3.0 Unported License. 

http://smart.servier.com/
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or mild symptoms as well as visceral larva migrans (VLM), ocular larva migrans (OLM) and 

neural larva migrans (also referred to as neurotoxocarosis, NT) (AUER and WALOCHNIK 

2020). 

VLM is caused by a hypersensitive reaction of the host immune system to dying L3 and is a 

multifaceted syndrome divided into sub forms depending on the symptoms and organs involved 

in the disease. “Classical” VLM is characterised by rather unspecific symptoms such as 

anorexia, abdominal pain, fever, hepatomegaly, and recurring cough (AUER and 

WALOCHNIK 2020, DESPOMMIER 2003, GILLESPIE 1993, GLICKMAN 1993, 

MACPHERSON 2013, MAGNAVAL et al. 2001a, MAGNAVAL et al. 2001b). L3 invading 

the skin cause cutaneous manifestations involving rash, urticaria, prurigo, pruritus, atopic 

dermatitis and non-atopic eczema (AUER and WALOCHNIK 2020, EHRHARD 1979, 

GAVIGNET et al. 2008, HUMBERT et al. 2000, ISMAIL and KHALAFALLAH 2005, 

RONELLENFITSCH et al. 2007, WOLFROM et al. 1995), while heart-resident L3 provoke 

different forms of carditis, cardiac tamponade, endocardial thrombosis up to heart failure 

(AUER and WALOCHNIK 2020, KUENZLI et al. 2016). Moreover, a contribution of VLM to 

asthma and rheumatoid diseases is still being discussed (AUER and WALOCHNIK 2020, 

STRUBE et al. 2020). 

OLM is characterised by L3 migrating to the eye, thus causing visual impairments. Retinal 

complications are mainly caused by granuloma formation resulting in distorted vision, 

heterotopia, and ablation of the macula (AUER and WALOCHNIK 2020, GILLESPIE 1993, 

GOOD et al. 2004, SHIELDS 1984, SMALL et al. 1989). Migration and dying of L3 may also 

cause endophthalmitis and papillitis, which may be accompanied by glaucoma, ultimately 

leading to blindness (AUER and WALOCHNIK 2020, BROWN 1970, GILLESPIE et al. 

1993). 

NT is induced by L3 migrating to the central nervous system (CNS) causing neurological 

complications. NT may be accompanied by meningitis, encephalitis, and myelitis with 

symptoms like headache, depression, confusion and behavioural changes (EBERHARDT et al. 

2005, FINSTERER and AUER 2007, HILL et al. 1985, MOREIRA-SILVA et al. 2004, 

SINGER et al. 2011). Involvement of Toxocara infection in epilepsy and neurodegenerative 

and neuropsychiatric disorders, i.e. schizophrenia and Alzheimer’s disease, is controversially 

discussed (FAN et al. 2015). Furthermore, Toxocara seropositivity is believed to be associated 

with cognitive impairment in children, consequently affecting their educational performance 

(JAROSZ et al. 2010, WALSH and HASEEB 2012). 
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Immunity to toxocarosis 

Toxocara spp. are known for modulating and evading host immune responses, thereby 

preventing the development of protective immunity against infection (MAIZELS 2013). A 

hallmark of Toxocara-mediated immunity is the shift towards a Th2-dominated immune 

response, which is mediated by DCs presenting parasitic antigens via MHC-II molecules to the 

TCR of naïve CD4+ T cells (DEL PRETE et al. 1991, MURPHY and WEAVER 2016). The 

effector cytokine IL-4 drives the differentiation of CD4+ T cells into Th2 cells, which then 

secrete effector cytokines such as IL-4, IL-5, IL-10, and IL-13 (BEAVER et al. 1952, 

LUCKHEERAM et al. 2012, MAIZELS 2013, ZHU and PAUL 2008). Th2-secreted cytokines 

are essential for activation of other cell types mediating immunity to helminth infection. IL-4 

promotes B cell differentiation and antibody class-switching, finally resulting in the release of 

specific antibodies. The role and function of antibodies and their different isotypes in helminth 

infections is still debated and poorly understood (MAIZELS 2013, MAZUR-MELEWSKA et 

al. 2020). Nonetheless, antibody-mediated clearance of L3 seems to be critically needed as the 

L3 (also referred to as macro pathogens) are too large to be phagocytosed (MOTRAN et al. 

2018). IgM, IgG1 and IgE isotypes are predominantly secreted upon Toxocara infection, of 

which IgE is prominently known to induce anti-helminthic immunity (FITZSIMMONS et al. 

2014, SMITH 1993). To this end, IgE binds to high- and low-affinity Fcε receptors (FcεRI and 

FcεRII) on mast cells and basophils, which in turn release mediators that trigger and promote 

parasite expulsion (ANTHONY et al. 2007, FITZSIMMONS et al. 2014, MAZUR-

MELEWSKA et al. 2020, MUKAI et al. 2016). Other studies suggest a role of IgE in antibody-

dependent cellular cytotoxicity (ADCC), in which parasite surface attached IgE is recognised 

by eosinophils via their FcεRI, thus inducing degranulation for eosinophil-mediated 

cytotoxicity of L3 (GOUNNI et al. 1994, MAZUR-MELEWSKA et al. 2020). For efficient 

induction of ADCC, eosinophils are activated and recruited to the site of infection by the Th2-

secreted cytokine IL-5. Helminths may also promote the activation of immunoregulatory cell 

populations such as suppressive Tregs as well as alternatively activated macrophages 

(HEWITSON et al. 2009). In this context, alternatively activated macrophages derived from 

mice infected with T. canis release regulatory cytokines IL-10 and TGF-β, whereas secretion 

of the Th1-driving cytokine IL-12 and the pro-inflammatory cytokine TNF is reduced 

(KURODA et al. 2001). Thus, alternatively activated macrophages may elicit suppressive 

effects on helminth-induced immune responses (ARANZAMENDI et al. 2013). Figure 7 shows 

the immune response to Toxocara spp. infection. 
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Immune evasion by Toxocara spp. 

While above-mentioned immune mechanisms should, in theory, clear and eliminate infective 

L3, the immune response to Toxocara infection seems to be ineffective/deficient as L3 can 

persist up to a decade within the paratenic host (BEAVER 1969, BOWMAN 2020). For 

instance, T. canis is not affected by hypereosinophilia in mice overexpressing the IL-5 

transgene (DENT et al. 1999). Persistence of Toxocara in definite and paratenic hosts is 

mediated by two distinct immune suppression strategies. First, to avoid killing by eosinophils, 

L3 actively shed their surface coat following the attachment of antibodies to the larval surfaces 

(FATTAH et al. 1986, SMITH et al. 1981). The L3 can escape unaffected as eosinophils are 

still attached via their FcεRI to the antibody-covered and shed surface coat. Thus, L3 are able 

to efficiently evade eosinophil-mediated cytotoxicity and antibody- and cellular-mediated 

immunity (BADLEY et al. 1987). Second, Toxocara spp. release soluble mediators named 

Figure 7: Immune response to Toxocara spp. infection. Antigen-presenting cells (APCs) such as dendritic cells 

(DCs) and macrophages (Mφ) recognise Toxocara-derived proteins and glycoconjugates present in Toxocara 

somatic (TSOM) and excretory-secretory antigens (TES) via pattern recognition receptors (PRRs). Upon 

recognition, DCs are primed and migrate to lymph nodes, where they drive the differentiation of naïve T cells to 

Th2 cells. These cells initiate the activation of other effector cells such as B cells, basophils and eosinophils, 

counteracting invading Toxocara third-stage larvae (L3) by the production of antibodies and cytokines such as 

IL-4, IL-5 and IL-13. Modified according to PRASANPHANICH et al. (2013). AAMφ: alternatively activated 

macrophage, IgE: Immunoglobulin E. This Figure was modified from Servier Medical Art 

(http://smart.servier.com). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 

Unported License. 

http://smart.servier.com/
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Toxocara excretory-secretory antigens (TES) to modulate systemic immune responses to 

infection (LIGHTOWLERS and RICKARD 1988, MAIZELS 2013). TES are key drivers of 

Th2 immunity to Toxocara by facilitating production of type-2 cytokines by peripheral T cells 

(DEL PRETE et al. 1991, MAIZELS 2013). However, no distinct antigen mediating the 

differentiation of Th2 cells has been identified so far (MAIZELS 2013). T. canis-secreted TES 

contain high amounts of glycosylated molecules (MEGHJI and MAIZELS 1986). Major TES 

components are classified according to their molecular weight determined in SDS-PAGE with 

bands visible at 26, 32, 45, 55, 70, 120 and 400 kDa. Of this mixture, 4 proteins were thoroughly 

characterised in the past decades by peptide sequencing, monoclonal antibody binding, and 

recombinant DNA techniques (MAIZELS 2013): a phosphatidylethanolamine-binding protein 

called TES-26 (Tc-PEB-1) (GEMS et al. 1995), two parasitic C-type lectins (PDCTLs) referred 

to as TES-32 (Tc-CTL-1) as well as TES-70 (Tc-CTL-4) (LOUKAS et al. 2000a, LOUKAS et 

al. 1999, MAIZELS et al. 1984) and a group of mucins, which are known as 

TES-120 (MUC-1 to 5) (GEMS and MAIZELS 1996, MAIZELS et al. 1984). TES-26 is a 

homologue of immunologically active proteins of other parasites, such as S. mansoni-derived 

Sm 14, which induces cross-protection against S. mansoni infection (DA SILVA et al. 2018, 

THAUMATURGO et al. 2002). TES-26 is known to participate in cell signalling and the 

transport of lipids (GEMS et al. 1995, MAIZELS et al. 2000, ZHENG et al. 2020) and may be 

a potential candidate for TLR interaction as proposed by proteomic analysis of DA SILVA et 

al. (2018). Moreover, antibodies resulting from infection are highly specific for TES-26. Thus, 

TES-26 is preferably used as a diagnostic antigen for detection of Toxocara seropositivity. 

Interestingly, TES-32 as well as TES-70 represent PDCTLs, which show a fundamental 

homology towards mammalian-derived CLRs like the rat serum mannose binding protein A 

(MBP-A) or the macrophage mannose receptor (MR) (Loukas et al., 2000; Loukas et al., 1999). 

Strikingly, T. canis-secreted PDCTLs resemble host proteins involved in immune response 

against this helminth. Thus, a contribution of PDCTLs secreted by tissue-dwelling T. canis L3 

in immune evasion can be hypothesised, for instance by competitively interfering with host 

CLR-mediated adhesion and cell signalling during parasite-induced inflammation (LOUKAS 

et al. 2000a). The highly O-glycosylated serine-threonine rich domains of TES-120 mucins are 

essential for the formation of the so-called “fuzzy coat” of Toxocara, a major compound of the 

larval surface coat (PAGE et al. 1992a). Additionally, TES-120 seems to be critically involved 

in the glycan-mediated activation of macrophages as indicated by the affected downstream 

signalling pathways and elevated secretion of the regulatory cytokine IL-10 as well as pro-

inflammatory cytokines (DLUGOSZ et al. 2019). 
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C-type lectins in toxocarosis 

Astonishingly, almost nothing is known about the recognition of Toxocara by innate immune 

receptors. However, the induction of a strong adaptive immune response to infection suggests 

a profound recognition of Toxocara by PRRs (MAIZELS 2013). Most notably, CLRs are 

predicted to be of importance as immunomodulatory TES are predominantly composed of 

glycoconjugates that are potential ligands for this class of PRRs. Overall, glycans account for 

approximately 40% of the total weight of TES (MEGHJI and MAIZELS 1986) and are mainly 

composed of two related O-linked trisaccharides [2-O-Me-Fucα1-2(4-O-Me)Galβ1-3-GalNAc 

and 2-O-Me-Fucα1-2Galβ1-3-GalNAc] (AMER et al. 2001, KHOO et al. 1991, 

SCHABUSSOVA et al. 2007) and to a lower extend of N-linked glycans, mainly biantennary 

GlcNAc2Man3GlcNAc2 side chains (KHOO et al. 1993). CLRs carry amino acid binding 

motifs, namely QPD and EPN that may recognise both GalNAc and GlcNAc residues of 

Toxocara-derived components. However, little is known about the recognition of Toxocara spp. 

by host-derived CLRs and how this interaction influences the host immune response. So far, 

only binding of DC-SIGN and human MGL to T. canis-derived TES has been shown, whereas 

the immunological relevance of this interaction remains unknown (SCHABUSSOVA et al. 

2007). 

Aim of the work 

Myeloid CLRs are critically involved in the recognition of various pathogens, including viruses, 

bacteria, fungi, and parasites, and subsequently elicit highly diverse immune responses. CLRs 

mediate the maturation of APCs for efficient antigen presentation, cytokine secretion, and the 

priming of T cells, thereby determining the fate of both innate as well as adaptive immunity in 

response to intruding agents. 

The recognition of parasites by CLRs is of particular interest as they produce a manifold of 

glycoconjugates and other immunomodulatory factors as potential CLR ligands to efficiently 

evade and modulate host immunity. To date, little is known about the role of CLRs in parasitic 

infections. The interaction of most CLRs with the majority of human and veterinary relevant 

parasites are still unknown. 

Thus, the work presented here aimed to decipher and reveal yet unknown CLR/parasite 

interactions to understand and extend the knowledge of how parasites may target CLRs to evade 

and modulate host immunity. To accomplish the characterisation of CLR/parasite interaction, 

binding-, stimulation- and infection studies were performed in the mouse model. Binding 
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studies involved the use of a comprehensive murine CLR-hFc fusion protein library, whereas 

in vitro stimulation studies were conducted using bone marrow-derived DCs (BMDCs) and 

macrophages (BMMs) obtained from wild-type (WT) and CLR-/- mice. Ultimately, in vivo 

studies were performed by infecting WT and CLR-/- mice with PbA. Thus, CLR/parasite 

interactions were monitored at the molecular, cellular, and systematic level for identification of 

potential parasite-derived CLR ligands, to unravel defined effector functions of innate and 

adaptive immune cells involved in anti-parasite immunity, and to elucidate the impact of CLRs 

on the course of infection, respectively. All or part of these studies were conducted on the 

protozoans P. falciparum/PbA and the helminths T. canis/T. cati. 

The role of CLRs in parasite infections is an area of considerable interest as parasite-derived 

glycoconjugates are targets for new diagnostics for the detection of parasitic diseases. Indeed, 

diagnostic tools for the assessment of human Toxocara exposure are needed as they often lack 

sufficient specificity and sensitivity and are rarely commercially available. Hence, this work 

aimed to evaluate two diagnostic tests recently brought on the market for detection of Toxocara 

seropositivity in humans.  
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Abstract 

Malaria represents a major cause of death from infectious disease. Hemozoin is a Plasmodium-

derived product that contributes to progression of cerebral malaria. However, there is a gap of 

knowledge regarding how hemozoin is recognized by innate immunity. Myeloid C-type lectin 

receptors (CLRs) encompass a family of carbohydrate-binding receptors that act as pattern 

recognition receptors in innate immunity. In the present study, we identify the CLR CLEC12A 

as a receptor for hemozoin. Dendritic cell-T cell co-culture assays indicate that the 

CLEC12A/hemozoin interaction enhances CD8+ T cell cross-priming. Using the Plasmodium 

berghei Antwerpen-Kasapa (ANKA) mouse model of experimental cerebral malaria (ECM), 

we find that CLEC12A deficiency protects mice from ECM, illustrated by reduced ECM 

incidence and ameliorated clinical symptoms. In conclusion, we identify CLEC12A as an innate 

sensor of plasmodial hemozoin. 

 

The extent of Marie-Kristin Raulf‘s contribution to the article is evaluated according to the 

following scale:  

A. has contributed to collaboration (0-33%).  

B. has contributed significantly (34-66%).  

C. has essentially performed this study independently (67-100%). 

 

1. Design of the project including design of individual experiments: B  

2. Performing of the experimental part of the study: B  

3. Analysis of the experiments: B  

4. Presentation and discussion of the study in article form: B 



Publications  29 

 

 

Publication 2: Toxocara canis and Toxocara cati somatic and excretory-

secretory antigens are recognised by C-type lectin receptors 

Pathogens 10(3):321 

doi: 10.3390/pathogens10030321 

 

Marie-Kristin Raulf1,2,3, Bernd Lepenies2,3, Christina Strube1 

 

1Institute for Parasitology, Centre for Infection Medicine, University of Veterinary Medicine 

Hannover 

2Institute for Immunology, University of Veterinary Medicine Hannover 

3Research Center for Emerging Infections and Zoonoses, University of Veterinary Medicine 

Hannover 

 

Abstract 

Toxocara canis and Toxocara cati, the worldwide occurring intestinal roundworms of canids 

and felids, represent an important public health threat due to various disease manifestations in 

humans. Host recognition of pathogens is mediated by pattern recognition receptors (PRRs). 

Myeloid C-type lectin receptors (CLRs) are PRRs and recognise carbohydrate structures of 

various pathogens. As Toxocara excretory-secretory products (TES) are predominantly 

composed of glycoconjugates, they represent suitable targets for CLRs. However, the range of 

host-derived CLRs recognising Toxocara spp. is still unknown. Using a CLR-hFc fusion 

protein library, T. canis and T. cati L3 somatic antigens (TSOM) were bound by a variety of 

CLRs in enzyme-linked immunosorbent assay (ELISA), while their TES products interacted 

with macrophage galactose-type lectin-1 (MGL-1). Two prominent candidate CLRs, MGL-1 

and macrophage C-type lectin (MCL), were selected for further binding studies. 

Immunofluorescence microscopy revealed binding of MGL-1 to the oral aperture of L3. 

Immunoblot experiments identified distinct protein fractions representing potential ligands for 

MGL-1 and MCL. To evaluate how these interactions influence the host immune response, 

bone marrow-derived dendritic cell (BMDC) assays were performed, showing MCL-dependent 

T. cati-mediated cytokine production. In conclusion, MGL-1 and MCL are promising 

candidates for immune modulation during Toxocara infection, deserving further investigation 

in the future. 
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Abstract 

Serological antibody detection by enzyme-linked immunosorbent assay (ELISA)- and 

immunoblot-based methods constitutes the best indicator of human Toxocara infection. 

Nevertheless, the availability of serological tests, particularly western blots (WB), evaluated 

for sensitivity and specificity is limited. Therefore, an Anti-Toxocara-ELISA immunoglobulin 

g (IgG) prototype (Proto-ELISA) and an Anti-Toxocara-Westernblot (IgG) prototype (Proto-

WB) were evaluated by testing 541 human sera pre-determined for Toxocara infection by an 

established in-house Anti-Toxocara-ELISA (IH-ELISA). To evaluate sensitivity and specificity 

of the newly developed ELISA and WB prototypes, results were compared to IH-ELISA and a 

commercial WB (Com-WB). Compared to the IH-ELISA, a sensitivity of 93.1% (229/246) and 

a specificity of 94.6% (279/295) of the Proto-ELISA with a Cohen's κ of 0.88 were obtained. 

The sensitivity of the Proto-WB was 76.7% (240/313) and specificity was 99.6% (227/228) 

with a Cohen's κ of 0.73 compared to those of Com-WB. A comparison to the IH-ELISA 

revealed 91.5% (225/246) sensitivity and 94.6% (279/295) specificity of the Proto-WB with a 
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Cohen's κ of 0.86. Cross-reactivity was observed for some samples positive for Ascaris and 

Trichinella spp. in the Proto-ELISA, Proto-WB and Com-WB. Overall, the evaluated ELISA 

and WB prototypes showed high sensitivity and specificity, indicating high reliability of these 

newly developed tests. 
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Discussion 

Both, protozoans and helminths are known to modulate host responses to efficiently evade the 

immune response, thereby mediating long-term persistence in the host. Thus, parasites secrete 

immunomodulatory factors, critically affecting the immunological host-parasite balance for the 

benefit of parasite survival. These secreted factors are initially recognised by PRRs on APCs, 

thereby shaping host immunity upon infection. Interestingly, a large proportion of parasite-

secreted immunomodulatory factors are heavily glycosylated, rendering a contribution of CLRs 

to parasite-mediated immune evasion highly probable (BANDINI et al. 2019, COVA et al. 

2015, PRASANPHANICH et al. 2013, VAN DIE and CUMMINGS 2010). The protozoan 

parasites P. falciparum and PbA secrete a manifold of immunomodulatory factors, such as 

glycosylphosphatidylinositol anchors, plasmodial DNA and hemozoin, as potential targets for 

CLRs to shape immunity to malaria (DEROOST et al. 2016). The same applies to the here 

selected helminths T. canis and T. cati, whose secreted TES are mainly composed of glycans 

or glycoconjugates. They even produce multiple PDCTLs, most likely to competitively 

interfere with CLR-mediated immunity of the host (LOUKAS et al. 2000a, MEGHJI and 

MAIZELS 1986). Nevertheless, although CLRs represent interesting targets for driving APC 

responses by recognising immunomodulatory factors during malaria and toxocarosis, 

surprisingly little is known about the relevance of this group of PRRs during Plasmodium and 

Toxocara infection. 

Therefore, the work presented in this thesis unravels yet unknown interactions of CLRs with 

P. falciparum/PbA and T. canis/T. cati., deciphers Plasmodium- and Toxocara-induced effector 

functions of innate and adaptive immune cells mediated by CLRs and investigates the role of 

CLRs in PbA infection in vivo. The characterisation of both CLR/Plasmodium and 

CLR/Toxocara interaction was accomplished in a similar structured approach including 

(1) binding-, (2) stimulation- and (3) infection studies with the mouse as a model organism. 

(1) Initial steps of this work involved the use of a comprehensive murine CLR-hFc fusion 

protein library. These CLR-hFc chimeras are established and valuable tools to screen for novel 

CLR/ligand interactions as shown by several studies utilising these chimeras for first insights 

into CLR-mediated recognition of a wide variety of pathogens, including bacteria, fungi, 

viruses as well as parasites (MAGLINAO et al. 2013, MALAMUD et al. 2019, MAYER et al. 

2018, MONTEIRO et al. 2019, PRADO ACOSTA et al. 2019, ROESNER et al. 2019). Modular 

design of these fusion proteins, consisting of the CRD of the respective CLR in a dimeric form 

and the Fc part of human IgG1, enables the use of CLR-hFc chimeras in a manifold of detection 

methods (MAGLINAO et al. 2014, MAYER et al. 2018). The enzyme-linked immunosorbent 
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assay (ELISA)-based assay is commonly used for an initial pre-screening due to fast and high-

throughput application of the whole library. However, it cannot be excluded that coated 

antigens aggregate on the ELISA plate, possibly resulting in false-positive results (MAYER et 

al. 2018). Thus, confirmation of initial CLR binding candidates via flow cytometry-, 

fluorescence microscopy- and/or immunoblot-based assays was performed. Additionally, the 

use of CLR-hFc chimeras in fluorescence microscopy and immunoblot allowed further 

characterisation of localisation and nature of the ligands. 

(2) For a dedicated evaluation of how these interactions influence the innate as well as adaptive 

host immune response, cell stimulation assays were performed. Targeting CLRs affects 

phagocytosis, antigen presentation and cytokine secretion of APCs and shapes T cell-mediated 

immunity (BROWN et al. 2018, JOHANNSSEN and LEPENIES 2017, LEPENIES et al. 2013). 

Thus, CLR/parasite interaction may exhibit activatory or inhibitory effects on immune cell 

responses such as antigen uptake and presentation as well as cytokine and chemokine release. 

Activation parameters of APCs and T cells were quantitatively and qualitatively assessed 

in vitro, for instance via the staining of surface-expressed markers or the determination of 

effector cytokines in supernatants of cells stimulated with Plasmodium- or Toxocara-derived 

products. Thus, in vitro experiments provided insights into the relevance of CLR/parasite 

interaction for cellular effector functions. However, cell stimulation assays have limitations as 

immunological mechanisms result from a complex interplay of different organs and cell types 

(e.g. periphery vs. lymphoid organs, APCs vs. lymphocytes, influence of tissue-resident cells 

and the specific microenvironment of relevant tissues). 

(3) Thus, in vivo studies aimed at determining the systemic relevance of CLR/ligand 

interactions by infecting CLR-/- and WT mice with the parasite of interest. Subsequently, 

infected mice were immunologically characterised, for instance by assessing systemic cytokine 

responses to infection, the sequestration of immune cells into relevant tissues, and the activation 

of these sequestrated cells. Most importantly, infection studies provided evidence whether the 

investigated CLRs are essential for mediating protective immunity, as demonstrated by the 

assessment of clinical symptoms and disease severity. 

Taken together, this workflow enabled the characterisation of molecular, cellular, and 

systematic CLR/Plasmodium interaction and molecular and cellular CLR/Toxocara interaction 

(with prospects for further in vitro and future in vivo studies), which will be thoroughly 

discussed in the following sections. 
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CLRs in Plasmodium infection – a relevance for CLEC12A in the 

recognition of plasmodial hemozoin 

Malaria, caused by intraerythrocytic apicomplexan parasites of the genus Plasmodium, remains 

a major cause of death from infectious diseases (WHO 2020). While most cases remain 

asymptomatic or display mild symptoms, a substantial number of patients suffer from severe 

malaria, being the major cause of malaria morbidity (DE SOUZA et al. 2009). Severity of 

disease is critically dependent on the immunological balance between the host and the parasite, 

in which exaggerated parasite growth and immune reactions are hallmarks of CM involving 

Plasmodium-induced neuroinflammation and severe complications of the central nervous 

system (DEROOST et al. 2016). Immunological balance or imbalance to Plasmodium spp. is 

orchestrated by PRRs on APCs. These PRRs recognise Plasmodium-derived 

immunomodulatory factors disturbing immunological balance by modulating host immune 

responses and promoting parasite evasion. 

It is becoming increasingly apparent that PRRs play distinct roles in ECM. Several studies 

indicate an importance of NLRs in Plasmodium infection. Hemozoin-induced IL-1β production 

is NLRP3-dependent and NLRP3 deficiency dampened ECM pathology in PbA- and 

P. chabaudi-infected mice (DOSTERT et al. 2009, SHIO et al. 2009). Moreover, inhibiting the 

NLRP3 inflammasome alongside administration of antimalarial drugs led to enhanced recovery 

of mice from ECM (STRANGWARD et al. 2018). To date, only one study reports an 

involvement of RLRs in ECM pathogenesis. Recognition of Plasmodium DNA by MDA5 

induces a type I IFN response by liver-resident cells essential for the clearance of liver-stage 

Plasmodium infection (LIEHL et al. 2014). The impact of TLRs in ECM is controversially 

discussed. While COBAN et al. (2007) observed a MyD88-dependent relevance of TLR2 and 

TLR9 in ECM pathogenesis, other studies indicate that ECM is independent of TLR signalling 

(LEPENIES et al. 2008, TOGBE et al. 2007). 

The role of CLRs in the recognition of protozoan parasites has barely been addressed so far. 

CLEC9A was shown to be a marker defining a subset of DCs involved in priming of ECM-

inducing T cells (PIVA et al. 2012). Previously, it was demonstrated that the ITIM-bearing 

CLR DCIR plays a crucial role in ECM pathogenesis. In this context, DCIR-/- mice were 

markedly protected from ECM development, showing reduced sequestration of CD8+ T cell to 

the brain as a consequence of ameliorated systemic levels of the pro-inflammatory cytokine 

TNF and impaired activation of CD4+ and CD8+ T cell populations in the spleen (MAGLINAO 

et al. 2013). However, DCIR did not bind to malaria-associated components but rather interacts 

with endogenous DAMPs (MAGLINAO et al. 2013); thus, CLRs recognising malaria antigens 
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still had to be identified. Therefore, the present study published in the journal Cell Reports 

(Publication 1: RAULF et al. 2019) aimed to unravel CLRs capturing Plasmodium-derived 

ligands in a screening-based approach utilising the murine CLR-hFc fusion protein library. 

Initial ELISA-based binding studies, performed as part of the PhD thesis by Timo Johannssen 

(JOHANNSSEN 2016), revealed prominent binding of CLEC12A-hFc but not the hFc control 

to lysates of infected RBCs containing late-stage parasites of P. falciparum and PbA. Thus, 

results suggest that CLEC12A recognises a plasmodial component that is conserved between 

different Plasmodium species. Furthermore, CLEC12A-hFc interacted with an internal ligand 

present in parasitised RBCs (pRBCs) as indicated by confocal fluorescence microscopy. While 

CLEC12A-hFc bound to intact pRBCs at background level only (data not shown), strong 

binding was observed upon permeabilisation of pRBCs (Publication 1). 

Crystalline structures, rather than glycans, represent potential targets for CLEC12A as this CLR 

was shown to bind to monosodium urate (MSU) crystals (NEUMANN et al. 2014), whereas no 

microbial ligand was described so far (MARSHALL et al. 2006, PYZ et al. 2008). MSU is a 

crystalline degradation product of purine catabolism that is released from injured cells (KONO 

et al. 2010, URATSUJI et al. 2012), thus highlighting a role of CLEC12A in capturing dead 

cells (NEUMANN et al. 2014). This led to the hypothesis that the Plasmodium-derived ligand 

for CLEC12A might also be of crystalline origin. Indeed, a prominent parasite-specific 

crystalline structure, hemozoin, is produced during Plasmodium infection. To ensure survival 

in intra-erythrocytic parasite development, the parasite has to detoxify free haem monomers 

released during haemoglobin digestion into insoluble hemozoin crystals, which are stored in 

the food vacuole (CORONADO et al. 2014). Once the RBC ruptures and the food vacuole 

breaks in circulation, hemozoin is released, thus leading to high local hemozoin concentrations 

and subsequent immunomodulation during malaria (SCORZA et al. 1999). It has been proposed 

that TLR9 interacts with hemozoin (COBAN et al. 2005). However, these results are debated, 

revealing that hemozoin surface-associated molecules such as CpG and adenine thymine (AT) 

motifs in plasmodial DNA may rather be bound by TLR9 (PARROCHE et al. 2007), leaving 

the question of cellular receptors recognising hemozoin largely unresolved. 

Indeed, CLEC12A-hFc colocalised with hemozoin in pRBCs (Publication 1). However, partial 

contribution of other cellular compounds adhering to hemozoin or of dying and MSU-releasing 

pRBCs to binding cannot formally be excluded. Indeed, hemozoin is considered a “sticky” 

crystal that is covered and masked by various adhesive molecules such as components of the 

parasitic vacuole or serum proteins acquired during shizont rupture or circulation in the blood 

system (DEROOST et al. 2016, HÄNSCHEID et al. 2007, PHAM et al. 2020, SHIO et al. 
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2010). It is controversially discussed whether these cellular and parasitic compounds are the 

reason for hemozoin-mediated immunomodulatory activity or the crystal itself exerts 

inflammatory properties (PARROCHE et al. 2007). JARAMILLO et al. (2009) established a 

method to chemically synthesise hemozoin that closely resembles native hemozoin in size and 

physiochemical properties and that possesses immunomodulatory properties somewhat similar 

to those of native hemozoin. In the present PhD thesis, the use of synthetic hemozoin, devoid 

of protein and DNA contamination, revealed a direct interaction of CLEC12A-hFc with the 

crystalline disposal product in both flow cytometry- and fluorescence microscopy-based 

binding assays (Publication 1).  

Besides the use of hFc fusion proteins, reporter cells are frequently utilised to screen for 

CLR/ligand interactions. These reporter cells carry an NFAT- green fluorescence protein (GFP) 

intracellular promoter-reporter expression cassette that is linked to the respective CLRs 

expressed on their surface. So far, reporter cell lines expressing Mincle (YAMASAKI et al. 

2008), DC-associated C-type lectin (Dectin)-2 (ISHIKAWA et al. 2013), Dectin-1, CLEC9A 

and CLEC12A (NEUMANN et al. 2014) and others are available. Upon ligand/CLR 

interaction, the subsequent expression of the transcription factor NFAT facilitates the activation 

of the GFP cassette, ultimately leading to fluorescence (ANDERSEN et al. 2001, BOT et al. 

1996, HOOIJBERG et al. 2000, OHTSUKA et al. 2004). Thus, the use of reporter cells provides 

not only evidence for CLR/ligand interactions but also whether the ligand induces (agonist) or 

blocks (antagonist) subsequent cell signalling. For example, reporter cell lines were used to 

demonstrate that MSU is recognised by CLEC12A utilising both human and murine 

CLEC12A-CD3 reporter cells (NEUMANN et al. 2014). These cell lines were also used in the 

present study to evaluate the agonistic or antagonistic nature of the CLEC12A/hemozoin 

interaction. Accordingly, hemozoin, in its synthetic and native form present in lysates of 

pRBCs, induced activation of both CLEC12A-bearing reporter cell lines, clearly showing that 

hemozoin acts as an agonistic ligand of CLEC12A. Thus, CLEC12A was identified as a novel 

receptor for sensing hemozoin using CLR-hFc fusion proteins in several independent methods 

and CLEC12A-CD3 reporter cells. To the best of our knowledge, this is the first report of a 

direct interaction between a CLR and a Plasmodium-derived ligand (Publication 1). 

Upon Plasmodium infection, hemozoin massively accumulates in the spleen (DEROOST et al. 

2012), in which APCs present parasitic antigens to T cells. Thus, it can be assumed that the 

CLEC12A/hemozoin interaction is involved in initiating effector functions of APCs for 

efficient shaping of T cell-mediated ECM pathology. While macrophages are predominantly 

known for removal of malarial parasites (DEROOST et al. 2012, DEROOST et al. 2016, LEE 
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et al. 1986, MENEZES et al. 2012), DCs are critically involved in the activation of T cells, 

mediating the quality, quantity, and kinetics of the T cell response in Plasmodium infection 

(DEROOST et al. 2016). Thus, several studies addressed the role of DCs in ECM pathogenesis. 

Conventional (cDCs) and myeloid DCs (mDCs), rather than plasmacytoid DCs, represent 

subsets driving antigen presentation to naïve T cells in the spleen (DEROOST et al. 2016, 

SPONAAS et al. 2006, VOISINE et al. 2010). In the spleen, the number of CD8α+ mDCs is 

increased which in turn augments the activation of CD8+ T cells (GUERMONPREZ et al. 2013, 

SPONAAS et al. 2009, STEVENSON et al. 2011). Moreover, it was demonstrated that cross-

priming and activation of CD8+ T cells is critically dependent on cDCs (DEWALICK et al. 

2007, JOFFRE et al. 2012, LUNDIE et al. 2008) and that DC-secreted IL-12 seems to be 

necessary for generation of parasite-specific and pathogenic CD8+ T cells (DEROOST et al. 

2016, RYG-CORNEJO et al. 2013). However, the mechanisms and receptors involved in DC-

mediated recognition of parasite-derived products, such as hemozoin, and how this recognition 

alters effector functions of both DCs and T cells are largely unknown. 

To this end, BMDCs from CLEC12A-/- and WT mice were stimulated with synthetic hemozoin 

and assessed if the CLEC12A/hemozoin interaction influences antigen uptake as well 

as -processing, utilising ovalbumin (OVA) as a model antigen. Additionally, BMDC effector 

functions including cytokine secretion, expression of activation markers and ROS production 

were evaluated. While OVA uptake and -processing and most effector functions such as pro-

inflammatory cytokine secretion and the abundance of activation markers were CLEC12A-

independent, the CLEC12A/hemozoin interaction selectively affected ROS production by 

BMDCs (Publication 1). Overall, a negative effect of hemozoin on PMA-induced ROS 

production was observed, which is in accordance with previous findings, in which ingestion of 

the crystalline disposal product led to impaired ROS production by monocytes and 

macrophages (CAMBOS et al. 2010, SCHWARZER and ARESE 1996). This effect may be 

attributed to protein kinase C (PKC)-dependent assembly of the NADPH oxidase to the cellular 

membrane, previously reported to be impaired in human monocytes and macrophages upon 

prolonged periods of hemozoin exposure (SCHWARZER and ARESE 1996, SCHWARZER et 

al. 1993). Accordingly, most prominent hemozoin-dependent impairment of ROS production 

was also observed after long-term (24 h) incubation in the present study. This effect was even 

more pronounced in CLEC12A-/- BMDCs, indicating that CLEC12A affects intracellular 

signalling linked to ROS production (Publication 1). Consistently, CLEC12A was previously 

shown to interfere with Syk signalling, thus affecting MSU-mediated respiratory burst 

(NEUMANN et al. 2014). Furthermore, ROS has an important role in T cell activation, which 
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varies depending on the amount of ROS secreted. While excessive and chronic exposure of 

T cells to ROS can be detrimental, moderate ROS levels seem to be essential for efficient T cell 

activation and effector functions, such as the production of the T cell proliferation cytokine 

IL-2 (FLESCHER et al. 1994, FRANCHINA et al. 2018, MORO-GARCIA et al. 2018, 

NATHAN and CUNNINGHAM-BUSSEL 2013, SENA et al. 2013). In contrast, low levels of 

ROS are linked to insufficient CD8+ T cell responses by impaired cross-presentation of antigens 

to CD8+ T cells (OBERKAMPF et al. 2018). 

To evaluate whether the CLEC12A-dependent impairment of hemozoin-induced DC effector 

function has a relevance on CD4+ and CD8+ T cell-mediated immunity, DC/T cell co-culture 

assays were performed. Since crystals do not induce direct activation of T cells, OVA as an 

established model antigen is used to mimic processing of malarial antigens. Upon uptake by 

DCs, OVA is fragmented into peptides for subsequent presentation on MHC molecules. TCR 

transgenic CD8+ OT-I T cells selectively interact with the MHC-I cross-presented OVA257-264 

peptide (HOGQUIST et al. 1994), whereas CD4+ OT-II T cells exclusively recognise the 

MHC-II presented OVA323-339 peptide (BARNDEN et al. 1998). Thus, the DC/T cell co-culture 

system enables the analysis of the effect of CLEC12A/hemozoin interaction on the priming of 

different T cell subsets, of which both, CD4+ and CD8+ T cells are critically involved in ECM 

pathogenesis. CD4+ T cells secrete IFN-γ for recruitment of CD8+ T cells to the BBB 

(VILLEGAS-MENDEZ et al. 2012), whereas CD8+ T cells exert cytotoxic effects on brain 

endothelial cells by the release of granzyme B and perforin (HAQUE et al. 2011, NITCHEU et 

al. 2003, POTTER et al. 2006). Thus, CD8+ T cells play a pivotal role in ECM pathogenesis. In 

the present study, CD4+ T cell functions were marginally affected by the CLEC12A/hemozoin 

interaction. According to other studies reporting a loss of CD4+ T cell effector functions upon 

co-incubation with hemozoin-treated DCs (MILLINGTON et al. 2006, MILLINGTON et al. 

2007, PHAM et al. 2020), a suppressive effect of hemozoin on CD4+ T cells was observed in 

this study, resulting in abrogated granzyme B secretion and slightly reduced levels of IL-2 and 

TNF. Strikingly, the CLEC12A/hemozoin interaction led to enhanced CD8+ T cell cross-

priming as shown by DC/T cell co-culture assays. The hemozoin-dependent production of 

granzyme B as well as IL-2 and the frequency of granzyme B- as well as IL-2-producing T cells 

were CLEC12A-dependent as indicated by abolished or reduced production of these cytokines 

when CLEC12A-/- BMDCs were used to stimulate OT-I T cells. Moreover, TNF production 

and the frequency of TNF-positive cells was partially abrogated upon CLEC12A deficiency 

(Publication 1). Consistently, IL-2 was shown to increase the expression of perforin and 

granzyme B and the cytotoxic effector function of CD8+ T cells (JANAS et al. 2005, TAMANG 
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et al. 2006) and TNF is critical for endothelial activation and adhesion of leucocytes during CM 

(GRAU et al. 1987). The contribution of CLEC12A to CD8+ T cell cross-priming is expected 

as this CLR was previously shown to shape CD8+ T cell function in viral and tumour immunity. 

In this context, targeting of CLEC12A efficiently induces influenza antigen-specific tissue-

resident CD8+ T cells, increases the frequency of granzyme B+ T cells and aids in DC-mediated 

cross-presentation to activate CD8+ tumour-reactive T cells (HUTTEN et al. 2016, WAKIM et 

al. 2015). 

ECM as the commonly used model for plasmodial-induced inflammation is characterised by 

cytotoxic CD8+ T cells facilitating brain pathology via perforin- and granzyme B-dependent 

mechanisms (HAQUE et al. 2011, NITCHEU et al. 2003, POTTER et al. 2006). In the present 

study, this model was utilised to further investigate the role of the CLEC12A in ECM pathology 

by infecting CLEC12A-/- mice with PbA, which was performed as a part of the PhD thesis by 

Timo Johannssen (JOHANNSSEN 2016). Overall, CLEC12A had a crucial role in PbA-

mediated ECM development as indicated by increased survival and ameliorated clinical 

symptoms of CLEC12A-/- mice. In particular, granzyme B expression of T cells in the spleen 

and brain was reduced in PbA-infected CLEC12A-/- mice, whereas total frequencies or overall 

activation of these cells was not affected. Thus, CLEC12A seems to predominantly modulate 

the quality, rather than the quantity, of the T cell response by affecting granzyme B expression 

(Publication 1). Whether this in vivo effect is mediated by the CLEC12A/hemozoin interaction 

directly has to be clarified in future studies. Previous in vivo studies have demonstrated 

hemozoin-mediated effects on systemic inflammation, such as innate chemokines and cytokines 

and the extensive recruitment of neutrophils to the injection site, indicating a direct interaction 

of innate instead of adaptive immune cells with hemozoin (DOSTERT et al. 2009, GRIFFITH 

et al. 2009, JARAMILLO et al. 2009, JARAMILLO et al. 2004). These studies, together with 

the obtained in vitro data in the present study, render a specific stimulation of CD8+ T cell 

functions upon injection of pure hemozoin only rather unlikely as crystals cannot be presented 

on MHC molecules to induce adequate T cell responses. Thus, in vivo studies addressing the 

CLEC12A-dependent role of hemozoin on T cell activation are difficult to establish. 

Nevertheless, immunisation studies, in which hemozoin and OVA are simultaneously 

administered to WT mice containing adoptively transferred OT-I transgenic T cells could aid 

in defining the relevance of CLEC12A/hemozoin interaction on CD8+ T cell priming in vivo. 

Furthermore, we cannot formally exclude that the CLEC12A/MSU interaction contributes to 

the here observed in vivo effects as MSU is released upon Plasmodium infection. Patients 

suffering from ECM display high levels of MSU (LOPERA-MESA et al. 2012, MITA-
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MENDOZA et al. 2013) and MSU is present in late-stage Plasmodium parasites (VAN DE 

HOEF et al. 2013). Thus, treatment of PbA-infected WT and CLEC12A-/- mice with allopurinol, 

an inhibitor of xanthine dehydrogenase involved in the production of MSU (GALLEGO-

DELGADO et al. 2014, SARMA et al. 1998), might be considered in future studies to formally 

exclude CLEC12A/MSU-mediated effects in vivo. 

Taken together, CLEC12A recognises plasmodial hemozoin, thus affecting ROS production by 

DCs. Moreover, the CLEC12A/hemozoin interaction enhances cross-presentation of 

plasmodial antigens to CD8+ T cells leading to the production of the cytokines IL-2 and 

granzyme B, which are critically involved in the breakdown of the BBB. Accordingly, PbA-

infected CLEC12A-/- mice were partially protected from ECM as indicated by ameliorated 

clinical symptoms and a reduced frequency of splenic and brain-sequestered granzyme B+ 

T cells. Thus, CLEC12A was identified as an innate sensor for plasmodial hemozoin and an 

important role of CLEC12A in immune pathology during murine PbA infection and associated 

ECM was demonstrated (Publication 1). 

CLRs in Toxocara infection – a potential relevance for MGL-1 and MCL 

The dog roundworm T. canis and the cat roundworm T. cati are worldwide distributed zoonotic 

intestinal helminths with frequent exposure to humans. Within paratenic hosts’ tissue, L3 can 

persist up to a decade by immune evasion and cause severe disease pathology such as 

neurotoxocarosis and ocular larva migrans. For efficient immune evasion, tissue-dwelling L3 

secrete immunologically active TES, which modulate immune responses to infection to allow 

for parasite survival (DEL PRETE et al. 1991, MAIZELS 2013). TES are mainly composed of 

glycoconjugates (MEGHJI and MAIZELS 1986). Thus, CLRs are assumed to be involved in 

the recognition of these glycans, thereby causing the so-called “glycan gimmickry” – a process 

in which the interaction of parasite-derived glycans with host glycan binding proteins shapes 

innate as well as adaptive immune responses upon helminth infection (VAN DIE and 

CUMMINGS 2010). Most astonishingly, despite the commonly known and accepted relevance 

of CLRs in “glycan gimmickry” during various helminth infections and the high amount of 

carbohydrate structures present in TES (SCHABUSSOVA et al. 2007), comparably little is 

known about the contribution of CLRs to the recognition of Toxocara spp. and immune 

responses to infection. So far, the binding of human DC-SIGN and human MGL with T. canis 

TES reported by SCHABUSSOVA et al. (2007) is the only study showing an interaction of 

host-derived CLRs with Toxocara antigens. In the present study (Publication 2: RAULF et al. 
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2021a), the murine CLR-hFc fusion protein library was used in a screening-based approach to 

unravel further host-derived CLRs recognising T. canis and T. cati. 

Therefore, binding studies included TES as well as Toxocara somatic antigens (TSOM) of L3. 

While TES seem to be immunologically active and is critically involved in immune evasion of 

the parasite by mediating the shift to Th2 immunity (MAIZELS 2013), TSOM received little 

attention in the past decades. However, also TSOM contains considerable amounts of proteins 

that actively modulate host immunity, such as cathepsins (degrading host MHC-II invariant 

chains), moon-lighting proteins (participating in energy metabolism processes but also drive 

migration, evasion and survival of the parasite), calreticulins (interfering with complement-

mediated lysis), MIF-like proteins (diminishing the production of pro-inflammatory cytokines) 

and superoxide dismutases (neutralising ROS) (ZHENG et al. 2020). Furthermore, it is likely 

that these proteins and a manifold of other glycoconjugates present in TSOM (DA SILVA et 

al. 2018, ZHENG et al. 2020, ZHU et al. 2015) are exposed to CLRs present on the surface of 

APCs upon larvae death. Interestingly, most of the CLR-hFc fusion proteins, including Mincle, 

Dectin-1, Dectin-2, DC-SIGN, CLEC12A, CLEC12B, MGL-1, MCL and Langerin bound to 

TSOM in the present study. Similar binding patterns were observed for both T. canis and T. cati 

TSOM, being indicative for a resemblance in the composition of TSOM derived by these two 

species. Solely DC-SIGN-related protein 3 (SIGNR3) and MDL-1 did not interact with TSOM 

(Publication 2). This is not surprising as MDL-1 was reported to bind to viral glycans and to 

gram-positive bacteria (SUNG et al. 2020). Interestingly, LEFÈVRE et al. (2013) showed 

interaction of SIGNR3 with Leishmania infantum and the Lepenies working group observed 

binding of SIGNR3 to P. falciparum and PbA (JOHANNSSEN 2016), indicating that SIGNR3 

might have a predominant role in recognition of protozoan parasites rather than helminths. 

While most of the CLR candidates that interacted with TSOM were already shown to have a 

relevance in other helminth infections (KALANTARI et al. 2019, VÁZQUEZ-MENDOZA et 

al. 2013), MCL/TSOM interaction was most surprising as a role of MCL in helminth infection 

has not been shown so far. MCL tends to dimerise with Mincle and Dectin-2 and recognises 

trehalose dimycolate (TDM, mycobacterial cord factor), a cell wall component of mycobacteria 

(MIYAKE et al. 2013, ZHU et al. 2015). Thus, binding of MCL to Toxocara spp. was a novel 

finding. A potential involvement of MCL in toxocarosis was further supported by microarray 

data showing elevated MCL transcript levels in cerebrum and cerebellum of C57BL6/J mice 

over the course of Toxocara spp. infection (unpublished results of the Strube working group, 

NCBI accession number GSE66094). 
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Binding of CLR-hFc fusion proteins to TES was mainly restricted to DC-SIGN and MGL-1 

(Publication 2). This is consistent with results of SCHABUSSOVA et al. (2007), who revealed 

binding of a DC-SIGN- and a human MGL-hFc chimera to T. canis TES. However, binding of 

DC-SIGN to T. cati TES was less pronounced compared to T. canis TES. Hence, MGL-1 was 

the only CLR prominently binding to TES of both Toxocara spp. suggesting an involvement of 

MGL-1 in TES recognition and potentially the initiation of innate immune responses against 

these parasites. Accordingly, MGL represents one of the most prominent CLRs in helminth 

recognition as indicated by previously reported interactions of MGL with S. mansoni, T. suis, 

T. crassiceps and F. hepatica (RODRIGUEZ et al. 2017, VAN KOOYK et al. 2015). 

Initial binding studies prompted us to confirm and further define the nature of the CLR/ligand 

interaction for the most promising candidates, MCL and MGL-1, in fluorescence microscopy-

and immunoblot-based approaches. Indeed, fluorescence microscopy defined a distinct oral 

area, mainly the buccal lips and associated surface coat of T. canis and T. cati L3 interacting 

with MGL-1 (Publication 2). Interestingly, this area carries carbohydrate epitopes as potential 

targets for MGL-1 that are highly reactive to antibodies produced upon infection (PAGE et al. 

1992b). These antibodies are directed against the abundant 70 kDa fraction of T. canis TES, 

also referred to as TES-70 or Tc-CTL-4, which is also found on the surface of Toxocara L3 

(LOUKAS et al. 2000a, MAIZELS et al. 1987, MAIZELS and PAGE 1990, PAGE et al. 

1992b). Interestingly, Tc-CTL-4 is one of the PDCTLs secreted by Toxocara and is known to 

directly interact with mammalian epithelial cells (LOUKAS et al. 2000a, MAIZELS et al. 

1987). Indeed, SDS-PAGE and subsequent CLR-hFc immunoblot revealed a protein fraction 

of approximately 70 kDa in size interacting with MGL-1 in this study. 

Interestingly, MGL-1 bound to the same oral area of both T. cati and T. canis L3, whereas the 

T. cati-derived protein fraction (~55 kDa) interacting with MGL-1 was comparably lower than 

that of T. canis (~70 kDa) (Publication 2). Unfortunately, T. cati TES and TSOM have been 

sparsely characterised in the past decades (FISHER 2003, ZAHABIUN et al. 2015). Thus, it is 

challenging to propose a potential T. cati-derived candidate for binding to MGL-1. Consistent 

with KENNEDY et al. (1987) and ZIBAEI et al. (2016), T. cati TSOM and TES differed from 

that of T. canis in silver-stained SDS-PAGE. However, as T. cati and T. canis share a close 

phylogenetic relationship, MGL-1 might bind to analogous T. cati-derived components. Thus, 

despite the considerable discrepancy in size, the 55 kDa protein of T. cati might well be an 

analogue of the MGL-1-interacting 70 kDa protein found in T. canis TES and TSOM. 

Nevertheless, in contrast to unravelling hemozoin as a distinct ligand for CLEC12A during 

protozoan Plasmodium infection, we can only speculate about distinct Toxocara spp. 
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glycoconjugates interacting with MGL-1 so far. Thus, more precise analyses are critically 

needed in future studies to clearly define Toxocara-derived ligands for MGL-1. For instance, 

the CLR-hFc fusion proteins can be effectively used to purify CLR ligands by 

immunoprecipitation. Hence, a protein G carrier, such as columns or beads, is coated with the 

CLR chimeras via their Fc-tag enabling a multivalent display of the CTLD on the surface of 

the carrier. The CTLDs selectively interact with their respective ligand present in the antigenic 

mixture of TES and TSOM, forming a CLR/ligand complex which is eluted by a pH shift or 

denaturation. Subsequently, purified ligands are analysed via mass spectrometry allowing a 

detailed analysis of proteins bound by the respective CLR. These assays, which are commonly 

known as pull-down experiments, are frequently used to unravel concise protein or receptor-

protein interactions (BAIN et al. 2017, BRADY et al. 2004, BRYMORA et al. 2004, LOUCHE 

et al. 2017). The applicability of these assays for identifying specific helminth 

glycoprotein/receptor interaction was previously shown by MADUZIA et al. (2011), who 

deciphered ligands for Caenorhabditis elegans galectins LEC-6 and LEC-10 by pull-down 

experiments. 

Opposed to MGL-1, MCL did not visibly interact with the surface of L3, which is in accordance 

with ELISA-based binding studies in which MCL bound to TSOM but not TES (Publication 2). 

In this context, it is known that the highly abundant proteins of TES are either associated with 

the surface coat (TES-120) or with the nematode body cuticle (TES-32 and TES-70) (GEMS 

and MAIZELS 1996, LOUKAS et al. 2000b, PAGE et al. 1992a). Thus, MCL/Toxocara 

interaction might be restricted to a not accessible ligand present at the inside of L3 and/or that 

the MCL binding site on the surface is masked. Obtained immunoblot data favours the theory 

of a masked antigen, as MCL bound to a 65 kDa (T. canis) and 55 kDa (T. cati) fraction of both 

TSOM and TES. Possibly, denaturing conditions of the SDS-PAGE affected the folding 

conformation of proteins and changed their binding properties (GORR and VOGEL 2015), thus 

unveiling binding sites for MCL that are not present in natural TES. As for MGL-1, precise 

ligand analysis has to be performed for MCL as well. Moreover, not only glycoproteins but also 

glycolipids, which were not covered by the immunoblot methodology in this study, should also 

be considered as potential CLR ligands. Unravelling novel glycolipid/MCL interactions might 

be of particular interest as this CLR is known to recognise the lipid tail rather than the 

carbohydrate headgroup of its only known ligand TDM (RICHARDSON and WILLIAMS 

2014). Thus, an interaction of MCL with Toxocara-derived glycolipids is likely and can be 

accessed via thin-layer chromatography or high-performance liquid chromatography instead of 

mass spectrometry following above-mentioned pull-down experiments in future studies. 
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Accordingly, VAN DIE et al. (2010) successfully identified S. mansoni-derived 

glycosphingolipids as potential targets for DC-SIGN in a comparable approach. 

Although recognition of TES by APCs seems to be critically needed to shift the T cell response 

towards the Th2 phenotype, the interaction of both DCs and macrophages with Toxocara-

derived products is poorly understood. In general, data on cytokine production and surface 

marker expression by Toxocara spp. antigen-stimulated APCs is scarce and contradictory. For 

instance, T. canis TES stimulation led to substantial IL-6-, IL-10- and TGF-β secretion and an 

absence of TNF and IL-12 secretion by murine peritoneal macrophages (KURODA et al. 2001), 

whereas a human THP-1 macrophage cell line produced low IL-6 levels, a marginal amount of 

IL-10 and low amounts of TNF-α (DLUGOSZ et al. 2019). Even less is known about the 

mechanistic response of DCs to Toxocara spp. antigen stimulation. Even though DCs can be 

surmised as the predominant subset of APCs that mediate the shift towards Th2 immunity 

during Toxocara infection, it was only reported that T. canis TES impair LPS-induced 

maturation of canine monocyte-derived DCs as shown by reduced MHC-II and CD86 surface 

marker expression (JUNGINGER et al. 2017). To the best of our knowledge, nothing is known 

about the Toxocara-mediated cytokine secretion of DCs so far. Thus, stimulation assays with 

WT and CLR-/- BMDCs were performed in the present study to gain first insights into the 

Toxocara-mediated effector functions of murine DCs and the immunological relevance of 

CLR/Toxocara spp. interaction. To this end, BMDCs were simultaneously pulsed with LPS as 

helminth products are known to interfere with APC effector functions, which are thus often 

difficult to detect in vitro (ARANZAMENDI et al. 2013, DLUGOSZ et al. 2019, JUNGINGER 

et al. 2017). In this context, LPS mimics endogenous or other exogenous stimuli released upon 

invasion of L3, such as DAMPs derived from damaged tissues (CARLIN and TYUNGU 2020, 

HEUER et al. 2015, SPRINGER et al. 2019). Furthermore, living bacteria or bacterial 

components are inevitably carried along during larval migration through different organs, most 

notably the intestine (MIDHA et al. 2020). In the present study, simultaneous LPS/TSOM or 

LPS/TES stimulation had only marginal effects on surface marker expression, whereas IL-6 

and TNF cytokine production was elevated upon Toxocara antigenic exposure. The synergistic 

effect on cytokine secretion was even more pronounced in MCL-/- BMDCs indicating that the 

recognition of Toxocara-derived glycoconjugates by MCL possibly mediates downregulation 

of cytokine secretion (Publication 2). Additionally, MCL/Toxocara interaction might affect 

LPS-mediated TLR4 signalling pathways as previously demonstrated in anti-tumour responses 

(DYEVOICH et al. 2020). Interferences with TES- or TSOM-mediated signalling via Mincle 

and Dectin-1 is also possible, whose expression and signalling are closely linked to MCL 
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(MIYAKE et al. 2015, MIYAKE et al. 2013, ZHU et al. 2013). Interestingly, the here observed 

immunological relevance of MCL/Toxocara interaction seems to be restricted to T. cati. Indeed, 

profound differences between T. cati- and T. canis-mediated (immune)pathology were revealed 

in other studies. Despite the close phylogenetic relationship, these two species mediate 

differential histopathological, behavioural, and transcriptional changes in the paratenic host 

(JANECEK et al. 2017, JANECEK et al. 2015). Most of all, cytokine profiles elicited in the 

brains of T. cati-infected mice (reduced IL-1α, low Th2 cytokines) significantly differed from 

that of T. canis-infected mice (reduced IL-1β, high Th2 cytokines) (WAINDOK and STRUBE 

2019), pointing towards a species-specific immunogenicity that was also observed in the 

present study. 

Immunological relevance of CLR/Toxocara interaction might not only be restricted to the here 

screened surface marker expression and cytokine production. Thus, the effect of CLR/Toxocara 

interaction on other effector functions such as antigen processing/presentation and ROS 

production, as also performed to characterise the CLEC12A/hemozoin interaction, should be 

investigated in future studies. Moreover, Toxocara might not only interact with CLRs expressed 

by DCs but may also affect other immune cells such as alternatively activated macrophages, a 

subset of APCs that is highly relevant during helminth infection (PRASANPHANICH et al. 

2013), and T cells as the cell subset predominantly mediating disease pathology. Detailed 

evaluation of Th cell differentiation and the secretion of the cytokines IL-4, IL-5 and IL-13 as 

the predominant mediators released during Toxocara infection (MAIZELS 2013) in DC/T cell 

co-culture assays might unravel a contribution of CLRs to Toxocara-mediated T cell effector 

function. These additional assays may extend findings concerning the immunological relevance 

of MCL/Toxocara interaction and might reveal the contribution of MGL-1 to Toxocara-

mediated immunity. A relevance of MGL-1 in Toxocara infection is likely as MGL was 

previously shown to initiate innate- and shape adaptive immunity to other helminth infections, 

including S. mansoni, T. suis, T. crassiceps and F. hepatica (KLAVER et al. 2013, 

MEEVISSEN et al. 2012, MONTERO-BARRERA et al. 2015, RODRIGUEZ et al. 2017, 

TERRAZAS et al. 2013, VAN LIEMPT et al. 2007, VAN VLIET et al. 2005). Hypothetically, 

MGL-1 could play a role in somatic migration of L3, in which they pass the intestinal 

lamina propria to reach lymphatic vessel or the vascular system (WU and BOWMAN 2020). 

It is known that the lamina propria contains macrophages and DCs that highly express MGL-1 

on their surface (SABA et al. 2009). Accordingly, MGL-1 was shown to be critically involved 

in intestinal homeostasis and experimental colitis by the recognition of gastrointestinal 

commensals, thus promoting IL-10 secretion (KUHN et al. 1993, SABA et al. 2009, VAN 
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KOOYK et al. 2015). Therefore, L3 may encounter MGL-1 expressing APCs as early as within 

hours upon infection. The same could be true for MCL as this CLR was shown to exert a 

regulatory function on macrophages stimulated with commensal microbes (HÜTTER et al. 

2014). In this context, future in vivo studies will provide insight into the detailed immunological 

relevance of CLRs on Toxocara spp. pathogenesis by defining larval migration patterns and 

neurobehavioral alterations as well as systemic cytokine responses in T. canis- or T. cati-

infected MGL-1-/- and MCL-/-mice. 

Taken together, the present study allowed first insights into the recognition of Toxocara spp. 

by CLRs and suggests a potential role in Toxocara-mediated immune modulation. Toxocara-

derived antigens interacted with a manifold of CLRs, of which MGL-1 and MCL are the most 

promising candidates for immune modulation during Toxocara infection. MGL-1, a CLR 

known for its relevance in helminth infections, prominently bound to TES, the oral area of 

larval surfaces and distinct protein fractions. The interaction of Toxocara-derived antigens with 

MCL, a CLR known to recognise TDM, was a new finding. Furthermore, MCL had a regulatory 

function on cytokine secretion of BMDCs upon T. cati antigen stimulation (Publication 2). 

Ultimately, the in this study obtained findings and future studies, aiming to unravel distinct 

Toxocara-derived CLR ligands and mechanisms of the CLR-mediated immune response to 

Toxocara infection, might offer novel possibilities for needed applications in diagnosis of 

Toxocara spp. infection. 

Detection of toxocarosis – challenges, pitfalls, and potential perspectives for 

the use of CLRs in diagnostic approaches 

Until today, diagnosis of toxocarosis in humans is challenging. Acute infection can only be 

proven with certainty by direct identification of L3 during histopathological examination or the 

detection of parasite DNA in patient samples (SMITH and NOORDIN 2006). Since 

insensitivity and invasiveness of these methods represent serious issues for efficient diagnosis 

of toxocarosis, the practicability of these elaborate methods is often questioned. So far, 

serological detection of anti-Toxocara-antibodies in sera by ELISA- and immunoblot-based 

methods constitutes the best indicator of Toxocara infection in humans (MA et al. 2020, 

PAWLOWSKI 2001, RUBINSKY-ELEFANT et al. 2010, STRUBE et al. 2020). In 

concordance, ELISA- and immunoblot-based methods are frequently used for epidemiological 

surveys to assess the exposure to both T. canis and T. cati. Initially, sera of patients suspected 

of toxocarosis are typically tested in high-throughput approaches by ELISA. Upon ELISA-

positivity, results are often confirmed by Western Blotting (WB), which allows the 
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discrimination between specific and unspecific reactions to low molecular or high molecular 

antigen fractions, respectively (JIN et al. 2013, WILKINS 2014). Hence, WB is considered to 

be less cross-reactive to antibodies against other helminth infections and thus often elicits 

higher specificity than ELISA-based methods (FILLAUX and MAGNAVAL 2013, MA et al. 

2020, SMITH and NOORDIN 2006). In the last decades, a range of serological detection 

methods based on different Toxocara antigens [embryonated egg-, TSOM, TES or recombinant 

TES (rTES)] and detected Ig classes (IgG and its subclasses, IgM, IgE, etc.) were developed 

(DE SAVIGNY et al. 1979, FILLAUX and MAGNAVAL 2013, MAGNAVAL et al. 1991, 

NOORDIN et al. 2020). Since both factors substantially influence the diagnostic quality, 

sensitivity and specificity of in the past developed assays vary widely from 46 to 100% 

(HAMILTON et al. 2014, NOORDIN et al. 2020, SMITH and NOORDIN 2006). Importantly, 

most of the established and reliable assays are employed as in-house tests by research facilities 

or reference centres and only several ELISAs and one WB kit are commercially available so 

far (HAMILTON et al. 2014, SMITH and NOORDIN 2006). However, the stated diagnostic 

specificities and sensitivities of commercial assays are mainly based on internal quality 

assessment of the company. In rare occasions, they even refer to in-house ELISAs employed 

by research facilities although being, at least partially, different from these referred assays 

(FILLAUX and MAGNAVAL 2013). Thus, thoroughly tested in-house diagnostic assays are 

only accessible to a limited extent and the sensitivity and specificity of commercially available 

diagnostic tests are often not published in peer-reviewed journals. 

To address above-mentioned shortcomings, the presented study published in the journal 

Parasitology (Publication 3: RAULF et al. 2021b) involved the evaluation of the 

Anti-Toxocara-ELISA (IgG) (Proto-ELISA) and the Anti-Toxocara-Westernblot (IgG) 

(Proto-WB) recently brought to market by the diagnostic manufacturer EUROIMMUN. 

Therefore, these two ELISA and WB techniques were tested for their performance and cross-

reactivity using sera pre-determined for Toxocara seropositivity and samples from patients 

positive for antibodies against parasites other than Toxocara, respectively. Proto-ELISA results 

were compared to an established in-house ELISA (IH-ELISA), used for diagnostic purposes for 

over two decades at the Institute of Specific Prophylaxis and Tropical Medicine at the 

University of Vienna, Austria (SCHNEIDER et al. 2015), and Proto-WB results to the currently 

only available commercial WB (Com-WB) (ARTINYAN et al. 2014, DESPREAUX et al. 

2016, LOGAR et al. 2004, LÖTSCH et al. 2016, NICOLETTI et al. 2008, QUALIZZA et al. 

2011, ZIBAEI et al. 2013). 
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With a sensitivity of 93.1% and a specificity of 94.6% and only slight cross-reactivity to 

Ascaris- and Trichinella-positive sera (Publication 3), which is commonly reported in literature 

(JACQUIER et al. 1991, LYNCH et al. 1988), the Proto-ELISA had a comparable performance 

to its IH-ELISA reference and ELISAs established in other studies or distributed by other 

manufacturers (JACQUIER et al. 1991, LYNCH et al. 1988, NOORDIN et al. 2020, SMITH 

and NOORDIN 2006). Most of the serological detection methods, such as the IH-ELISA, are 

based on TES, which is known to cause elevated sensitivity, specificity and low cross-reactivity 

compared to other antigenic sources such as adult TSOM (DE SAVIGNY et al. 1979, 

JACQUIER et al. 1991, WILKINS 2014). The present study showed that the Proto-ELISA, 

based on larval TSOM and rTES, is a promising alternative for native TES-based ELISAs due 

to comparable sensitivity, specificity, and cross-reactivity. The supplementation of rTES might 

have promoted the performance of the Proto-ELISA since highly purified and standardised 

recombinant antigens (NOORDIN et al. 2020, SMITH and NOORDIN 2006, WILKINS 2014) 

are known to contribute to elevated specificity and reduced cross-reactivity of serological 

assays (MOHAMAD et al. 2009, WICKRAMASINGHE et al. 2008, YAMASAKI et al. 2000, 

YUNUS et al. 2017). 

The use of TSOM as a potential alternative for native TES was also confirmed by the 

performance of the TSOM-based Proto-WB, which showed 99.6% specificity compared to its 

TES-based Com-WB reference. The observed high diagnostic specificity was supported by 

cross-reactivity testing, with only 6.7% of samples positive for antibodies against parasites 

other than Toxocara cross-reacting in the Proto-WB. Surprisingly, 40.0% of these samples 

cross-reacted in the reference Com-WB (Publication 3). Potentially, IH-ELISA did not 

recognise Toxocara antibodies in cross-reactive sera as it is known that there are problems to 

exclude the presence of Toxocara antibodies in samples positive for antibodies against other 

parasites – a problem caused by polyparasitism (JACQUIER et al. 1991). This simultaneous 

infection with various helminths, especially with those that are soil-transmitted, is challenging 

for Toxocara serology due to frequently reported cross-reactions (FILLAUX and 

MAGNAVAL 2013, MA et al. 2020, NOORDIN et al. 2020, SMITH and NOORDIN 2006, 

WILKINS 2014). However, it is likely that Com-WB showed false positive results for at least 

some of the 40.0% cross-reactive samples as Toxocara seronegativity was also observed in 

Proto-ELISA and Proto-WB for most of the samples pre-determined negative in IH-ELISA. 

Possible reasons for the potential cross-reactivity of the Com-WB could be an excessive 

substrate incubation (1 h in Com-WB compared to 5 to 10 min in other WBs) or a subjective 

visual band assessment depending on the visual capacity of the examiner upon faint bands. For 
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the Proto-WB, bands below a certain intensity threshold were excluded by a corresponding 

software, enabling a standardised and objective evaluation of results. The reasons for the 

potential cross-reactions of the Com-WB observed in the present study have to be clarified in 

further evaluations. Accordingly, the calculated sensitivity of 76.7% of the Proto-WB compared 

to the Com-WB should be interpreted with caution as potentially Com-WB false-positives could 

have negatively affected Proto-WB sensitivity (Publication 3). Unfortunately, both the supplier 

and studies utilising the Com-WB did not specify the sensitivity of the reference Com-WB. 

Thus, results of the Proto-WB were additionally compared to the pre-determination by 

IH-ELISA, resulting in a calculated sensitivity of 91.5% and specificity of 94.6%. These values 

of the quality parameters are comparable to that of the Proto-ELISA, which is not surprising as 

both tests utilise the same larval TSOM (Publication 3). 

Taken together, Proto-ELISA and Proto-WB represent suitable serologic assays for routine 

diagnosis and seroepidemiological studies on toxocarosis. Both newly developed tests 

displayed a comparable sensitivity and specificity to other serological ELISAs and WBs, either 

freely available on the market or applied as in-house tests by scientific facilities. While the 

Proto-ELISA benefitted from the use of rTES for enhanced reproducibility, Proto-WB and its 

corresponding software promoted the standardised and objective analysis of results by 

preventing examiner-dependent variations in visual assessment of bands. Nevertheless, not the 

presence of anti-Toxocara antibodies alone but rather the combination of serological, clinical, 

and haematological methods defines a current infection with certainty, which should be kept in 

mind upon the use of Proto-ELISA and Proto-WB in routine diagnosis (Publication 3). 

The presented study not only highlighted the need for properly tested assays for credible 

diagnosis of Toxocara infection but also showed considerable pitfalls of past and currently 

established diagnostic methods. Most of all, cross-reactivity of native TES and TSOM to 

antibodies against other helminth infections, substantially reducing diagnostic specificity, 

challenges the significance of assessed serological infection status. It can be surmised that 

cross-reactivity is, at least partially, triggered by the glycosylation of native TES and TSOM 

antigens. In an ELISA and a WB established by ROLDÁN et al. (2015), the use of 

deglycosylated instead of native TES-26 significantly reduced cross-reactivity from 13.3% to 

5.3%. Furthermore, researchers mainly focussed on the use of recombinant antigens in 

serological assays in the past decade to increase diagnostic performance. Most of these 

approaches led to enhanced sensitivity and specificity, likely mediated by the differential 

glycosylation pattern of used proteins due to recombinant expression in either E. coli or 

Pichia pastoris (FONG and LAU 2004, FONG et al. 2003, MOHAMAD et al. 2009, WILKINS 
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2014). These observations support a relevance for glycan binding proteins, including CLRs, in 

the recognition of Toxocara species and thus the potential application of CLRs in diagnostic 

approaches. In theory, CLRs are already utilised for diagnosis of Toxocara infection as TES-32, 

a PDCTL, belongs to the specific low molecular fractions detected in WB (WILKINS 2014, 

ZHAN et al. 2015). Additionally, rTES-32 has lately been used for detection of anti-Toxocara 

antibodies in sera of mice, being highly specific and showing no cross-reactivity to antibodies 

directed against other helminths (ZHAN et al. 2015). However, the knowledge gained in the 

presented thesis about the interaction of CLRs with Toxocara spp. may offer and enable 

possibilities for the use of not only PDCTLs but also host-derived CLRs in diagnosis of 

Toxocara infection. For instance, the CLR-hFc fusion proteins could be exploited to scavenge 

TES constantly being secreted by L3, thus circulating in body fluids of currently infected 

patients (MORALES-YANEZ et al. 2019, NOORDIN et al. 2020, ROBERTSON et al. 1988). 

As MGL-1 was shown to strongly interact with TES of both T. canis and T. cati in the presented 

thesis, this CLR and its human orthologue MGL represent the most promising receptors to 

capture Toxocara antigens. Moreover, the identification of ligands for MGL-1 and MCL, as 

planned in future pull-down assays, might reveal promising TES- or TSOM-derived proteins to 

be used as diagnostic antigens, thus potentially enhancing the performance of future 

serodiagnostic assays. 
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Concluding remarks 

The work carried out in the frame of this thesis provided novel insights into the so far mostly 

unknown relevance of myeloid CLRs in parasitic infections. A dedicated workflow involving 

binding-, stimulation- and infection studies highlighted the contribution of CLRs to the 

recognition of and to immune responses against the protozoan parasites P. falciparum and PbA 

as well as the helminths T. canis and T. cati. 

The use of a comprehensive murine CLR-hFc fusion protein library led to the identification of 

plasmodial hemozoin as a distinct ligand for CLEC12A and unravelled MGL-1 and MCL as 

promising CLRs recognising T. canis and T. cati TES and TSOM. However, defined Toxocara-

derived CLR interaction partners remain to be elucidated. Mechanistic in vitro studies defined 

the immunological relevance of CLR/parasite interaction on cellular effector functions. Here, 

the CLEC12A/hemozoin interaction affected ROS production by DCs and enhanced cross-

presentation of plasmodial antigens to CD8+ T cells, facilitating the production of IL-2 and 

granzyme B. MCL interfered with T. cati antigen-mediated stimulation, thus leading to higher 

IL-6 and TNF cytokine secretion in MCL-/- DCs, whereas Toxocara/MGL-1 interaction 

appeared to play no role in DC effector functions. However, immunological relevance of 

MGL-1/Toxocara interaction might be mediated by other immune cell subsets such as 

alternatively activated macrophages, which has to be clarified in further stimulation assays. 

Furthermore, the role of MGL-1 and MCL during Toxocara infection still has to be investigated 

in future studies by challenging MGL-1-/-, MCL-/- and WT mice with infective T. canis or T. cati 

L3. 

The identification of distinct parasite-derived CLR ligands and the characterisation of the CLR-

mediated immune response to parasitic infections offers exciting opportunities for novel and 

desired diagnostics and therapeutics for malaria and toxocarosis. In the presented thesis, the 

establishment of anti-Toxocara ELISA and WB, utilising larval TSOM so far poorly explored 

for diagnostic purposes, met the need for reliable, sensitive and specific methods for detection 

of human Toxocara exposure. 
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