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I. Abstract 

 

João Gonçalo Tereno Monteiro 

A C-type lectin receptor (CLR)-Fc fusion protein library as a toolbox to detect novel CLR 

ligands and the interplay of CLR/virus interactions. 

 

 Glycosylation is a highly diverse process that produces an abundant repertoire of glycan 

structures, which can be found conjugated to other biomolecules, such as proteins and lipids. 

Myeloid C-type lectin receptors (CLRs) in innate immunity represent a family of pattern 

recognition receptors that are specialized in the recognition of glycan structures present at the 

surface of pathogens and host cells. Upon recognition, myeloid CLRs expressed by antigen 

presenting cells, like dendritic cells (DCs) and macrophages, impact phagocytosis, cytokine 

secretion and antigen processing and presentation to T cells. Therefore, CLRs represent an 

interesting target for the development of immunotherapies due to their crucial role in initiation 

of innate responses and ability to shape adaptive immunity.  

 In the first part of this thesis, an extension of a CLR-hFc fusion protein library and 

identification of novel CLR ligands were performed. Addition of five novel CLR members was 

accomplished, namely four murine CLRs, SIGNR5-hFc, CLEC13A-hFc, CLEC5A-hFc, 

Langerin-hFc and one human CLR, L-SIGN-hFc. The extended CLR-hFc library containing 

about 20 immunologically relevant CLRs represents a valuable screening platform for the 

identification of novel CLR ligands and to investigate pathogen/CLR interactions. The CLR-

hFc library was used to probe different glycan libraries immobilized on microarray slides for 

high-throughput identification of novel CLR ligands. Herein, it was also observed that the 

position of glycan moieties and multivalent presentation of glycans impacted CLR recognition.  

 The second part focused on the identification of highly specific glycan structures to 

target the macrophage galactose-type lectin (MGL), since this myeloid CLR is involved in the 

recognition of tumor antigens present on altered host cells and in antitumor immune responses. 

Tumor antigens can be found attached to different glycoproteins, namely mucin-1 (MUC1), 

which is considered one of the most important targets for the development of antitumor 

strategies. By probing a MUC1-like glycopeptide microarray platform, where tumor antigens 

were placed at different positions of the peptide backbone, with three MGL orthologs, a highly 

specific MGL divalent glycopeptide binder was discovered. In addition, by fluorescently 

labelling this glycopeptide, MGL-dependent uptake in DCs could be observed. Therefore, the 

findings reported may represent a building block for the rational design of antitumor vaccines 

that target DCs via MGL. 

 In the last part, extension of the applications of the CLR-hFc fusion protein library was 

envisioned, namely by developing a method to detect CLR interactions with enveloped viruses. 

CLR/viruses interactions display an intrinsic duality, since CLRs can either act as viral entry 

receptors and be subverted to ensure viral replication and dissemination, or CLRs are either 

involved in antiviral responses. To investigate CLR/viruses interactions, La Crosse virus 

(LACV), a neuroinvasive virus particularly affecting children under 16 years of age, was used 

as an example. A flow-through chromatography process was established to obtain highly pure 

LACV, which was used to interrogate in an ELISA-based assay the extended CLR-hFc fusion 

protein library. The macrophage inducible Ca2+-dependent lectin receptor (Mincle), a caspase 



Abstract 

 

2 

 

recruitment domain-containing protein 9 (CARD9)-associated CLR, was found to recognize 

LACV. Mincle-/- and CARD9-/- DCs challenged with LACV displayed an impaired pro-

inflammatory cytokine production, albeit no differences in LACV titer when compared to WT 

DCs. Therefore, the Mincle/CARD9 axis seems to play a limited role in innate responses 

against LACV.  
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II. Zusammenfassung  

 

João Gonçalo Tereno Monteiro 

Eine C-Typ-Lektin-Rezeptor-Fc-Fusionsprotein Bibliothek als Werkzeug zur 

Identifizierung neuer CLR Liganden und die Erforschung der Interaktion zwischen 

CLRs und Viren. 

  

 Durch den Prozess der Glykosylierung wird eine Vielzahl an unterschiedlichen und 

komplexen Glykanstrukturen gebildet, die an andere Biomoleküle wie Proteine oder Fette 

konjugiert werden können. Myeloische C-Typ-Lektin-Rezeptoren (CLRs) präsentieren eine 

Gruppe der pattern-recognition-Rezeptoren, welche diese Glykanstrukturen auf der 

Oberfläche von Erregern oder der Wirtszellen erkennen können. Myeloische CLRs, die von 

antigenpräsentierenden Zellen wie dendritischen Zellen und Makrophagen exprimiert werden, 

modulieren nach ihrer Aktivierung Effektorfunktionen wie Phagozytose, Zytokinsekretion, 

Antigenprozessierung und Antigenpräsentation gegenüber T-Zellen. Aufgrund ihrer Rolle in 

der Initiierung der angeborenen Immunantwort, als auch ihre Eigenschaft die erworbene 

Immunantwort modulieren zu können, eignen sich CLRs als ein vielversprechendes 

Target/Objekt für die Entwicklung von Immuntherapien.  

 In dem ersten Teil der Doktorarbeit wurde die CLR-hFc-Fusionsprotein Bibliothek 

erweitert und neue CLR-Liganden konnten identifiziert werden. Fünf neue Vertreter der CLR-

Familie wurden hinzugefügt; davon die vier murinen CLRs SIGNR5-hFc, CLEC13A-hFc, 

CLEC5A-hFc, Langerin-hFc sowie L-SIGN-hFc als humaner CLR. Die erweiterte CLR-hFc-

Fusionsprotein Bibliothek umfasst derzeit 20 immunologisch relevante CLRs und repräsentiert 

damit eine wertvolle Screening-Plattform für die Identifikation von neuen CLR Liganden und 

Erreger/Rezeptor Interaktionen. Die CLR-hFc-Fusionsprotein Bibliothek wurde genutzt um 

verschiedene auf Mikroarray-Objektträgern immobilisierte Glykanbibliotheken mit hohem 

Durchsatz auf neue CLR Liganden zu testen. Hierbei wurde deutlich, dass die Position der 

Glykangruppen und deren multivalente Darstellung die Erkennung durch CLRs beeinflusste.  

Der zweite Teil befasste sich mit der Identifizierung von hochspezifischen Glykanstrukturen 

zur gezielten Aktivierung des macrophage galactose-type lectin (MGL). Dieser myeloische 

CLR ist an der Erkennung von Tumorantigenen auf veränderten Wirtszellen sowie an der 

Immunantwort gegen Tumore beteiligt und seine gezielte Aktivierung bietet einen attraktiven 

Therapieansatz. Tumorantigene können an verschiedene Glykoproteine gebunden sein. Ein 

solches Glykoprotein ist mucin-1 (MUC1), welches einer der wichtigsten Targets in der 

Entwicklung von Antitumorstrategien darstellt. Mittels einer MUC1-ähnlichen Glykopeptid- 

Mikroarray-Plattform, bei der Tumorantigene an verschiedenen Positionen des Peptidrückgrats 

platziert wurden, wurde durch Beprobung mit drei verschiedenen MGL Orthologen ein 

hochspezifischer bivalenter Glykopeptid Ligand entdeckt. Weiterhin konnte durch 

Fluoreszenzmarkierung dieses Glykopeptides eine MGL-abhängige Aufnahme in dendritische 

Zellen beobachtet werden. Die gezeigten Ergebnisse stellen einen Baustein für das rationale 

Design von Antitumor-Impfstoffen dar, die gezielt auf dendritische Zellen via MGL wirken 

können.  

 In dem abschließenden Teil der Arbeit wurde eine Ausweitung der 

Anwendungsmöglichkeiten der CLR-hFc-Fusionsprotein Bibliothek angestrebt. Hierbei wurde 

eine Methode zur Identifizierung möglicher Interaktionen von CLR mit behüllten Viren 
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entwickelt. CLR/Virus Interaktionen können vorteilhaft für den Virus sein, indem CLRs als 

Rezeptor genutzt werden und so Viruseintritt und Ausbreitung ermöglichen. Andererseits 

können CLR/Virus Interaktionen aber auch zur Induktion einer Immunantwort führen und 

somit zur Bekämpfung des Virus beitragen. Um mögliche CLR/Virus Interaktionen zu 

untersuchen, wurde das La Crosse Virus (LACV) genutzt. LACV ist ein neuroinvasives Virus, 

das hauptsächlich bei Kindern und Jugendliche zu schweren Infektionen führt. Um LACV in 

einem ELISA-basiertem Verfahren auf mögliche Interaktionen mit der erweiterten CLR-hFc-

Fusionsprotein Bibliothek zu testen, musste zunächst ein Durchflusschromatographieverfahren 

etabliert werden, um eine hochreine Viruspräparation zu erhalten. Der macrophage inducible 

Ca2+-dependent lectin receptor (Mincle) ist ein caspase recruitment domain-containing protein 

9 (CARD9) assoziierter CLR und in dem ELISA-basiertem Verfahren konnte eine Bindung 

von Mincle an LACV gezeigt werden. Mincle und CARD9 defiziente dendritische Zellen 

zeigten eine reduzierte pro-inflammatorische Zytokinproduktion nach LACV Infektion 

verglichen zu WT Zellen, wenn auch kein Unterschied in der Viruslast festzustellen war. 

Daraus lässt sich schließen, dass die Mincle/CARD9 Signalkaskade nur eine eingeschränkte 

Rolle in der Immunantwort gegenüber LACV spielt.  
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III. Introduction 

 

1. The immune system 

The immune system works fundamentally by discriminating self from non-self and is 

composed of two main pillars: the innate immune system and the adaptive immune system [1]. 

The interplay between innate and adaptive immunity enables either the efficient detection and 

elimination of pathogens or tolerance to self-antigens. A considerable number of antigens 

recognized by the immune system display carbohydrate structures. Carbohydrates are a major 

class of biomolecules and can be found conjugated to other biomolecules, like proteins and 

lipids, thus contributing to the fine tuning of their properties [2]. Carbohydrate conjugation to 

proteins via an asparagine residue (N-linked) or via a serine or threonine residue (O-linked) 

originates glycoproteins [3]. Since glycosylation is not a template driven process and requires 

the action of different enzymes, like glycosyltransferases and glycosidases, it results in a great 

diversity of glycan structures [2,3]. The immune system can discriminate a wide variety of 

glycan structures present in self- or non-self antigens to elicit innate and adaptive immune 

responses. 

The innate immune system represents a general defense mechanism that quickly 

recognizes pathogens or altered self-antigens to mount a non-specialized immune response 

within hours of detection [4]. Therefore, innate response mechanisms present generally a 

broader scope of action, being primarily involved in detection and initial elimination of 

potential infectious threats. In contrast, the adaptive immune system is composed of cells that 

proliferate and mount a targeted response against a pathogen, toxin or allergen, upon encounter 

with antigens presented by cells of the innate immune system [5]. An important feature of the 

adaptive immune system resides in the production of long-lived cells that persist in a resting 

state, but rapidly show effector functions specific against previously encountered antigens. This 

feature of adaptive immunity is termed immunological memory [6].  

 

1.1. Innate immunity 

The innate immune system represents the first line of defence and is characterized by 

two distinct defence mechanisms: an outer barrier function provided by epithelia and hard-

wired responses encoded by the genes in the host´s germline cells [7]. The first exerts a 

protective physical barrier between the inside of the body and outside world, where epithelia 

cells connected by tight junctions provide a robust framework to exclude exogenous threats 

[7]. Moreover, a mucus layer covering the interior of the epithelial surfaces provides an 

additional protection layer since mucin and other glycoproteins create a slimy mucus that 

prevents pathogen adherence to the epithelium [8]. The mucus layer contains also a wide range 

of antimicrobial peptides, being the most abundant known as defensins, which are responsible 

for killing pathogens or inhibiting their growth [8]. If pathogens overcome the first line of 

defense of the innate immune system, the epithelial barrier, an innate immune response is 

initiated. In this response, germline-encoded pattern recognition receptors (PRRs) are able to 

recognize molecular patterns shared by pathogens and toxins that are not present in the 

mammalian host [9].  

The cellular fraction of innate immunity includes antigen presenting cells (APCs), such 

as monocytes, dendritic cells (DCs) and macrophages; mast cells, natural killer (NK) cells and 
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granulocytes (eosinophils, basophils, neutrophils) [4]. Innate immune cells arise from the 

hematopoietic system (with exception for epithelial cells), lack somatically recombined 

antigen-receptors and are devoid of immunological memory [7]. They migrate to the 

circulatory system and peripheral tissues, where at the site of infection they exert antimicrobial 

or tissue-protective functions. Such defensive actions involve orchestrated strategies, such as 

phagocytosis, generation of reactive oxygen species (ROS), nitric oxide (NO), release of 

antimicrobial peptides and proteases [10].  

Innate immune cells also initiate inflammation of invaded tissues, a process 

characterized by the secretion of pro-inflammatory cytokines, such as tumor necrosis factor-α 

(TNF-α), interleukin (IL)-1 and IL-6 [11]. These cytokines have pleiotropic effects, ranging 

from regulation of cell death of inflammatory tissues to modification of vascular endothelial 

permeability for better leukocytes recruitment from circulation. In addition, cytokines also 

promote cellular activation, namely enhancing phagocytosis and antigen presentation [12]. 

After a dominating influx into the affected tissue by innate immune cells like macrophages, 

neutrophils and monocytes, according with a chemokine gradient, T cells are recruited for a 

more tailored response, thus initiating the adaptive immune response [12]. 

 

1.2. Adaptive immunity 

The effector cells of adaptive immune responses are the T lymphocytes, which mature 

in the thymus, and the B lymphocytes, which are antibody-producing cells originated in the 

bone marrow [5]. Lymphocytes are highly mobile cells that originate in primary lymphoid 

organs (thymus and bone marrow) and can migrate to secondary lymphoid organs (lymph 

nodes and spleen), where adaptive immune responses are usually initiated upon capture of 

circulating antigens in the periphery [5]. B and T lymphocytes present a high degree of 

plasticity with randomly generated receptors, known as B cell receptors (BCR) and T cell 

receptors (TCR), that allow recognition of an assortment of different antigens [13–15]. In 

lymphocytes, V(D)J/somatic recombination is a process that leads to novel amino acid 

sequences at the antigen-binding regions of immunoglobulins (Ig) and TCRs, by rearranging 

variable (V), joining (J) and diversity (D) gene segments, hence allowing the recognition of a 

vast repertoire of self- and non-self antigens. Triggering of the lymphocyte population by a 

stimulus results in clonal expansion [13–15]. 

 

1.2.1.  B lymphocytes 

B lymphocytes arise from hematopoietic stem cells in the bone marrow and undergo 

several distinct developmental stages in an antigen-independent process [16]. Herein, immature 

B cells express predominately the immunoglobulin M (IgM) at their surface. After the 

immature stage, B cells leave the bone marrow and complete the development to mature to 

naïve B cells [17]. Besides IgM, additional expression of IgD at the cell surface characterizes 

this stage. In the secondary lymphoid organs, mature B cells undergo complete activation upon 

antigen encounter, usually with T cells help [17,18]. B cell activation can drive differentiation 

into plasma B cells, which have a short lifespan and secrete low-affinity antibodies, or it can 

lead to formation of a germinal center upon entering a follicle [19]. At the germinal center, B 

cells can undergo a class-switching, resulting in isotypes change of the Igs from IgM and to 

IgG, IgA and IgE [19,20]. Hence, the main Igs found at the beginning of infection are IgM, 
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followed by antibodies with higher affinity towards the antigen, like IgG, IgA and IgE [19,20]. 

High affinity antibodies appear normally around 2 weeks after infection [19,20]. 

The main roles of activated B cells include the secretion of antibodies as a component 

of the humoral adaptive response, which results in blocking of pathogen spreading or 

opsonization for enhanced pathogen-killing by monocytes, natural killer (NK)-cells and 

neutrophils [21]. Moreover, activation of the complement system and recruitment of 

phagocytic cells to the sites of infection are also B cell-mediated [21].  

In addition to B cells, the adaptive immune system encompasses also T cells, which 

have a prominent role in antigen-specific immune responses. 

 

1.2.2. T lymphocytes 

Upon maturation in the thymus, T cells can express either CD4 or CD8 glycoproteins 

on their surface, thus being termed CD4+ T cells or CD8+ T cells (cytotoxic T cells), 

respectively [22]. CD4+ T cells can differentiate into different subsets: Th (T helper)1, Th2, 

Th9, Th17, Th22, Treg (regulatory T cells) and Tfh (follicular helper T cells) [23].  

The discovery of the Th1/Th2 dichotomy by Mosmann and Coffman signalled the 

ability to distinguish the different Th clones based on their cytokine profile, hence resulting in 

Th subsets with specific functional properties [24]. Th1 cells are characterized by a pro-

inflammatory cytokine profile with the secretion of interferon-gamma (IFN-γ) and TNF-α, thus 

eliciting cell-mediated immune responses, such as cytokine secretion and increase of the 

expression of pattern recognition receptors in antigen presenting cells (APCs) for antigen 

recognition, processing and presentation [25,26]. In addition, macrophage activation also 

occurs, for enhanced phagocytosis and degradation of intravesicular pathogens [25,26].  

Th2 cells act mainly in epithelial tissues, being involved in humoral-mediated immunity 

against parasites and in allergies or atopic lesions [27,28]. IL-4 is the main cytokine that 

induces Th2 differentiation and Th2 cells secrete mostly IL-4, IL-5 (for recruitment of 

eosinophils) and IL-13 (induces secretion of immunoglobulin E by activated B cells) [27,28].  

Th17 cells play an important role in promoting and enhancing inflammation against 

extracellular pathogenic bacteria and fungi. Th17 response hallmarks are neutrophils 

recruitment prompted by IL-17, activation of innate immune cells and B cells and release of 

pro-inflammatory cytokines, like TNF-α, granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and IL-1β [29].  

Naïve T cells can differentiate into Th9 cells by a combination of transforming growth 

factor (TGF)-β (a cytokine that promotes Tregs) and IL-4 (a cytokine associated with induction 

of Th2 response). Th9 cells are characterized by the secretion of IL-9, which is involved in the 

recruitment and activation of immune cells (mainly mast cells), and the immunoregulatory 

cytokine, IL-10 [30]. Interestingly, Th9 cells are closely associated with the immunopathology 

of asthma [31].  

Th22 cells and IL-22 are potential therapeutic targets because of their involvement in 

autoimmune and allergic diseases [32]. IL-22 is produced by activated T cells, mainly Th17 

and Th22 cells, as well by NK cells and γδ T cells, and it acts mostly on non-immune cells. IL-

22 mediates anti-inflammatory or pro-inflammatory effects, according with cues from 

surrounding tissue microenvironments, like other cytokines [32].  

Tregs express the signature Foxp3 transcription factor, which is critical for 

development, lineage commitment and regulatory properties [33]. Tregs-mediated immune 
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suppressive response is critical in many inflammatory diseases, like asthma and type I diabetes 

[34]. Immunosuppression by Tregs is achieved by secretion of anti-inflammatory cytokines, 

such as IL-10 and TGF-β, expression of inhibitory receptors and cytokine deprivation [34].  

Tfh cells are characterized by the expression of CXC chemokine receptor 5 (CXCR5), 

a receptor responsible for guidance of Tfh cells migration to  B-cell follicles, where they play 

an important role in germinal center formation and B cell functions [35].  

Besides CD4+ T cells and different subsets that arise from differentiation, naive CD8+ 

T cells play also an important role in adaptive immune responses. CD8+ T cells, present in the 

spleen and lymph nodes, are primed via antigen presentation by the MHC-I of APCs in the 

presence of a co-stimulatory signal [36]. Antigen presentation and pro-inflammatory cytokines, 

like IL-12, are crucial in terminal differentiation of naïve CD8+ T cells into effector CD8+ T 

cells [36]. Activated CD8+ T cells mediate direct cytolysis of target cells and elimination by 

release of perforin and granzyme B from intracellular granules [37]. Perforin creates pores in 

the target cell membrane, while granzyme B induces caspase activation and apoptosis. CD8+ T 

cells also secrete TNF-α, IFN-γ and chemokines that attract inflammatory immune cells to the 

site of infection [37].  

 

1.3. Pattern recognition receptors – the hallmark of the innate immune system 

Pattern recognition receptors, PRRs, are responsible for the initiation of innate immune 

responses and for shaping adaptive immune responses. Based on protein domain homology, 

most of the PRRs can be grouped in five distinct families: the Toll-like receptors (TLRs), the 

C-type lectin receptors (CLRs), the nucleotide-binding oligomerization domain-like receptors, 

known as NOD-like receptors (NLRs), the retinoic acid-inducible gene-I-like receptors (RIG-

I-like receptors, RLRs) and the absent in melanoma 2 (AIM2)-like receptors (ALRs) [9]. These 

families can be further separated into two classes: membrane-bound receptors, constituted by 

TLRs and CLRs, which are present at the cell surface or on endocytic compartments, and 

unbound intracellular receptors (NLRs, RLRs and ALRs), located in the cytoplasm [11]. The 

first group is responsible for surveying the presence of pathogens in the extracellular space or 

within endosomes, whereas the second group is involved in identification of endogenous 

antigens, namely intracellular pathogens [11]. Hence, PRRs play a prominent role in the 

recognition of either structures conserved among microbial species, termed pathogen-

associated molecular patters (PAMPs) or endogenous molecules released from damaged cells, 

known as damage-associated molecular patterns (DAMPs) [11]. 

The TLR family is the best-characterized family of PRRs and is constituted by 10 TLRs 

in humans and 12 in mice [11,38]. TLRs are composed by a N-terminal leucin-rich repeat 

(LRRs) and a transmembrane region ending with a cytoplasmic Toll/IL-1R (TIR) domain 

[11,38]. TLRs present a broad variety of PAMPs recognized, including lipopolysaccharide 

(LPS) from Gram negative bacteria (TLR4), lipoproteins of bacteria, mycobacteria and 

parasites (TLR2), flagellin (TLR5), and nucleic acids, like dsRNA (TLR3) and CpG-DNA 

(TLR9) [39]. Hence, TLRs orchestrate immune responses against bacteria, parasites, viruses 

and self-antigens. TLR engagement involves signaling cascades dependent of two functional 

sets of adaptor proteins: the first is composed of the adaptor proteins TIR-containing adaptor 

protein (TIRAP) and the protein myeloid differentiation primary response 88 (MyD88), while 

the second consists of the TIR-domain-containing adaptor-inducing IFN-β (TRIF) and TRIF-

related adaptor protein (TRAM) [38,39]. Downstream activation of these signaling cascades 
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leads to induction of nuclear factor-κB (NF-κB) for pro-inflammatory responses and 

interferon-regulatory factors (IRFs) 3/7, which are associated with type I interferon (IFN) 

release, such as IFN-α and IFN-β [38,39]. 

The NLR family, where NOD1 and NOD2 are prototypical members, senses PAMPs 

in the cytosol, namely peptidoglycans from intracellular bacteria [40]. NLRs signaling cascade 

involves the adaptor protein caspase-recruitment domain protein (CARD) family to mediate 

NF-κB and mitogen-activated protein kinase (MAPK) activation [40]. 

The RLR family, with RIG-I and melanoma differentiation gene 5 (MDA5) as main 

RLRs, consist of cytosolic helicases that sense double strand RNA (dsRNA) after viral 

infection by RNA viruses [41]. After recognition, downstream signaling is dependent on the 

adaptor protein CARD9 to activate the mitochondrial antiviral signaling protein (MAVS) and 

subsequent NF-κB, IRF3 and IRF7 activation. This activation culminates in the expression of 

IFN, pro-inflammatory cytokines and IFN-stimulated genes (ISGs) [41].  

The ALRs detect intracellular DNA and promote inflammasome activation [42]. 

Inflammasomes are multiprotein complexes that initiate immune response by secretion of 

hallmark cytokines of inflammasome (IL-1β and IL-18) and by promoting rapid cell death 

(pyroptosis) [42]. 

The CLR family recognizes mainly carbohydrates in PAMPs and DAMPs and 

represents the PRR group studied in the work presented in this thesis. Hence, it will be 

thoroughly described in following chapters. This thesis addresses myeloid CLRs expressed by 

APCs, such as DCs, macrophages and monocytes, and one of the key features of APCs is the 

ability to uptake antigens, followed by antigen processing and presentation.  

 

1.4. Antigen presentation: bridging innate to adaptive immune responses 

PRRs are at the frontline between the two pillars of the immune system, since they 

initiate innate immune responses and trigger adaptive immunity. Antigen presenting cells, 

which express PRRs, orchestrate the development of specific immunity via antigen-

presentation (Figure 1). Immature APCs, like DCs and macrophages, probe continuously their 

environment and upon self- or non-self antigen recognition, they become activated [43]. 

Activated APCs downregulate uptake receptors expression to preserve the captured antigen 

[43]. Next, endocytosis and antigen transport along early and late endosomal compartments 

occurs, ending with fusion of late endosomes with lysosomes for antigen degradation into 

peptides [44]. Antigen-derived peptides are loaded on MHC-I or MHC-II proteins for 

presentation to naïve lymphocytes with a matching TCR [45]. MHC-I antigen presentation 

directs CD8+ T cell activation, while MHC-II elicits CD4+ T cell differentiation into the 

different Th subsets [44]. In addition, DCs may capture extracellular antigens and present them 

directly, via MHC-I, to CD8+ T cells, being this process termed cross-presentation [46].  
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Figure 1 – Schematic representation of pattern recognition receptors involvement in modulation 

of adaptive immunity. Pathogen recognition by antigen presenting cells, namely by dendritic cells, is 

mediated by the ability of different PRRs to recognize self- or non-self antigens. Upon recognition, 

antigens are internalized, processed into peptide fragments and loaded on MHC-II or MHC-I molecules 

for CD4+ and CD8+ T cells priming, respectively. B cells can also function as APCs and load antigen-

derived peptides on MHC molecules to promote T cell activation and differentiation. Besides antigen 

presentation, DCs secretion of different cytokines and chemokines determines the fate of Th cells 

differentiation, leading to the development of diverse Th subpopulations, according with the sensed 

antigen.  

For efficient T cell priming, three signals are required [47,48]. The first is the direct 

contact of the TCR with the respective antigen-derived peptide loaded in a MHC molecule 

[47,48]. The second is the interaction of costimulatory molecules CD80/86 of activated DCs 

with CD28 expressed on the T cells surface [47,48]. This signal induces cell survival and clonal 

expansion via the proliferation cytokine IL-2. The third signal consists of the cytokine profile 

secreted by activated DCs to drive Th differentiation [47,48].  

Dendritic cells represent the most efficient type of APC as a result of their phagocytic 

ability combined with a high expression of  MHC and costimulatory molecules [49]. The role 

of APCs is essential to initiate innate immune responses and prime adaptive immunity. CLRs 

are an important family of PRRs expressed by APCs, since they can recognize a considerable 

repertoire of antigens to elicit immune responses.  

 

2. The C-type lectin family 

The C-type lectins receptors (CLRs) are a large family of transmembrane and soluble 

receptors with over 1000 proteins that are characterized by containing one or more C-type 

lectin-like domains (CTLDs) [50,51]. C-type lectins are computationally identified by their 

conserved CTLDs, a structural motif organised as two protein loops stabilized by two 

disulphide bridges at the base of each loop [52]. The CTLD is a key structural motif responsible 

for carbohydrate ligands recognition, mainly in a Ca2+-dependent manner [53,54]. In those 

instances, the CTLD is termed as carbohydrate binding domain (CRD) and encompasses 

specific amino acid motifs that determine ligand specificity. The EPN (Glu-Pro-Asn) motif 

determines binding affinity towards N-acetylglucosamine (GlcNAc) and mannose/fucose-type 

sugars, while the QPD (Glc-Pro-Asp) motif directs interactions with galactose-type 
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carbohydrates [53,54]. However, the CTLDs of several CLRs lack the components for Ca2+-

coordination, thus resulting in a broader repertoire of ligands recognized [55]. Besides 

carbohydrates, CLRs have been described to recognize proteins [56], lipids, such as cholesterol 

[57], and inorganic molecules, like uric acid crystals [58]. CLRs are involved in a plethora of 

physiological functions because of their intrinsic ability to recognize self (endogenous) or non-

self (exogenous) antigens. C-type lectins discrimination of non-self involves recognition of a 

wide spectrum of pathogens, such as bacteria [59], fungi [60], viruses [61] and parasites [62]. 

In addition to pathogen recognition, CLRs play important roles in autoimmune and 

inflammatory diseases, like arthritis and allergies, and in homeostasis, cell death and cancer 

[63].  

 The CLR superfamily in animals has been classified into 17 groups (I-XVII) according 

with phylogeny and structural/functional properties [51]. This thesis focuses on myeloid CLRs, 

which are predominantly expressed on the integral membrane of APCs, such as macrophages, 

DCs, granulocytes and monocytes. Myeloid CLRs use different signaling pathways to drive or 

modulate cellular immune responses, like antigen uptake and presentation to naïve T cells, 

cytokine and chemokine secretion, production of reactive oxygen species and inflammasome 

activation [64,65]. Based on their cytoplasmic signaling motifs, myeloid CLRs can be 

subdivided in four distinct categories: immunoreceptor tyrosine-based activating motif 

(ITAM)-coupled CLRs, hemi-ITAM (hemITAM)-bearing CLRs, immunoreceptor tyrosine-

based inhibitory motif (ITIM)-containing CLRs and ITAM-ITAM independent CLRs [66,67]. 

In ITAM-coupled CLRs, the ITAM motifs can be an integral component of the 

intracellular tail, consisting of YXXL repeats, or they can interact with signaling adaptors, such 

as Fc receptor γ-chain (FcRγ) or DNAX-activating protein 10 (DAP10, or DAP12 in mice) 

[67]. The FcRγ corresponds to the main chain adaptor utilized by these CLRs, namely by DC-

associated C-type lectin (Dectin)-2 (CLEC6A in human or Clec4b2 in mice), DC-

immunoactivating receptor (DCAR or Clec4b1 in mice), DCAR1 (mouse Clec4b2), 

macrophage inducible C-type lectin (Mincle or CLEC4E), macrophage C-type lectin (MCL, 

Dectin-3 or CLEC4D), plasmocytoid dendritic cell-specific type II C-type lectin (BDCA-2, 

human CLEC4C) and mannose receptor (MR or CD206) [67–72]. In contrast, myeloid DAP12-

associating lectin (MDL-1 or CLEC5A) interacts with DAP12 for initiation of immune 

responses [73]. An intracellular hemITAM motif, that contains a single tyrosine within an 

YXXL sequence, is found in CLRs such as Dectin-1 (CLEC7A), C-type lectin domain family 

(CLEC)-2 (CLEC1B), dendritic cell natural killer lectin group receptor (DNGR)-1 (CLEC9A) 

and specific intracellular adhesion molecule-3 grabbing non-integrin homolog-related 3 

(SIGNR3 or Cd209d) [74–77].  

ITAM- and hemITAM-coupled CLRs are mostly considered as activating receptors and 

elicit the recruitment of spleen tyrosine kinase (Syk) to induce downstream signaling pathways. 

In general, upon ligand recognition by these CLRs, phosphorylation of the tyrosine(s) in the 

ITAM or hemITAM motifs occurs, leading to conformation changes in Syk that allow 

autophosphorylation and Syk activation [78]. The canonical downstream signaling pathways 

after Syk activation involve activation of the caspase-recruitment domain protein 9 (CARD9)-

B cell lymphoma/leukaemia 10 (Bcl-10)-mucosa associated lymphoid tissue lymphoma 

translocation protein 1 (Malt1) complex (CARD9-Bcl10-Malt1 or CBM) and of the mitogen-

activated protein kinases (MAPK) pathway [79]. These signaling pathways ultimately lead to 

NF-κB activation, thus resulting in the induction of pro-inflammatory responses. NF-κB-

dependent pro-inflammatory responses are characterized by the production of cytokines, like 
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TNF-α and IL-6, and chemokines, such as macrophage inflammatory protein 2 (MIP-2, 

CXCL2) and keratinocyte-derived chemokine (CXCL1) [79]. Moreover, antigen presentation 

and modulation of Th cell differentiation boosts antigen-tailored responses by T cell priming 

[80]. Syk-dependent activation of additional signaling cascades can also take place, namely of 

p38, c-Jun N-terminal kinase (JNK), activator-protein 1 (AP-1) and nuclear factor of activated 

T cell (NFAT) cascades, all of which tightly cooperate in the regulation of gene transcription 

by NF-κB [53,79].  

Myeloid ITIM-containing CLRs present in their cytoplasmic tails a I/V/L/SxYxxI/L/V 

motif and have been shown to negatively regulate signaling cascades, thus mediating inhibition 

of cellular activation [81]. ITIM-associated CLRs are human DC-immunoreceptor (DCIR, 

encoded by the gene CLEC4A), murine DCIR1 and 2 (Clec4a2 and Clec4a4), CLEC12A 

(myeloid inhibitory C-type lectin-like receptor, MICL) and CLEC12B [58,82]. Herein, CLR 

engagement leads to tyrosine phosphorylation by proto-oncogene tyrosine-protein (Src) 

kinases, followed by the recruitment and activation of Src homology region 1 domain-

containing phosphatase (SHP-1) or SHP-2, that will ultimately trigger inhibition of immune 

responses [81]. However, ITIM-containing CLRs have also been described to have an 

activating role, as reported for DCIR-dependent modulation of immune responses to 

intracellular pathogens, such as Mycobacterium tuberculosis [83] and Plasmodium [84].  

ITAM/ITIM-independent CLRs encompass a broad range of C-type lectins, including 

mannose receptor (MR), DECalectin (DEC)-205, dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin (DC-SIGN, CD209), mouse SIGNR1 (Cd209b), Langerin 

(CD207), LSECtin (CLEC4G), mouse macrophage galactose-type lectin (MGL)-1 and 2 

(Clec10 and Mgl2), human MGL (CLEC10A), CLEC-1 (CLEC1A) and lectin-like oxidized 

low-density lipoprotein (LDL) receptor-1 (LOX-1, OLR1) [85–93]. DC-SIGN is one of the 

most well-described CLRs and can be used as a model for signaling via ITAM-ITIM-

independent receptors [53,94]. The cytoplasmic tail of DC-SIGN is bound by the adaptor 

lymphocyte-specific protein 1 (LSP1) and can recruit the so-called serine/threonine-protein 

kinase (RAF1) signalosome, which comprehends the kinase suppressor of Ras (KSR1), the 

scaffold protein connector enhancer of KSR (CNK1) and RAF1 [80,94]. Activation of the 

RAF1 signalosome and subsequent downstream signaling results in phosphorylation and 

acetylation of the p65 subunit of NF-κB, therefore enhancing pro-inflammatory responses 

[80,94]. The type of carbohydrate ligand recognized by DC-SIGN, either mannose or fucose, 

impacts the nature of the inflammatory response and Th cell differentiation. DC-SIGN 

recognition of pathogens displaying high mannose, like Candida albicans or Mycobacterium 

tuberculosis, drive Th1 and Th17 differentiation [95], while fucose-containing pathogens, such 

as parasites and Helicobacter pylori, modulate TLR-induced cytokine and chemokine 

production towards Th2 differentiation [96]. It is noteworthy that triggering of ITAM-ITIM-

independent CLRs normally elicits endocytic machinery and antigen capture, processing and 

presentation to T cells [53]. However, triggering of these receptors in isolation often does not 

lead to strong signs of myeloid cell activation. Hence, using a co-stimulus like a TLR agonist, 

such as LPS for TLR4, is necessary to induce cell activation. Interestingly, CLR-dependent 

modulation of TLR signaling can occur in these instances, as well-described for DC-SIGN [95–

97]. 

Overall, CLR engagement by structures displayed at the surface of pathogens or 

damaged/necrotic cells triggers different signaling cascades that modulate innate immune 

responses and  contribute to the fate determination of naïve T cells, thus shaping adaptive 
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immunity [63] (Figure 2). In the scope of this thesis, a special focus will be given to MGL and 

CARD9-associated CLRs, namely Mincle, Dectin-1 and Dectin-2, in the following sections.  

 

 

Figure 2 – C-type lectin receptors engagement and downstream signaling cascades involved in the 

modulation of immune responses. CLRs recognize conserved glycans on the surface of pathogens or 

host cells and depending on their intracellular motifs they can be divided into four groups: ITAM-

coupled CLRs, like Dectin-2 and Mincle; hemITAM-coupled CLRs, such as Dectin-1; ITIM-based 

CLRs, like CLEC12A; or ITAM/ITIM-independent CLRs, as exemplified here for DC-SIGN. ITAM- 

and hemITAM-coupled CLRs activate Syk directly or by interaction with adaptor chain FcRγ [66,67]. 

Syk-mediated signaling leads to assembly of the CARD9/BCL10/Malt1 complex and further activation 

of the transcription factors NFAT, AP-1 (by MAPK signaling) and NF-κB. In contrast, ITIM-based 

CLRs recruit phosphatases, like SHP-1 and SHP-2, to mediate kinase phosphorylation and trigger 

inhibition of downstream signaling [66,67]. ITAM/ITIM-independent CLRs use different pathways for 

downstream signaling. For instance, DC-SIGN signaling involves the RAF1 signalosome to promote  

activation of NF-κB [66,67].  
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2.1. Macrophage galactose-type lectin (MGL) 

Human MGL is an ITAM-ITIM-independent type II transmembrane CLR that is 

constitutively expressed by DCs and macrophages [98,99]. MGL CRD contains a QPD motif 

and MGL assembles as a trimer, thus displaying three CRD for glycans recognition [100]. The 

QPD sequence is responsible for recognition of galactose and N-acetylgalactosamine (GalNAc 

or Tn residues) in N- or O-linked glycans present in glycoproteins or glycosphingolipids of 

bacteria, viruses, helminths and in tumor-associated antigens [91,100,101]. In mouse, there are 

two MGL orthologs, MGL1 and MGL2 [102]. In contrast to human MGL, the mouse MGL1 

orthologue has specificity towards LewisX (Galactoseβ1-4(Fucoseα1-3)GlcNAc) and to a 

lesser extent to LewisA (Galactoseβ1-3(Fucoseα1-4)GlcNAc) [99,102]. MGL2, like human 

MGL, recognizes GalNAc and galactose [99,102] (Figure 3).  

 

Figure 3 – MGL recognition profile of tumor-associated O-glycans.  

MGL-associated recognition of viruses mainly results in MGL-targeting for cellular 

entry and dissemination, thus viruses subvert the immune system through MGL. Ebola virus 

and influenza A virus were shown to use MGL as an authentic entry receptor into host cells 

[103,104]. 

In bacteria, MGL can interact with antigens from Neisseria gonorrhoeae [105], 

Campylobacter jejuni [106] and Bordetella pertussis [107], though the in vivo role in disease 

pathogenesis remains to be addressed. In a study carried by Jondle et al. [108], first in vivo 

evidence of a protective function of MGL1 was depicted, since MGL1-/- mice presented a 

hyperinflammatory response and massive pulmonary neutrophilia after acute pneumonic 

bacterial infection. 

In parasites, human MGL was shown to recognize fucosylated glycans and terminal α-

GalNAc residues of S. mansoni [109] and Trichuris suis [110], respectively. Mouse MGL1 was 

shown to bind to the helminth Taenia crassiceps [111]. Fasciola hepatica was shown to trigger 

anti-inflammatory properties via MGL to dampen innate and adaptive immune responses, 

namely by supressing Th1 polarization [112].  

MGL plays an important role in cancer immunity since different tumor-related antigens 

are specific ligands of MGL, namely Tn residues [91]. In normal cells, the Tn antigen is 

elongated by the combined action of different enzymes and elongation normally starts with an 

addition of a galactose residue, being this structure termed core 1 T antigen (T antigen, (O-

linked Galβ1-3GalNAcα)), by the action of the enzyme T-synthase with assistance of its 

chaperone, Cosmc [113]. However, cancer cells display defects in the O-glycosylation 

enzymatic machinery and membrane trafficking, hence Tn and T antigens and their sialylated 
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counterparts (sTn and sT antigens) are aberrantly truncated and overexpressed at the surface of 

cancer cells [113,114]. 

Moreover, MGL recognizes mucin 1 (MUC1), a heavily O-linked glycosylated 

transmembrane protein present on the apical surface of epithelial cells in the mammary glands, 

esophagus, stomach, duodenum, pancreas, uterus, prostate and lungs [115]. In a cancer setting, 

MUC1 present on these different tissues can become aberrantly expressed, leading to 

overexpression and presence of truncated glycosylation [116]. The truncated glycosylation 

exposes an immunogenic region of tandem repeats of 20 amino acid residues 

(GVTSAPDTRPAPGSTAPPAH), known as VNTR region, that is severely hypoglycosylated, 

compared to MUC1 in healthy cells [116]. Overexpression of the tumor-associated antigens Tn 

and T and their sialylated counterparts in this immunogenic region activates antitumor immune 

responses [117,118]. However, MUC1 overexpression also provides cancer cells with an 

increased invasiveness, metastasis and resistance to ROS [116]. Thus, MUC1 represents a 

promising antigen for development of anticancer therapies [119].  

MGL engagement to tumor-associated Tn residues of MUC1 allows differentiation of 

primary colon carcinoma cells over healthy cells, thus showing the potential of MGL as a 

marker for cancer development [120]. Moreover, MGL on DCs can bind and process Tn 

antigen, leading to antigen presentation and activation of CD4+ and CD8+ T cells [121–123].  

MUC1/MGL interactions were probed with a MUC1-based glycopeptide microarray 

platform in order to investigate candidate glycopeptides for MGL targeting in DCs, as a 

antitumor vaccine strategy [124].  This study was carried out as part of this PhD thesis and will 

be addressed in detail in the Results and Discussion chapters.  

 

2.2. The role of CARD9 in immune responses 

CARD9 is a central adaptor protein involved in the signaling transduction through 

different pattern recognition receptors, such as TLRs, CLRs, NLRs and RLRs [125,126]. 

Human CARD9 mutations are associated with an increased susceptibility to fungal infection 

[127,128], Crohn´s disease [129], tuberculosis [130] and ulcerative colitis [131], highlighting 

the importance of this adaptor protein in immune responses. Interaction of ligands with 

CARD9-associated CLRs results in the recruitment of Syk, followed by activation of 

phospholipase C (PLCγ2) and phosphorylation of protein kinase C δ (PKCδ), which controls 

CARD9 engagement and subsequent formation of the CARD9/Bcl10/Malt-1 (CBM) 

signalosome. It was recently shown that activation of CARD9 function is also mediated by the 

Vav protein family [132], namely Vav1, Vav2 and Vav3, resulting in CARD9-dependent 

protective antifungal immunity in vivo [133]. The CBM signalosome prompts the production 

of pro-inflammatory cytokines, such as IL-6, TNF-α, GM-CSF and IL-1β via a NF-κB- and 

MAPK-dependent manner. Regulation of CARD9-associated pathways is dependent of the 

protein Rubicon (RUN domain Beclin-1-interacting cysteine-rich-containing protein), which 

causes the disassembly of the CBM complex to prevent exacerbated pro-inflammatory 

responses [134].   

CARD9 possesses multi-functional roles in immune responses against different 

pathogens, like fungi, bacteria and viruses. In fungal infections, components of fungal cell 

walls are recognized by different CLRs (Dectin-1, Dectin-2, MCL, Mincle and MR) and initiate 

downstream signaling in a Syk/CARD9-dependent pathway that leads to pro-inflammatory 

responses. CARD9 deletion normally results in increased susceptibility to a diverse range of 
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fungal species, including Candida albicans [135], Aspergillus fumigatus [136] and 

Cryptococcus neoformans [137]. Decreased IL-6, TNF-α and IL-1β production exhibited by 

CARD9-/- mice results in impaired fungal growth control in affected organs [135–137]. In 

humans, CARD9 deficiency affects the antifungal immune response to a lesser extent [128]. It 

is noteworthy that CARD9 ablation does not lead to completely impaired antifungal immune 

responses, neither in mice nor humans [128].  

In bacterial infections, CARD9 activation is required for pro-inflammatory responses 

against Group A Streptococcus [138] and intracellular bacteria, such as Listeria monocytogenes 

[139] and Mycobacterium tuberculosis [140]. CARD9-/--myeloid cells stimulated with cell wall 

components of Gram-positive bacteria, such as peptidoglycan, muramyl-dipeptide (MDP) and 

the anchor of the lipoteichoic acid (monoglucosyldiacylglycerol), showed impaired IL-6 and 

TNF-α production [138,139]. In addition, it was also shown that CARD9-/- mice exhibited 

uncontrolled bacterial replication after M. tuberculosis infection [140]. In vitro and in vivo 

studies have demonstrated the protective role of CARD9 in a context of bacterial infection, 

although in humans a CARD9-dependent susceptibility to bacterial infections remains to be 

proven [128].  

In viral infections, CARD9 associates with Rad50, a cytosolic DNA sensor, to promote 

IL-1β production and CD8+ T cell responses against viral infection by vaccinia virus, a 

poxvirus [141]. Moreover, CARD9-/- mice showed a compromised antiviral response against 

the virus [141]. CARD9 is also important for antiviral immunity against retrovirus, since 

CARD9/RIG-I-dependent signals elicit activation of NF-κB [142]. Besides positive effects in 

antiviral responses of the host cells, CARD9 was also shown to have a limited role in protection 

against influenza virus upon mice infection studies [143].  

In the scope of this thesis, the Syk/CARD9-dependent CLRs, Mincle, Dectin-1 and 

Dectin-2, were investigated, therefore the important role of these CLRs in immune response 

triggering will be addressed next.  

 

2.2.1. Mincle 

Mincle was first described in 1999 by Matsumoto et al. [144] and is predominantly 

expressed by myeloid cells, including macrophages, DCs, monocytes and neutrophils [144–

147]. Mouse and human Mincle share an overall identity of 67% and a similarity of 85% [148]. 

Mincle CRD features an EPN motif and its canonical sugar-binding site is Ca2+-dependent 

[149,150]. Next to this site, a secondary binding site and an adjacent hydrophobic groove 

mediate binding of glucose and acyl chains, respectively [150,151]. The two binding sites 

displayed by Mincle CRD sites increase affinity for trehalose, a sugar consisting of two 

molecules of glucose, compared with glucose binding alone [151]. Mincle couples with FcRγ 

and transduces an activation signal via the ITAM in FcRγ, which in turn activates the 

Syk/CARD9-dependent signaling pathway [152].  

Mincle recognizes diverse structures present in mammalian host cells as well in 

pathogens, such as fungi and bacteria. The ligand repertoire described for Mincle involves a 

broad range of self- and non-self antigens [148]. Recognition of ligands in damaged or dead 

cells derived from self encompasses the spliceosome-associated protein 130 (SAP-130) [152], 

the lipid cholesterol [57] and the glycolipid β-glucosylceramide (β-GlcCer) [153]. Mincle 

interaction with PAMPs was initially reported for M. tuberculosis, as Mincle was able to bind 

to a major cell wall component of this bacteria, the glycolipid trehalose-6-6’-dimycolate (TDM, 
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cord factor), in a Ca2+-dependent manner [154].  Moreover, Mincle was also shown to bind to 

a synthetic analog of TDM, the trehalose-6,6’-dibehenate (TDB) [155]. TDM and TDB were 

shown to promote strong innate and adaptive immune responses as adjuvants, highlighting the 

role of Mincle in inducing pro-inflammatory responses and modulating Th1 and Th17 cell 

responses [156–158]. Additional bacteria shown to interact with Mincle were GAS [138],  

Streptococcus pneumoniae [159] and Corynebacteria [160].  Besides bacteria, Mincle also acts 

as a fungal receptor, sensing C. albicans [145], Malassezia [161] and Fonsecaea monophora 

[162]. The expression pattern of Mincle and similar survival rate of Mincle-/- mice, when 

compared to WT mice, upon fungal infection with C. albicans suggest that Mincle is not a 

major recognition receptor of fungal pathogens [145]. Moreover, Mincle was shown to inhibit 

Dectin-1-dependent Th1 responses to F. monophora, which contributed to the development of 

a chronic fungal skin infection, chromoblastomycosis [162]. 

The role of Mincle as a initiator of pro-inflammatory responses is well-defined 

[148,163], though recent studies indicate that Mincle also possesses an immunomodulatory 

function, by production of IL-10 [164] and suppression of IL-12 [162]. For example, the  

parasite Leishmania major was shown to target Mincle to dampen immune responses via 

Mincle-mediated signaling as an evasion mechanism [165]. 

 

2.2.2. Dectin-1 

Dectin-1 was initially identified in murine DCs and is mainly expressed by myeloid 

cells, including DCs, macrophages and neutrophils, as well as a subpopulation of  γδ T cells 

[166,167]. In humans, Dectin-1 is alternatively spliced, resulting in two major (A and B) and 

six minor isoforms, although it is structurally and functionally similar to mouse Dectin-1 [168]. 

Dectin-1 is a type II transmembrane protein containing a single CRD and binds carbohydrates 

in a Ca2+-independent manner, namely β-1,3-glucans present in fungi [169,170]. Dectin-1-/- 

mice highlighted the protective role of Dectin-1-mediated antifungal responses during infection 

with C. albicans [171], A. fumigatus [172] and Pneumocystis carinii [173]. In addition, Dectin-

1 also binds to M. tuberculosis and endogenous T cell ligands [174,175]. In a recent study, 

Dectin-1-dependent T cell responses against L. major showed the importance of this CLR in 

anti-parasitic immune responses [176]. Nonetheless, Dectin-1 is most known as a pivotal CLR 

in antifungal responses [177,178], being involved in phagocytosis, production of ROS and 

cytokines/chemokines in a Syk/CARD9-dependent signaling [177,179,180]. Dectin-1 can also 

modulate cytokine production to elicit Th1/Th17 antifungal responses, through increased 

expression of IL-1β and IL-12p40 [181].  

 

2.2.3. Dectin-2 

Mouse Dectin-2 is mainly expressed by DCs, monocytes and macrophages and features 

a CRD containing an EPN motif, which promotes binding to high-mannose glycans and α-

mannans in a Ca2+-dependent fashion [182–184]. In humans, a similar expression and ligand 

recognition profile was identified [185]. Dectin-2 has been implicated to play an important role 

in innate and adaptive immune responses to bacteria [186], fungi [187–189], parasites [190] 

and in allergies [191]. The best-studied interaction of Dectin-2 is with C. albicans, where 

Dectin-2 is responsible to promote pro-inflammatory cytokines production and elicit Th1 and 

Th17 adaptive immune responses in a murine C. albicans infection model [181,187,192]. 

Besides a protective role against pathogens, Dectin-2 in resident macrophages of the liver, 
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known as Kupffer cells, was shown to facilitate uptake and clearance of cancer cells in the 

liver, thus contributing to suppression of liver metastasis [193].  

A protective role for Dectin-2 against fungi remains the hallmark of this CLR [184], 

though the expanding list of studies showing recognition of additional pathogens, together with 

the protective role in liver cancer, indicates that Dectin-2 may have a broader role in immune 

responses.  

Although the role of Syk/CARD9-dependent CLRs is best-characterized by their ability 

to interact with bacteria, fungi or parasites to elicit protective immune responses, their role in 

a context of viruses recognition remains elusive. One of the goals of this thesis was to 

contribute to a better understanding of Syk/CARD9-dependent CLRs in the recognition of 

enveloped viruses, namely with La Crosse virus. Therefore, in the next chapters, CLR/viruses 

interactions will be highlighted. 

 

3. C-type lectin interactions with enveloped viruses 

Enveloped viruses are covered by glycoproteins that enable interaction with host cells, 

thus viral glycoproteins represent a vital component of viral infectivity [194]. Glycosylation is 

a prominent modification of proteins and lipids leading to covalent attachment of N- or O-

linked carbohydrates, which are named after the acceptor amino acid atom to which the sugar 

moiety is attached [194]. Glycosylation of viral envelope glycoproteins is intimately dependent 

on the host glycosylation machinery, since viruses are obligatory intracellular pathogens [194]. 

Virally encoded proteins crossing through the host glycosylation machinery can lead to dense 

glycosylation with N- or O-linked glycans, like in the human immunodeficiency virus (HIV) 

[195] or Ebola virus (EBOV) [196]. The glycosylation of viral proteins is essential for 

biological functions, such as virus stability and antigenicity and to promote binding to host cell 

receptors, subsequently paving the way for viral entry and replication in the host cells [197]. 

Thus, viral glycoproteins play a vital role in viral pathogenesis.  

Viral glycoproteins are recognized by CLRs present in innate immune cells like DCs, 

macrophages, monocytes. CLRs are able to capture, internalize, process and degrade infectious 

virus, as shown for DC-SIGN [198], DCIR [199], Langerin [200] and DEC-205 [201]. 

Processing of viral glycoproteins in endosomal compartments after CLR-mediated uptake 

results in the presentation of antigen-derived peptides on MHC-II or MHC-I molecules, thus 

activating CD4+ and CD8+ T cells for a robust antiviral response [61,202,203].  

Enveloped viruses can subvert CLR-associated endocytic pathway routing, hence 

leading to a transmission pathway that circumvents degradation. In this case, CLRs promote 

viral transmission and dissemination, as shown for example for DC-SIGN [204], MGL [104],  

DCIR [205] and LSECtin, [206]. For instance, hepatitis C virus (HCV) targets DC-SIGN to 

drive HCV particles into non-lysosomal compartments in immature DCs. In these 

compartments, HCV avoids degradation and replicates to promote transmission to hepatocytes 

[207]. In DCs, virus transmission occurs in cis, which is characterized by a productive infection 

inside DCs, or in trans, where CLRs act as entry receptors that facilitate capture and 

transmission of the virus without a productive infection of the DCs [61].  

The role of CLRs in the recognition of enveloped virus has an intrinsic dual role: CLRs 

are involved in the induction of antiviral immune responses by modulating APCs function, 

promoting viral antigen processing and presentation and directing Th cells differentiation; and 



Introduction 

 

19 

 

CLRs can act as entry receptors or attachment factors that allow virus internalization, 

replication and dissemination in host cells [208] (Figure 4).  

 

 

Figure 4 – The dual role of C-type lectins in recognition of enveloped viruses. CLRs expressed by 

APCs, such as DCs, have an important antiviral function, as they promote CLR-mediated degradation 

of  virus particles in lysosomes and present virus-derived peptides on MHC-II and MHC-I molecules 

to drive T cell activation and differentiation for a robust adaptive immune response [198–201]. 

Moreover, production of cytokines and chemokines by APCs mediates T cell priming and infiltration 

of immune cells to the site of infection [198–201].  CLRs can also have a detrimental role for the host,  

as they can function as entry receptors for viruses, such as DC-SIGN and MGL [204,209]. Upon entry, 

viruses can hijack CLR-mediated downstream signaling to avoid degradation in lysosomes and replicate 

inside DCs (cis infection) [204]. DC-SIGN-associated transmission of virus particles to T cells can also 

occur, in a processed termed trans infection [204]. Viruses can also dysregulate CLR signaling cascades 

by eliciting exacerbated pro-inflammatory responses to promote self-damage to host cells to increase 

viral spreading, as shown for CLEC5A [210].  

The relevance of glycosylation in viral glycoproteins and the role of myeloid CLRs in 

antiviral and viral evasion mechanisms was extensively described in a review [208] that is part 

of the work developed during this PhD thesis. This published review article constitutes the 

Chapter 3 of the Results section of the thesis. Hence, the next chapters will address the role of 

CLRs in recognition of viruses from the order Bunyavirales, with a special focus on La Crosse 

virus.  

 

3.1. CLR/bunyaviruses interactions 

The Bunyavirales order is composed of RNA viruses and comprises nine families: 

Hantaviridae, Feraviridae, Fimoviridae, Jonviridae, Nairoviridae, Peribunyaviridae, 

Phasmaviridae, Phenuiviridae, and Tospoviridae [211]. Bunyaviruses are enveloped viruses 
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that present a trisegmented single stranded RNA genome and are mainly arthropod-borne 

viruses (transmitted by mosquitos, ticks or sandflies) [212]. 

Bunyaviruses infect a wide range of hosts, including vertebrates, humans and livestock, 

invertebrates and plants [213]. For instance, Crimean-Congo haemorragic fever virus 

(CCHFV), Rift Valley fever virus (RVFV) and Hantaan virus (HTNV) cause serious diseases 

in animals and or humans, such as fatal hepatitis, encephalitis and haemorrhagic fever 

[213,214]. Over the last decade, an increased frequency of bunyaviruses outbreaks made the 

World Health Organization list some bunyaviruses as high-priority pathogens, since no 

vaccination strategies are available yet [214].   

Bunyaviruses trisegmented RNA encodes for a minimum of four structural proteins 

[215]. The largest RNA segment (L) encodes the RNA-dependent RNA polymerase L, an 

essential component for viral replication after release into the cytosol [215]. The medium RNA 

segment (M) encodes for a precursor polypeptide that after processing in the endoplasmic 

reticulum (ER) and Golgi apparatus gives origin to two envelope glycoproteins, Gn and Gc 

[215]. Virions lipid membrane formation and complete assembly occurs through passage in the 

ER and Golgi apparatus [215]. The small RNA segment (S) encodes the nucleocapsid (N) 

protein, whose primary role is to protect the viral genetic information in a capsid, hence 

forming the ribonucleoprotein (RNP) complex [213,214]. Additionally, the S segment can also 

encode, in some bunyaviruses, a non-structural protein, NSs [216]. Electron microscopy 

images of bunyaviruses showed unevenly spherical-shape particles with diameters ranging 

between 80 and 140 nm and displaying spike-like projections of 5-10 nm, which are composed 

by Gn and Gc [217,218].  

The major routes of infectivity described until now for bunyaviruses are clathrin-

mediated endocytosis (CME) [219,220], clathrin-independent pathways [221], attachment to 

members of the integrin family [222] and CLR-dependent uptake, mainly via DC-SIGN 

[223,224]. Altogether, these different routes of infection underline the ability of bunyaviruses 

to subvert different paths to infect and thrive in different cells and tissues [212–214].  

In order to establish infection, the high-mannose residues displayed by the envelope 

glycoproteins of bunyaviruses play an important role by promoting attachment to host cells and 

receptor-mediated entry [225,226]. At the site of infection, bunyaviruses are introduced into 

the dermis by infected arthropods. Herein, dermal macrophages and DCs represent the first 

innate immune cells to interact with these viruses. Indeed, the C-type lectin DC-SIGN 

expressed by immature DCs was shown to be targeted by bunyaviruses, like RVFV and 

Uukuniemi virus (UUKV) [223,224].  DC-SIGN exploitation by RVFV and UUKV in DCs or 

DC-SIGN-expressing cells enabled virus internalization and active infection of these host cells 

[223,224]. Moreover, fluorescently-labelled UUKV allowed to track DC-SIGN-mediated virus 

internalization and trafficking to late endosomes [223]. Using GFP-labelled DC-SIGN-

expressing cells combined with the fluorescently-labelled UUKV, an assembly of receptors at 

the site of viral contact was observed, thus generating a receptor-rich microdomain that allows 

plasma membrane curvature and sorting into endosomal vesicles [223,227]. Interestingly, in 

RVFV, mutations in specific N-glycosylation sites of Gc or Gn proteins did not affect DC-

SIGN-mediated cell infection, showing receptor recognition redundancy in binding to the high-

mannose structures displayed by RVFV [226]. Hence, no specific mannose residue seems to 

heavily impact DC-SIGN recognition of the RVFV Gc and Gn viral glycoproteins.  

Recent studies reported new bunyaviruses that subvert DC-SIGN to enhance infection, 

namely severe fever with thrombocytopenia syndrome virus (SFTSV), an emerging tick-borne 
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virus, La Crosse virus (LACV) and CCHFV [228,229]. Besides DC-SIGN, liver-specific 

intercellular adhesion molecule-3-grabbing non-integrin (L-SIGN or DC-SIGNR), a CLR 

expressed by endothelial cells, was shown to act as an attachment factor for RVFV and UUKV 

and not as an entry receptor like DC-SIGN [224].  

To date, little is known about the role of additional CLRs in bunyaviruses recognition, 

therefore La Crosse virus was used to investigate novel interactions with myeloid CLRs in this 

thesis.  

 

3.1.1. La Crosse virus 

La Crosse virus belongs to the Peribunyaviridae family of the order Bunyavirales and 

is endemic in the eastern and mid-western areas of the USA [211,230]. The first case of LACV 

infection identified was in 1964, in autopsy samples of a 4-year old girl that died of 

meningoencephalitis in the town of La Crosse, Wisconsin [231]. LACV is transmitted to 

humans through the bite of infected mosquitos and is currently expanding its geographical 

distribution to so far un-affected areas of the USA due to the introduction of new vectors [232–

234]. Human infections occur during the summer and early fall. Small mammals, like 

chipmunks and squirrels, can be amplifying hosts that develop sufficient viremia to transmit 

LACV to mosquitos during the summer months [230]. 

In humans, LACV represents the primary cause of viral encephalitis in children under 

16 years of age, with estimates of up to 300000 infections/year [234,235]. LACV infections 

are mostly asymptomatic; however, in around 70 cases/year, severe encephalitis, meningitis or 

meningoencephalitis leads to admission to intensive care unit [236]. In these cases, 0.5% to 2% 

of the patients die, while the remaining may develop long-lasting neurological sequelae, like 

decreased IQ scores (compared to age-matched groups) and increased incidence of attention-

deficit-hyperactivity disorder [236,237].  

LACV genome organization, like the other bunyaviruses, features a trisegmented 

negative strand RNA, encoding for the S, M and L segments [238]. In LACV, the S segment 

besides encoding the nucleocapsid protein, additionally encodes a non-structural protein, NSs 

[238]. The M segment encodes the viral glycoproteins Gc and Gn, which are important 

determinants of virulence by enabling viral attachment and entry into host cells [239,240]. The 

Gc glycoprotein is a 120 kDa protein composed mainly of N-glycans of the high-mannose type, 

while Gn is a 35 kDa protein that displays both complex and intermediate types of 

oligosaccharides [241,242]. 

In LACV infection, mosquito bites release the virus subcutaneously, where replication 

occurs primarily in striated muscle cells, leading to virus release into the blood stream [238]. 

The mechanism how the virus reaches the brain is still unknown. Two mechanisms have been 

proposed: infected endothelial cells in the brain release the virus into the central nervous system 

(CNS) [238] or LACV can reach the upper respiratory tract (nasal turbinates) and enter the 

CNS by this route [243]. For the virus to migrate to the CNS, it first must gain access to host 

cells for replication. 

 

3.1.2. LACV entry into host cells 

Clathrin-mediated endocytosis is one of the most common endocytic pathways for viral 

entry of enveloped viruses into mammalian cells [244]. Recently, it was reported that after 

LACV infection of HeLa cells, LACV colocalizes with clathrin, showing that CME mediates 
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viral entry [245]. In addition, primary neuronal culture evidenced the same entry mode for 

LACV and the GTPase Rab5, a key regulator of transport to early endosomes, was shown to 

be required for LACV trafficking to early endosomes for infection [245]. 

An additional entry mode was described for LACV infection of host cells, namely using 

the C-type lectin DC-SIGN as an entry receptor [228]. Indeed, pseudotype particles bearing 

LACV Gc and Gn viral glycoproteins exhibited DC-SIGN-mediated entry in Raji B cells 

overexpressing DC-SIGN [228]. This work constitutes the only described CLR/LACV 

interaction in the literature.  

 

3.1.3. Innate and adaptive immune responses to LACV 

 During LACV infection, type I interferons (IFN) production, including INF-α and IFN-

β, seem to play a pivotal role in the prevention of viral pathogenesis [246]. Adult and weanling 

mice deficient for type I IFN receptor (Ifnar1-/- mice) are more susceptible to LACV-induced 

neurological disease than WT mice, presenting a higher viral load in the brain [247,248]. 

Furthermore, RIG-I, an important PRR that senses RNA viruses, is induced after LACV 

infection. RIG-I binding to MAVS mediates activation of IRF3/IRF7 and NF-κB, leading to 

type I IFN responses and production of pro-inflammatory cytokines, respectively [249,250]. In 

vitro studies with primary neurons and in vivo using mice deficient for IRF3/IRF7, showed that 

LACV induces RIG-I and MAVS signaling pathway and upregulation of the sterile alpha and 

Toll/interleukin-1 receptor motif 1 (SARM1) [250]. SARM1 is a negative regulator of TLR-

mediated NF-κB activation and a regulator of neuronal morphogenesis [251]. LACV-

dependent overexpression of SARM1, via RIG-I and MAVS activation, resulted in direct 

neural damage due to exacerbated oxidative stress responses and mitochondrial damage [250].  

 Host type I IFN responses against viruses lead to co-evolution of interference 

mechanisms by different viruses, with the aim of disrupting this protective host antiviral 

response [235,249]. Indeed, during LACV infection in mouse fibroblasts, the NSs protein was 

shown to indirectly impair type I IFN signaling [235]. Moreover, infection of Ifnar1-/- mice 

with a LACV mutant lacking NSs was not ameliorated, while in WT mice the infection was 

highly attenuated. These results indicate a prominent role for NSs in controlling IFN response 

in vivo [235]. Interestingly, type I interferon responses are less productive in children than in 

adults, indicating an age-dependent factor [252]. Since LACV causes viral-associated 

neurological diseases only in children under 16 years age, Taylor et al. investigated whether 

these IFN responses are deficient in young mice [253].  Young mice (3-week old) evidenced 

reduced type I IFN responses to LACV infection when compared to adult mice (6-8-week old), 

despite higher viral loads. Mechanistically, it was shown that RIG-I/TLR3 responses were 

reduced in young mice in myeloid DCs and that DCs activation using a well-described agonist 

of TLR3 and RIG-I (polyinosinic:polycytidylic acid or Poly(I:C)) elicits protection in young 

mice against LACV infection [253].  

 Regarding adaptive immune responses against this virus, LACV-associated 

neurological disease in humans and mice results in infiltration of lymphocytes to the CNS 

[254]. Infiltrating NK cells, CD4+ and CD8+ T cells were shown to have a limited protective 

role in young mice infected with LACV, since no significant decrease in LACV-induced 

neurological disease was observed. In contrast, in adult mice, these infiltrating lymphocytes 

showed to be protective in LACV infection [254]. 
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 As highlighted in LACV, glycosylation represents a crucial factor in disease outcome. 

Recognition by some PRRs of glycosylated self- and non-self antigens is the first step to 

activate the immune system. Hence, several advanced technologies to decipher structural and 

functional aspects of glycans were developed over the last years, namely the glycan array 

technology.  

 

4. Glycan array 

 The diversity of glycans and their biological significance led to the development of 

tools that permitted high-throughput analysis of glycan interactions with potential binding 

partners, namely glycan-binding proteins (GBPs). The invention of glycan arrays (also called 

carbohydrate microarrays or glycochips) represented a landmark finding in the glycobiology 

field [255,256].   

 Glycan arrays consist of immobilized carbohydrates, derived from natural sources or 

obtained by chemical synthesis, on a surface, typically a modified glass slide, that allows for 

glycan presentation for binding studies with GBPs or whole cells [257]. Visualization is 

performed after washing and drying of the slide, usually using fluorescence. Alternatively, an 

evanescent-field fluorescence detector is required for quickly dissociating glycan-GBPs 

interactions, which allows fluorescence readout during incubation to improve sensitivity [258]. 

Glycans arrays require the use of minimal amount of glycans to probe a multitude of 

interactions and glycan libraries with hundreds of different structures are available 

[257,259,260].  

 Glycans used in glycan array platforms can be derived from two main sources: by 

performing chemical extraction and purification of naturally occurring sources, like bacteria, 

or by carrying out chemical synthesis of defined glycan structures [257]. The drawbacks of the 

first approach are sample loss due to multiple purification steps and the time-consuming 

procedure, while on the second approach, a need for a lengthy synthesis process is required for 

oligosaccharides, often resulting also in low yields [257,261]. Glycan immobilization on the 

slide can be either non-covalent or covalent (with thiol or amine chemistries for conjugation), 

being the last the most commonly used approach nowadays [260]. Commercially available 

slides used for covalent immobilization are normally covered with a hydrophilic polymer, such 

as polyacrylamide, that is heavily functionalized with reactive groups at the end of spacer 

moieties, thus promoting a flexible glycan orientation for interaction with GBPs or whole cells 

[260]. 

 Glycan arrays have been extensively used to interrogate the ligand specificity of CLRs, 

either by unravelling the carbohydrates recognized or by evaluating the influence of the 

structure and presentation mode on CLR-mediated binding [262–264]. Since CLR-glycan 

interactions are low affinity interactions, fusing the CRDs of CLRs with the Fc fragment of 

immunoglobulin molecules (CLR-Fc fusion protein) ensures a dimeric presentation of the CRD 

to increase avidity. Therefore, libraries of these bivalent CLR-Fc fusion proteins have been 

used to screen for novel ligands [265–267]. In an exemplary study, Dectin-1 and DC-SIGN 

binding specificity was thoroughly dissected using a combination of the glycan array (with 153 

oligosaccharides) and mass spectrometry techniques to provide detailed information on 

linkage, sequence and chain length requirements in recognition of glucans by these CLRs 

[268]. Libraries of CLRs expressed in bacteria expression systems have also been shown to be 

useful tools in glycan recognition by CLRs [263,264].  
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 Glycan arrays represent also a powerful tool to investigate pathogen interactions, 

namely bacteria and viruses, with GBPs. For instance, the glycan array technology was 

employed as a pre-clinical evaluation tool of synthetic glycans of Clostridium difficile, enabling 

efficient detection and selection of immunological relevant antigens to be further used in the 

development of vaccine formulations [269,270]. In another example, Pseudomonas aeruginosa 

cell wall glycans were immobilized on microarray slides and successfully probed with major 

GBPs of the innate immune system to identify novel bacterial-GBPs interactions [271]. Glycan 

array approaches were also extended for determination of important glycan structures in 

viruses. Herein, the glycan profile of the main viral glycoproteins of influenza strains, 

hemagglutinin and neuraminidase, is now routinely analysed by different glycan arrays [272–

274]. Moreover, this technique holds the potential to be used one day as a predictive tool for 

viral infectivity [272–274].  

 Besides detection of key glycan structures present in bacteria or viruses, glycan array 

can be also employed as a detection tool of tumor-associated carbohydrate antigens (TACAs). 

TACAs are glycan structures overexpressed or exclusively expressed by tumor cells, when 

compared to healthy tissue [275]. Aberrant glycosylation can be probed for interaction with 

GBPs or antibodies using glycan array, highlighting the versatility of the glycan array platform 

[275–278]. 

 Overall, the glycan array technology allows for detailed profiling of self- and non-self 

antigens interactions with GBPs, namely CLRs. The identification of such interactions can 

represent the first step in the design of glycan-based vaccines or adjuvants for CLR-mediated 

cell targeting to modulate immune responses. The next chapter will address glycan-based 

myeloid CLR targeting strategies to shape immune responses. 

 

5. C-type lectin targeting 

 Since APCs, like DCs and macrophages, are essential for the induction of immune 

responses and they express different PPRs at their surface, namely CLRs, they represent an 

attractive target to modulate immune responses. The first proof that CLRs expressed by APCs 

could be targeted to capture and present antigens was shown by Bonifaz et al. [279], where a 

monoclonal antibody against DEC-205 was coupled to ovalbumin (OVA), a model antigen, to 

target DCs in lymphoid tissues via DEC-205. Increased DEC-205-mediated antigen 

presentation by DCs and CD8+ T cell activation and proliferation were observed using OVA-

coupled DEC-205 antibody, thus showing potential as an antitumor strategy. However, in vivo, 

after some cycles of proliferation, these T cells were deleted, and mice showed to be 

unresponsive to re-challenge with OVA in complete Freund’s adjuvant (a commonly used 

adjuvant composed of inactivated mycobacteria) [279]. This work highlighted the potential of 

CLR-mediated targeting as a vaccination strategy and established the foundation for further 

studies in the field of CLR targeting. Additional CLRs targeted encompass DC-SIGN, DEC-

205, CLEC9A, Dectin-1 and DCIR [280,281].  

 Although antibodies present a high affinity towards their targets, the use of glycans as 

an alternative strategy to target CLRs has gained interest in recent years. Glycan-based CLR 

targeting advantages over antibody-mediated targeting include low immunogenicity, the ability 

to target simultaneously multiple CLRs and to manipulate the glycan carrier systems to allow 

fine tuning of their properties [281–283]. CLR/glycans interactions are of low affinity, thus 

multivalent glycan presentation is essential to enhance avidity for efficient targeting [281–283]. 
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To date, conjugation of glycans to chemically defined structures, like polymers, dendrimers, 

liposomes and nanoparticles, or to biomolecules, such as model antigens (peptides or proteins) 

allowed for multivalent glycan presentation and efficient targeting [281,282] (Figure 5). 

 

   
 

Figure 5 – Schematic presentation of a workflow for C-type lectin-mediated targeting to shape 

immune responses in vitro and in vivo. CLRs are used to probe novel CLR-glycan interactions using 

the glycan array technology. Upon positive identification of glycan structures that interact strongly with 

CLRs, different conjugation strategies can be envisioned for multivalent glycan display. In vitro 

stimulation assays of APCs, such as DCs, with these glycoconjugates enables to evaluate their ability 

to induce DCs maturation, antigen presentation and the potential to promote T cell activation and 

differentiation into different Th subpopulations. In vivo immunization studies allow to assess the 

immunogenicity of the selected glycoconjugate.  

 Recently, Decout et al. [284] used a combination of strategies to target Mincle, 

including the extraction of natural ligands of Mincle from mycobacterial cell wall, design of 

chemically defined Mincle agonists and molecular dynamics simulations, to rationally design 

compounds that induce robust innate and adaptive immune responses via Mincle. A stronger 

adjuvant than TDB, GlcC14C18, was identified and shown adjuvant properties in a mouse 

model of M. tuberculosis infection [284]. 

 Several studies have reported different approaches where CLR targeting holds great 

promise in modulation of immune responses. For instance, DC-SIGN targeting has been 

extensively investigated due to the role of this CLR in the recognition of high mannose 

(normally present in different pathogens) and Lewis antigens (present in cancer cells) [285]. 

Liposomes modified with LewisX and LewisB ((α-Fuc1-2)-β-Gal-(1-3)-(α-Fuc-1-4)-GlcNAc) 

showed increased DC-SIGN-mediated binding and internalization in DCs [286]. A 100-fold 

increase in antigen presentation to CD4+ and CD8+ T cells was observed in the glycan-modified 

liposomes compared to unmodified liposomes. Lastly, CD4+ and CD8+ T cells effector 

functions were also significantly increased due to DC-SIGN targeting [286]. Additionally, 

CLR targeting also evidenced promising results in antifungal vaccine development [287]. For 

example, β-(1,3)-glucan hexasaccharide conjugated to a model antigen, the detoxified 

diphtheria toxin (CRM197), was used to target Dectin-1 and resulted in efficient internalization 
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in dermal DCs and activation of the receptor. Moreover, in vivo intradermal delivery of this 

glycan-carrier elicited the highest antibody titer, when compared to intramuscular or 

subcutaneous delivery [288].  

 In sum, glycan-based carrier systems have benefited from the advances made in the 

field of the glycan array technology and novel synthetic strategies, like automated glycan 

synthesis, to enable access to complex glycan structures for shaping innate and adaptive 

immune responses via CLR targeting [289,290]. 

 Glycan recognition, namely by CLRs, is at the core of all addressed subjects throughout 

this Introduction. Unravelling new CLR/glycan interactions and their biological implications 

encompasses the aim and work developed in this thesis.   
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IV. Aim of the thesis 

 Myeloid CLRs are crucial for bridging innate and adaptive immune responses against 

exogenous or endogenous antigens. In APCs, CLRs possess a remarkable variety of roles, such 

as modulation of cytokine secretion, APCs maturation for enhanced antigen presentation, and 

T cell priming. However, the ligand recognition profile of many receptors and how valency 

and presentation mode of glycans impact CLR recognition remains poorly characterized. 

Furthermore, recent studies have highlighted the potential to target CLRs with highly specific 

glycan structures to modulate immunity via CLR engagement, strengthening the need to better 

understand CLR/glycans interactions. In a context of pathogen recognition, CLRs interactions 

with enveloped viruses are characterized by a dual role, being either involved in antiviral 

responses or in viral evasion mechanisms. 

 The present thesis aims to contribute to the elucidation of CLR recognition of glycan 

structures, the potential of targeting CLRs with highly specific glycans, and assessing how 

CLR recognition of enveloped viruses, using La Crosse virus as an example, modulates innate 

immune responses.  

 To address all these biological relevant questions, generation of new CLR-hFc fusion 

proteins was performed by cloning the receptor domain into an IgG1-Fc plasmid, in order to 

express and produce the resultant CLR-hFc fusion proteins in a mammalian expression system. 

The extended CLR-hFc fusion protein library represents a valuable toolbox that was used to 

evaluate binding of CLRs to novel carbohydrates by glycan array, with an emphasis on how 

glycan structures and valency impacted recognition. 

 Using a MUC1-based glycopeptide microarray, MGL binding specificity towards 

tumor-associated antigens was investigated. To identify if promising glycopeptides bearing 

tumor antigens were able to target bone-marrow derived DCs in a MGL-dependent fashion, 

uptake experiments with fluorescently labelled glycopeptides were performed. 

 To investigate CLR/LACV interactions, a flow-through chromatography process was 

established to obtain highly pure virus samples. Pure LACV was probed in an ELISA-based 

assay with the extended CLR-hFc fusion protein library. The relevance of identified CLR 

candidates was analysed by performing DCs stimulation with LACV to evaluate CLR-

dependent innate immune responses against the virus.   
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VI. Discussion 

 The work presented in this thesis involves the study of myeloid CLRs in the recognition 

and identification of novel glycan structures, followed by the ability to harness identified highly 

specific glycans to target CLRs in antigen presenting cells, namely DCs. Next, the role of CLRs 

interactions with enveloped viruses was evaluated, using as an example La Crosse virus, since 

CLRs are known to have either beneficial or detrimental roles to the host upon viral recognition.  

 To address all these three topics, a CLR-hFc fusion protein library was used as the 

starting point of the studies carried out [265,291]. The first part of the work developed in this 

thesis involved the maintenance and extension of this library by addition of five novel CLR 

members, four murine and one human CLRs (Figure 1). 

 

 
Figure 1 – The CLR-hFc fusion protein library. Western-blots of the extended CLR-hFc fusion 

protein library encompasses around 20 immunological relevant CLRs. In blue are highlighted CLRs 

added in the scope of this thesis. 

 This CLR-hFc fusion protein library represents a powerful and versatile toolbox that 

can be used as a first step towards identification of novel CLR ligands, evaluation of 

immunomodulatory properties of identified ligands by targeting CLRs in APCs, a strategy 

envisioned for use in vaccine development, and screening for novel CLR/pathogens 

interactions. The utility of this CLR library has been extensively demonstrated 

[77,159,265,267,291,292], highlighting the diversity of applications in biological relevant 

questions.  

 The first part of this thesis involved the production of CLRs and impact of glycan 

structures in CLR recognition, by probing different glycan arrays with the CLR-hFc fusion 

proteins. This part is embedded in the scope of the European Training Network-Immunoshape 

(ETN-642870), a consortium that seeks to identify  highly selective carbohydrate structures to 

target APCs to modulate immune responses. The following chapter will address the main 

results obtained and evaluate their relevance in the context of CLR/glycan interactions.  

 

Chapter 1 – CLR/glycan interactions  

 Glycan recognition by CLRs governs the immunomodulatory role of myeloid CLRs, 

affecting not only pathogen binding and immune signaling, but also antigen presentation, 

cytokine production and activation of CD4+ and CD8+ T cells [63]. Besides involvement in 

pathogen recognition, CLRs bind to carbohydrate structures derived from host cells, thus 
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having a role in homeostasis and cancer [63]. For many CLRs, the structure of their CRD, the 

glycan binding specificity and the presentation mode of the carbohydrates governing  

CLR/glycan recognition are still unknown.  

 Glycan array is a powerful tool that enables to use glycan libraries, which contain a 

broad range of well-defined glycan structures immobilized on a surface, to probe for 

CLR/glycan interactions in a high-throughput fashion [257]. Glycan libraries comprise 

synthetic glycans or isolated glycans from natural sources. Therefore, by interrogating glycan 

arrays with CLRs, a great amount of information can be attaining in terms of binding specificity 

and presentation mode of glycans for recognition.  

 The CLR-hFc fusion protein library extended in this thesis work represents an attractive 

starting point to unravel novel CLR/glycan interactions, since the dimeric presentation of the 

CRD in these proteins enables increased avidity towards carbohydrate structures [265–267].  

 In this thesis, five CLR-hFc constructs were used to elucidate how glycan structures 

and presentation mode impact recognition: human DC-SIGN and L-SIGN and three murine 

CLRs, MGL1, SIGNR3 (closest homolog of DC-SIGN in mice) and Mincle. The comparative 

study on the impact of different L-SIGN constructs (dimer, tetramer or artificial tetrameric 

conformation) in glycan recognition by glycan array and further binding characterization to C. 

albicans is still in progress (data not shown). 

 Mimicking the natural environment and complex glycan structures displayed remains 

a challenge in glycan synthesis to probe CLR interactions. Synthesis of novel glycan structures 

represents an important step to evaluate how glycan heterogeneity, mode of presentation and 

multivalency impact CLR recognition. Therefore, the work presented in  Chapter 1.1 and 1.2 

of the Results section tackle these relevant points in CLR/glycan recognition. 

In the data presented (Results, Chapter 1.1, Figure 4), Ca2+-dependent binding of Mincle, 

DC-SIGN, MGL1 and SIGNR3 to ABO di- and tri-saccharides exhibited a distinct profile of 

recognition, which was dependent on the presence of fucose and galactose moieties. DC-SIGN 

showed specificity towards fucose residues, which is in accordance with the ligand specificity 

of this CLR [262], while SIGNR3, the closest mouse ortholog of DC-SIGN, recognized 

preferentially the O antigen (compound 3). Interaction of SIGNR3 with the O antigen was also 

previously reported [293]. MGL1 stronger binding towards A antigen (compound 1) is in 

agreement with reported glycan array data of preferential binding of this CLR to LewisX 

(displays a fucose moiety) and GalNAc residues [124,294]. Mincle recognition of the O antigen 

by glycan array was still unknown. The O antigen is part of the LPS in the outer membrane of 

Gram-negative bacteria and identification of this antigen by innate immune cells triggers 

protective immune responses against bacteria [295]. Since Mincle plays an important role in 

protection against bacteria [148,163], identification of Mincle interaction with this component 

of the outer membrane of Gram-negative bacteria contributes to extend the repertoire of known 

bacterial ligands for this CLR. Moreover, it was recently shown by Zheng et al. [296] that 

Mincle preferentially binds to trehalose mycolates and lipooligosaccharides (LOS) using a 

glycan array platform encompassing all major carbohydrate structures present in the cell wall 

of M. tuberculosis and other mycobacteria. In addition, this study also highlighted the 

differential binding of mannose-binding lectin receptors, like Dectin-2, Langerin and L-SIGN, 

to mycobacterial glycans using this innovative glycan array platform [296].  

 This study contributed to the synthesis of novel glycan structures that were confirmed 

to be functionally active by probing with CLR-hFc fusion proteins. In addition, the position of 
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fucose and galactose moieties in the newly synthetized ABO di- and tri-saccharides enabled to 

show differential binding by four distinct CLRs.  

 The influence of glycan position and multivalent display in CLR recognition was 

addressed in a collaborative effort in an additional study in this thesis (Results, Chapter 1.2). 

Herein, glycodendrons were used to probe a panel of plant and mammalian lectins. 

Glycodendrons are chemically defined structures that mimic the branched protoplasmic 

extensions of a nerve cell and allow attachment of multiple carbohydrate structures for a 

multivalent display for increased avidity in the interaction with lectins [297]. The synthetized 

glycodendrons comprised homodendrons (bearing the same carbohydrates structures, either 

mannose or galactose) and heterodendrons (carrying mixtures of mannose or galactose 

residues) in order to give insights in glycan position-dependence in CLR recognition. DC-

SIGN-hFc presented a stronger binding to glycodendrons M3 and M7, where M3 depicts a 

high-mannose N-glycan structure, which is present in pathogens shown to interact with DC-

SIGN like HIV-1 and C. albicans [298,299]. Interestingly, M7 possesses two galactose 

residues and one mannose residue in a central position of the dendron, highlighting that 

heterogeneity and glycan position clearly impacts recognition, since M1, M4 and M5 bound to 

DC-SIGN-hFc to a lesser extent (Results, Chapter 1.2, Figure 1). Murine MGL1 is best-

characterized for binding to LewisX [267,294], which contains one galactose residue. However, 

MGL1 binding to only terminal galactose was not yet described. The reported binding in this 

study of MGL1 to glycodendron M4 (bearing three galactose residues) demonstrates that 

multivalent glycan display provides a robust framework to unravel novel CLR/glycan 

interactions, which were previously unknown due to the low affinity interactions between 

lectins and glycans. Indeed, several studies have shown that a multivalent display of glycan 

structures by glycan array results in increased binding to lectins [100,259,264,267,296,300]. 

SIGNR3-hFc only recognized the high-mannose type glycodendron M3, as expected for this 

mannose-specific CLR [293,301].  

 This study evidenced the impact of glycan heterogeneity, position and multivalency to 

identify CLR-specific ligands, as shown for the DC-SIGN/glycodendrimer M7 interaction. 

CLR identification of highly specific glycans may lead to the development of high-throughput 

diagnostic tools, due to the ability of CLRs to discriminate differences in glycan moieties of 

self- and non-self antigens [269,290,302].  

 In another collaborative study involving work carried out in this thesis, an extended 

library of glycans with now over 300 glycan structures was printed on microarray slides 

(Results, Chapter 1.3). The resulting glycan array possesses the most extensive collection of 

glycans displayed by pathogens, mainly bacteria and parasites. Two distinct constructs of DC-

SIGN, DC-SIGN-hFc (dimer, expressed in mammalian cells) and DC-SIGN-T (tetramer, 

expressed in bacteria) were used to probe a broad variety of microbe-associated glycan 

structures in this glycan array. Interestingly, both CLRs exhibited the same binding profile, 

although only DC-SIGN-T represents the natural DC-SIGN conformation. This supports the 

validity of CLR-hFc fusion proteins as screening tools for the identification of glycan ligands 

by glycan array. The same observation was made in work developed in this thesis, when 

comparing L-SIGN-hFc and L-SIGN glycan binding profile by glycan array (manuscript in 

preparation). Both DC-SIGN constructs identified mannose-rich structures in different 

pathogens, such as S. pneumoniae, Leishmania and Toxoplasma gondii (Results, Chapter 1.3, 

Figure 5). Moreover, core glycans from different LPS were shown to bind to DC-SIGN, namely 

the L-glycero-D-mannoheptose (HEP) moiety. Therefore, this glycan array approach can 
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discriminate specific structures from different pathogens, thus representing a relevant tool to 

identify novel interaction partners of CLRs, as the starting point for further evaluation of their 

biological role.   

 Taken together, the data presented in these three studies performed as part of scientific 

collaborations in this thesis depict the importance of identification of novel CLR/glycan 

interactions. Understanding the glycan recognition profile of myeloid CLRs can greatly 

contribute to dissect the immune response mechanisms triggered by CLRs upon interaction 

with specific glycan structures. However, pertinent matters in CLR/glycan interactions 

evaluation by glycan array are still poorly understood. For instance, since CLRs are cloned and 

produced using different strategies, the inclusion or exclusion of the extracellular domain of 

the CLR can affect oligomerization and subsequent glycan recognition. Indeed, Zheng et al. 

[296] observed that mannose receptor produced with the extracellular domain was able to 

recognize three additional glycan structures using the mycobacteria-derived glycan microarray. 

Still, the CRD of mannose receptor in both constructs was the major component involved in 

glycan recognition, as expected [296]. CLRs have also overlapping repertoires of recognized 

glycan structures, as shown by glycan array for DC-SIGN/L-SIGN/Langerin recognition of 

glycans derived from M. tuberculosis [296,303]. How these overlapping features translate into 

a biological context remains elusive, since the contribution of multiple CLRs in pathogen 

recognition is still poorly understood. For instance, the best-characterized CLR crosstalk 

mechanism is the association of Mincle and MCL, which form heterodimer complexes upon 

stimulation with TDM, a component of mycobacteria cell wall. In these complexes, Mincle 

recognizes the carbohydrate head group, while MCL recognizes the lipid part [69,304]. Finally, 

since CLR/glycans are low affinity interactions, washing steps during the preparation of the 

microarray slides with the incubated lectins can lead to dissociation of bound proteins, hence 

resulting in loss of possible interactions. This was shown when comparing DC-SIGN 

specificity using evanescent-field fluorescence detection of the microarray slide, which is a 

more sensitive technique that avoids washing steps by fluorescence detection under equilibrium 

conditions [305,306].  

 In sum, glycan arrays are powerful and versatile tools that enable to address multiple 

parameters involved in glycan recognition by CLRs, such as structure, valency, mode of 

presentation and pathogen origin. Moreover, identification of CLR-specific glycan structures 

represents the first step for glycan-based approaches to target CLRs. The next chapter will 

discuss important results achieved in this thesis towards CLR targeting, namely in MGL 

targeting. 
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Chapter 2 - Myeloid CLRs targeting to shape immune responses 

 The capacity of CLRs to capture and present antigens combined with the ability to 

ensure a balance between cellular activation and suppression, transformed this group of PRRs 

and their signaling cascades into promising targets for the development of diagnostic tools and 

therapeutic approaches. Two main methods are employed to target CLRs: antibody-mediated 

targeting and glycan-based targeting [282]. A number of CLRs have been successfully targeted 

using antibodies or glycoconjugates in an assortment of different applications: as immunogens 

for increased vaccine effectiveness [307,308], in the simulation of APCs to elicit protective 

innate and adaptive immune responses against infectious diseases [284,309,310], and in tumor 

therapy [311,312].  

 In first place, work developed as part of a collaborative effort in this thesis will be 

thoroughly discussed to assess the importance of MGL targeting as a potential strategy towards 

tumor therapy (Results, Chapter 2). In second place, the state-of-the-art of myeloid CLR 

targeting applied in other approaches will be discussed, highlighting pioneering studies 

conducted for a different CLR, DC-SIGN, to exemplify the importance and challenges still 

present in CLR targeting via glycan-based strategies. Finally, an overview in the field of CLR 

targeting will be provided. 

 

MGL targeting 

 MGL is an endocytic receptor expressed by dermal DCs, immature peripheral DCs and 

macrophages that recognizes glycan structures in a Ca2+-dependent manner [91,99]. MGL 

engagement leads to receptor-mediated endocytosis in early endosomes and further processing 

and antigen presentation through MHC-I and MHC-II molecules to T cells [91,99]. MGL can 

oligomerize and present itself as a homotrimer on the surface of APCs, thus presenting multiple 

CRDs for an increased avidity in glycan recognition [99,313]. The growing interest behind 

MGL is its unique glycan recognition repertoire, being the only described CLR, until the 

moment, that binds exclusively GalNAc residues, namely three well-known tumor-associated 

carbohydrate antigens: sialylated and nonsialylated Thomsen nouvelle (Tn) antigens 

(GalNAcα1-Ser/Thr) and LacdiNAc (GalNAcβ(1-4)GlcNAc) [113]. For instance, expression 

levels of Tn and T antigens in breast, colon and ovarian cancer range between 60% and 87.5% 

[113,114]. T and Tn antigens are attached to proteins, namely mucins or mucin-type proteins, 

such as CD44, CD164 and MUC1 [113,114]. MUC1 widespread presence in lung, breast, 

pancreas, kidney, colon and other tissues, makes the structural differences between MUC1 of 

normal and cancerous tissues an attractive antigen for development of cancer immunotherapy 

[115,314]. The National Cancer Institute of USA has placed MUC1 as the second most 

prioritized target in cancer antigen research for translational medicine [315].  

 MGL expressed by DCs is capable of interacting with MUC1 displaying TACAs, like 

the Tn antigen, and promotes CD4+ and CD8+ T cell activation [121–123]. Therefore, MGL 

targeting with Tn antigen, either by using MUC1 or other carrier systems, has been investigated 

over the past years as a potential strategy for cancer immunotherapy [99]. In the manuscript 

described (Results, Chapter 2), it was investigated how the impact of the MUC1 backbone 

affects the recognition of tumor-associated carbohydrate antigens (TACAs) by human and 

murine MGL, with the aim of developing MUC1-glycoconjugates that could target dendritic 

cells in a MGL-dependent fashion.  
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 Indeed, human MGL and the two murine orthologs, MGL1 and MGL2, were shown to 

bind to different TACAs conjugated in a sequence-dependent manner to a MUC1-like 

glycopeptide, where they evidenced an increased specificity for terminal GalNAc residues. 

Using evanescent-field fluorescence microarray, human MGL recognized mainly the Tn 

antigen, which was also previously shown by others using glycan microarray [100,101,316] . 

Murine MGL2, the closest ortholog to human MGL, displayed binding to the Tn antigen and 

to a lesser extent to T and core 2 carbohydrate structures, which is in accordance with the 

MGL2 binding profiles reported by Singh et al. [294], using a glycan array approach. However, 

in contrast to our study, Singh et al. [294] obtained binding to sialylated (N-acetylneuraminic 

acid) core 1 structure. The reason for this discrepancy resides on the different MGL constructs 

used to probe the microarray platforms, since in the other study MGL2-Fc was used, instead of 

the commercially available Poly-His-tagged recombinant MGL (Results, Chapter 2). As also 

shown in our study [124], MGL1-Fc exhibited a higher binding to different glycan structures 

by the glycopeptide microarray, supporting the use of CLR-Fc constructs for enhanced glycan 

detection. Murine MGL1 carbohydrate specificity showed to be Tn, T and core 2 structures in 

the evanescent-field fluorescence microarray platform, being the binding higher when using 

MGL1-Fc [124]. Oppositely, Singh et al. [294] reported LewisX as the only glycan structure 

recognized by MGL1-Fc by glycan array. A possible explanation for these observed differences 

with MGL1-Fc constructs is the increased sensitivity of the evanescent-field fluorescence 

principle employed in our approach, since no washing steps are required, thus enabling 

detection of weak CLR/glycan interactions under equilibrium conditions [305]. Hence, novel 

glycan structures recognized by murine MGL1 were identified [124]. 

 The study described here enabled also to ascertain that the position of tumor antigens 

in the MUC1 backbone affected MGL recognition, highlighted by a higher binding observed 

across all MGL orthologs in MUC1 peptides that displayed solely one glycan moiety on each 

of the two terminal positions in the peptide sequence (Tn coupled to Serine4 and to 

Threonine15). Indeed, the peptide backbone plays a central role in recognition of the tumor 

antigens. For instance, Borgert et al. [317] used different mucin-like proteins printed on a 

glycopeptide microarray to highlight the importance of the peptide backbone in lectin/Tn-

containing glycopeptides recognition. In this study, the plant lectins Helix pomatia agglutinin 

(HPA) and Vicia villosa agglutinin (VVA) where shown to bind specifically Tn antigen, when 

this was present in the PDTR region of MUC1 peptide. The PDTR region of MUC1 peptide is 

an immunodominant domain [318]. Moreover, an additional study unravelled that the charged 

residues, Arg and Asp, present in the PDTR amino acid region of MUC1 are crucial for 

presentation of the sugar moiety towards the CRD region of two model plant lectins [319]. 

Interestingly, in our study, the presence of the Tn residues in the GVTS and GSTA regions 

(glycopeptides 19 and 21) promoted an enhancement of the binding affinity using the three 

MGL orthologs, when compared to the PDTR motif (glycopeptides 18, 20, 22). Structural 

differences between MGL and the plant lectins used to probe interactions with MUC1-

containing Tn antigens may explain these differences, since it was shown that the lectin 

structure markedly impacts accommodation of carbohydrate residues [284]. Recently, Marcelo 

et al. [320] described the discovery of a secondary binding pocket in human MGL that engages 

the peptide backbone to stabilize binding to the Tn epitope. The His259 in this secondary 

binding pocket of MGL was identified as a key amino acid residue to mediate glycan 

recognition with the underlying peptide [320].  
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Besides contributing to how MGL orthologs interact with tumor antigens carried in a 

MUC1 peptide and showing how epitope mapping impacts MGL recognition, our study shows 

also how simple multivalent constructs can be employed in specific-MGL targeting strategies 

[124]. In this context, conjugation of fluorescein isothiocyanate (FITC) to a MUC1-

glycopeptide carrying a single Tn antigen in each of the terminal positions (Ser4 and to Thr15), 

allowed to evaluate by uptake experiments the MGL targeting ability of this construct in bone-

marrow derived DCs (BMDCs) [124]. An increased MGL-dependent uptake was observed for 

this divalent MUC1 glycopeptide (FITC-21), being internalized by around 41% of the BMDCs, 

in contrast to the MUC1 glycopeptides carrying a single Tn epitope (FITC-3 and FITC-6), 

which reached between 25% and 30% of internalization in BMDCs [124]. Unfortunately, 

internalization studies in DCs by flow cytometry, with fluorescently labeled MUC1 peptides 

carrying Tn epitopes, were not described in the literature, to the best of my knowledge, in order 

to perform a direct comparison with other studies on the uptake efficiency of the FITC-21 

construct discovered. The closest comparison that can be made is based on a study that 

employed a different methodology, namely by coating biotinylated MUC1 peptides carrying 

either 9 or 15 Tn epitopes in red neutravidin beads, to perform uptake studies in DCs [121]. 

Herein, an uptake of around 11% by DCs was observed for both constructs. Moreover, no 

MGL-dependent uptake by DCs was evaluated [121].  

 In addition to efficient CLR targeting in DCs, evaluation of DCs effector functions is 

an important feature to identify constructs that elicit robust immune responses, namely antigen 

presentation via MHC-II and MHC-I molecules to elicit activation of CD4+ and CD8+ T cells. 

FITC-21-mediated DCs effector functions were not assessed within the scope of our study 

[124], though there is compelling evidence that DCs targeting with MUC1-carrying Tn 

epitopes is a promising strategy for the development of antitumor vaccines. Napoletano et al. 

[122] demonstrated that MGL engagement in DCs with a MUC1 peptide carrying 9 Tn antigens 

triggered phosphorylation of extracellular signal-regulated kinase 1,2 (ERK1,2) and NF-κB, 

resulting in DCs maturation and increased antigen presentation by MHC-I and MHC-II 

molecules. Moreover, upon maturation, a decrease in phagocytosis and enhanced DCs 

migration was observed. MGL-dependent activation of DCs promoted also the priming of 

CD4+ and CD8+ T cells, with production of IFN-γ [122]. In another study, Tn-modified OVA 

targeting MGL2 on BMDCs resulted in efficient internalization, processing and antigen 

presentation by both MHC molecules [321]. In addition, the enhanced cross-presentation of Tn 

antigen was TLR-independent [321]. Using naïve T cells from OT-II and OT-I mice, splenic 

DCs targeted with OVA-Tn evidenced the ability to activate naïve CD4+ and CD8+ T cells, 

respectively, and promote T cell proliferation [321]. However, in both studies no in vivo 

experiments were performed to evaluate the potential of these different constructs as antitumor 

agents. Though,  Kobukai et al. [322] described a DC-based immunotherapy by immunizing 

mice with DCs pulsed with MUC1 covalently linked to a delivery peptide, which resulted in 

tumor regression compared with mice treated with non-pulsed DCs or DCs pulsed with only 

MUC1. This study highlights the potential of using MUC1 to induce antitumor responses and 

importance of an antigen delivery system to elicit enhanced immune responses [322]. 

 The work described on MGL targeting in this thesis identified the MUC1 glycopeptide 

21 as a promising candidate to specifically target DCs in a MGL-dependent manner. Though 

evaluation of DCs effector functions by this MUC1 glycopeptide remains to be addressed, it 

could be considered as a potential building block in the rational design of synthetic antitumor 

vaccines that target DCs. Indeed, multicomponent synthetic vaccine design using MUC1 has 
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allowed to elicit both cellular and humoral immunity in vivo. Multicomponent synthetic 

vaccines consist of a fully synthetic MUC1 glycopeptide with different tumor antigens 

conjugated, like the Tn or T antigens, coupled with a Th cell epitope, to promote a strong T 

cell activation, and different TLR agonists, to function as adjuvants to target APCs and elicit 

innate immune responses. Lakshminarayanan et al. [323] have described a three-component 

vaccine containing aberrantly glycosylated MUC1 peptide, a Th epitope peptide derived from 

polio virus and a TLR-2 agonist, Pam3CSK4 (synthetic triacylated lipopeptide mimicking the 

amino terminus of LPS). This synthetic vaccine led to the induction of CD8+ T cell responses 

that recognized both the glycosylated and non-glycosylated MUC1 peptide and immunization 

experiments evidenced an enhanced ability in tumor prevention, when compared to the non-

glycosylated vaccine (control) [323]. The importance of a covalent conjugation of the three 

components was also noted as an essential requirement for maximal vaccine efficacy [323]. 

Several additional studies have highlighted the  importance of APCs targeting for CD4+ T cell 

activation to elicit cytokine production and drive Th1/2 responses, CD8+ T cell proliferation 

for CD8+-mediated cytotoxicity and B cell antibody production [324–327]. The use of 

multicomponent vaccines based on the MUC1 glycopeptide as an antitumor strategy  has been 

thoroughly reviewed [315,328]. 

 The validity of multicomponent vaccines, using the MUC1 glycopeptide, as a 

promising avenue to develop antitumor vaccines has been deeply investigated over the past 

years with a great body of work showing positive results in vivo. By using highly-specific 

MUC1-bearing tumor antigens to target MGL, two components of multicomponent vaccines 

can be tackled at the same time by:  specificity towards APCs, since MGL is mainly expressed 

by different DCs subsets [123], and MGL-dependent recognition of Tn that promotes 

maturation of DCs and T cell priming [121–123]. Therefore, CLR targeting represents an 

attractive pathway to boost innate immune responses and shape adaptive immunity.  

The contribution of work developed in this thesis towards efficient MGL targeting was 

hereby thoroughly described. However, to give a better overview of the CLR targeting 

potentialities, pioneering studies in DC-SIGN will be given as an example of the state-of-the-

art in the field.   

 

DC-SIGN targeting 

 DC-SIGN forms a tetramer and presents four CRDs that interact with high-mannose 

glycans and Lewis antigens, hence recognizing a wide variety of antigens displayed at the 

surface of pathogens and self-antigens. In viral interactions, DC-SIGN acts as an authentic 

entry receptor, as described for HIV-1, Ebola virus, influenza A virus,  dengue virus and RVFV 

[61,208]. Glycan-based DC-SIGN targeting has been reported as an attractive approach to 

inhibit DC-SIGN-mediated viral entry into different cells, showing the relevance of CLR 

targeting as an antiviral strategy. For instance, gold nanoparticles densely covered with 

oligomannosides, to mimic the display of high mannose residues present in the glycoprotein 

gp120 of HIV-1, were shown to have DC-SIGN-dependent endocytosis ability  and inhibit DC-

SIGN-mediated HIV-1 trans-infection of T cells [329]. An additional example for DC-SIGN 

blockade of viral infectivity involved the use of a fullerene-based presentation of 36 mannose 

moieties, in a spherical shape, to resemble a virus particle. This heavily glycosylated carrier 

inhibited infection of pseudotyped Ebola virus particles [330]. A breakthrough in glycan 

loading in fullerene-based presentation was achieved when Muñoz et al. [331] reported 
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fullerenes decorated with 120 carbohydrate residues, which mimicked to a better extent a virus 

particle. This new iteration of glycan-based conjugates revealed to be a potent inhibitor of DC-

SIGN-mediated pseudotyped Ebola virus infection of mammalian cell lines in the 

subnanomolar range [331].  

 Since DC-SIGN is also described to act as an entry receptor for additional enveloped 

viruses [208], namely the bunyavirus LACV [228] investigated in this thesis, DC-SIGN 

targeting could be potentially explored as an interference strategy of viral infection of host cells 

by enveloped viruses. To this aim, identifying highly specific glycan structures to target DC-

SIGN is of relevance. Therefore, next studies should combine different approaches like glycan 

array, structural biology and molecular dynamics simulations for the rational design of glycan 

structures that bind specifically to DC-SIGN. In data presented in this thesis (Results, Chapter 

1.2, Figure 1), mannose-containing glycodendrons bearing only 3 glycan moieties were shown 

to be selectively recognized by DC-SIGN, highlighting that multivalent structures without high 

degree of complexity are interesting candidates for DC-SIGN targeting.   

 Despite the exciting opportunities that DC-SIGN targeting with multivalent 

glycoconjugates present as an antiviral therapy, no in vivo data is still available to evaluate how 

the above described in vitro competition assays would translate into an in vivo setting [329–

331]. Human DC-SIGN in mice is divided into 8 orthologs, being the closest ones SIGNR3 

and SIGNR5 [301,332]. Therefore, in vivo studies evaluating DC-SIGN targeting as an 

antiviral strategy remains a challenge since mice do not express DC-SIGN. It is noteworthy 

that human DC-SIGN has been cloned under the control of the murine CD11c promoter, which 

led to the generation of transgenic mice expressing human DC-SIGN mainly in dendritic cells 

[333,334]. Thus, these DC-SIGN transgenic mice could represent an attractive model to 

investigate the in vivo efficacy of the reported antiviral therapies targeting DC-SIGN. 

Moreover, an additional factor that must be considered in vivo are humoral responses, as they 

might potentially neutralize in part the interactions between DC-SIGN and the constructed 

glycoconjugates. Regarding in vitro data, although competition experiments with different 

viruses and glycoconjugates targeting DC-SIGN showed strong inhibition of viral entry and 

replication in different cell lines expressing DC-SIGN, the immunogenicity of these 

multivalent glycan constructs in APCs remains to be addressed yet.  

 Interestingly, human DC-SIGN was also reported to have a high degree of homology 

in cattle, namely in bovine cattle, expanding the possibilities of evaluating DC-SIGN targeting 

in bovine APCs in vitro [335] as an alternative for the DC-SIGN transgenic mice model 

[333,334]. 

 Besides DC-SIGN targeting applications as a possible antiviral strategy, DC-SIGN 

recognition of Lewis antigens, which are expressed in cancer cells, was also envisioned as a 

potential component of antitumor vaccine strategies. DC-SIGN-specific internalization of 

liposomes decorated with Lewis antigens elicit DCs activation and CD4+ and CD8+ T cell 

priming. Activation of both T cell populations is an important factor in vaccine design, since it 

has been demonstrated that a combined action of  CD4+ and CD8+ T cells is required for tumor 

destruction and long-term memory [286,332,336].  

 DC-SIGN targeting shows a dual role dependent on the glycans conjugated to carrier 

systems: it can be used as an antiviral strategy by heavily decorating mannose-residues to 

outcompete DC-SIGN-mediated viral entry, whereas Lewis antigens (fucose and GlucNAc 

residues) seem to boost immune responses, thus representing an attractive target as an 

immunostimulatory component in vaccine design.  
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CLR targeting – state-of-the-art  

 In recent years, advances in the synthesis of defined glycan structures combined with 

optimization of expression systems for glycoproteins production has enabled to unravel novel 

lectin-glycan interactions. By conjugating identified glycans to carrier systems that ensure 

multivalent display, efficient targeting of lectins, namely CLRs, was achieved [282]. 

Immunological evaluation of these glycoconjugates is crucial to assess how the CLRs targeted 

in innate immune cells determine the outcome of adaptive immune responses against self- and 

non-self antigens. 

 In a tumor context, aberrant glycosylation is one of the main driving forces in the 

development of an immune suppressive tumor microenvironment, where O-glycans expressed 

by tumor cells are known to induce tolerogenic programming of tumor-resident DCs 

[113,337,338]. The hallmark of this tolerogenic microenvironment is characterized by low 

expression of co-stimulatory molecules, high-levels of IL-10 and TGF-β and incapacity of T 

cell effector functions induction due to the increased presence of regulatory T cells 

[113,337,338]. Hence, understanding the specific contribution of different tumor antigens (Tn, 

T, sTn, sT, core 2) in combination with their respective peptide/protein backbone, like MUC1, 

is vital to elucidate which receptors are involved in their recognition and the immune 

mechanisms underlaying recognition. The work here described (Results, Chapter 2) 

contributed to identifying MGL-dependent recognition of MUC1-bearing tumor antigens using 

three MGL orthologs, culminating in selection of a lead candidate, MUC1 glycopeptide 21, 

that showed a considerable targeting ability of DCs. However, signaling cascades elicited upon 

DCs uptake and DCs effector functions were not evaluated in this study. Currently there is a 

need to mechanistically dissect the signaling cascades of human MGL and murine orthologs, 

MGL1 and MGL2, since they seem to differ substantially, evidencing species-specific 

activation of ERK1/2 MAPK and NF-κB pathways, in the case of human MGL, while MGL1 

signals via Raf-1 [91,99]. MGL2 signaling is still poorly understood [91,99]. Understanding 

MGL signaling mechanisms can contribute towards increased efficiency of MGL-dependent 

DCs maturation, identification of the ideal DCs subsets to target for enhanced antitumor 

responses [339] and enhanced antigen presentation to T cells.  

 In an infection context, CLR targeting has shown promising results, either by inhibition 

of viral infection via DC-SIGN targeting [329–331] or by production of a robust B and T cell 

responses against fungi, namely C. albicans, via Dectin-1 targeting [288,340,341]. However, 

several open questions remain to be addressed. Glycan-based CLR targeting to block CLR-

viruses interactions and subsequent viral infection of host cells still requires in vivo validation 

using challenge models of viral infection. On the other hand, CLR targeting directed for the 

development of antifungal vaccines requires more in-depth mechanistic studies to evaluate 

targeting efficiency in APCs and prominent DCs subsets to target [288,340–342]. In addition, 

in vivo challenge studies using C. albicans or other pathogenic fungi are still pending to assess 

if the reported robust B and T cell responses elicited by Dectin-1-mediated DCs activation 

translate into clearance of pathogenic agents [288,340–342].   

 In sum, deciphering CLR glycan recognition and signaling mechanisms will pave the 

way towards the discovery of highly immunogenic carbohydrate structures to modulate 

immune responses, thus CLR targeting holds great promise in vaccine design against tumours 

or infectious agents.   



Discussion – Chapter 3 

 

44 

 

Chapter 3 - Myeloid CLR/viruses interactions 

 Enveloped viruses are pathogenic agents that infect a wide variety of hosts, from 

protozoans, to plants and mammals, hijacking the host cell machinery for replication and 

dissemination. Innate responses are the first line of host defence against viral infection, where 

myeloid CLRs expressed at the surface of APCs have been implicated by the duality of their 

role [61,208]. CLRs recognition of viral glycoproteins can have a detrimental effect on host 

cells, since viruses subvert CLRs and CLR-dependent signaling pathways to promote viral 

entry, replication and dissemination. However, CLRs also possess an antiviral role, which 

results in activation of downstream signaling that leads to APCs maturation, cytokine secretion 

to recruit other innate immune cells and antigen presentation to CD4+ and CD8+ T cells for 

activation of adaptive immune responses [61,208]. A comprehensive review on the role of 

myeloid CLRs in recognition of enveloped virus was written and published as part of work 

developed in this thesis. This review constitutes Chapter 3 and can be considered as an 

introduction into the topic of CLR/viruses interactions. 

 The extension of a CLR-hFc fusion protein library [265,291] performed during this 

thesis work allowed the addition of relevant CLRs involved in interactions with viruses, such 

as L-SIGN, CLEC5A and Langerin. This led to investigate if this library could be used as a 

high-throughput screening platform to investigate novel interactions with viruses and further 

characterize the role of identified CLRs in viral recognition. To test this hypothesis, La Crosse 

virus was selected, an important neuroinvasive bunyavirus that affects children under the age 

of 16 in the USA, to interrogate the extended CLR-hFc fusion library. LACV possesses two 

viral glycoproteins, Gn and Gc, that mediate attachment to host cells, namely by interacting 

with DC-SIGN [228]. DC-SIGN acts an entry receptor for LACV infection of host cells and 

represents the only CLR-LACV interaction described [228].  

 In order to study LACV/CLR interactions, highly pure virus particles were a 

prerequisite to perform binding assays, since several CLRs are known to interact with 

endogenous ligands from damaged/necrotic cells. For instance, CLEC9A binds to F-actin [56], 

CLEC12A interacts with uric acid crystals [343], MGL-1 mediates uptake of apoptotic cells 

[344] and Mincle presents the most extensive repertoire of endogenous ligands described, 

recognizing the protein histone deacetylase complex unit alarmin (SAP130) [152], cholesterol 

crystals [57], and β-glucosylceramide [153]. Therefore, a flow-through chromatography 

method was employed in this study, which is based on the binding of host cell proteins (HCPs) 

and DNA to the resin, while virus particles do not interact with the stationary phase of the 

column and are collected in the flow-through. This method was recently reported to provide a 

robust framework for virus purification, namely influenza A virus (IAV) and reovirus, where 

over 95% of HCPs removal was achieved [345,346]. In LACV purification, 99.4% of HCPs 

was accomplished, while a significant decrease of infectious virus particles was obtained (only 

1.9% of original LACV infectivity) (Chapter 4, Table 1). However, an increase of around 3-

fold in LACV purity was attained, thus resulting in a viral enrichment. The LACV recovery 

yields (around 2%) were lower compared to the ones reported in IAV and reovirus purification, 

ranging between 30% to 46% of viral recovery [345,346], possibly due to the additional round 

of purification through the anion-exchange (Capto Q) and ligand-core (Capto Core 700) 

chromatography columns. An additional reason may involve a need for optimization of the 

binding buffer for LACV purification, in order to ensure that LACV does not interact to a large 

extent with the columns matrix, thus remaining in the mobile phase of the liquid 
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chromatography process. The pH value of the binding buffer and appropriate selection of resins 

are well-described factors that impact recovery yields of virus particles [347,348]. It is 

noteworthy that for our intended application to identify novel CLR/LACV interactions, sucrose 

gradient ultracentrifugation, a common method to obtain pure virus particles [346], could not 

be applied, since carbohydrates are known to interact with CLRs. However, a comparison 

between caesium chloride (CsCl) gradient ultracentrifugation, another common method that 

produces highly pure virus particles [346], and the LACV flow-through chromatography 

purification method developed in the scope of this thesis remains to be addressed.   

 Despite the considerable loss in infectious virus particles in the LACV flow-through 

chromatography purification process, highly pure virus samples with only minimal amounts of 

HCPs were obtained to probe by ELISA novel LACV interactions with the extended CLR-hFc 

fusion protein library (Chapter 4, Figure 2). The ELISA-based screening allowed for the 

identification of five novel candidate CLRs that recognize LACV: Dectin-1, Dectin-2, Mincle 

and to a lesser extent MGL1 and Langerin. Only minor binding of the CLR-hFc fusion proteins 

to mock-purified supernatant from VeroE6 cells was obtained, highlighting the degree of purity 

achieved by the purification process. Moreover, DC-SIGN binding to LACV, the only CLR-

LACV interaction described, was also observed, strengthening the validity of this ELISA-

based screening approach. This novel approach to perform CLR/viruses screening 

distinguishes itself from others by enabling an unbiased high-throughput screening. Indeed, 

most of the described CLR interactions with bunyaviruses, such as LACV, RVFV and UUKV, 

involve the overexpression of selected CLRs (mainly DC-SIGN or L-SIGN) on the surface of 

different cell lines [223,224,228]. The same observation can be extended to other enveloped 

viruses, such as IAV, HIV-1, Ebola virus and dengue virus [204,209,349,350]. However, by 

overexpressing the viral glycoproteins in pseudotyped particles, high-throughput screenings 

with CLR-hFc libraries can be performed, circumventing the need to overexpress each distinct 

CLR in selected cell lines. Such approach was reported by Teng et al. [351], where surface 

expression of hemagglutinin from IAV in pseudotyped lentiviral particles was performed, to 

probe a library of recombinant human CLR-hFc fusion proteins by an ELISA-based method. 

Interestingly, CLEC5A was identified as the main CLR interacting with IAV hemagglutinin, 

though Dectin-1, L-SIGN, BDCA-2 and CLEC9A were also reported to recognize IAV [351]. 

A seasonal IAV isolate (A/Hong Kong/54/98) was found to bind to a high extent to Mincle and 

Langerin, highlighting that differences in the viral glycoproteins affect recognition by CLRs 

[351]. Taken together, our screening results with LACV (Chapter 4, Figure 2) and the ones 

reported by Teng et al. [351] for IAV, indicate an overlap in the glycan moieties displayed at 

the surface of the different viral glycoproteins, thus resulting in viral recognition of specific 

CLRs, namely DC-SIGN, Dectin-1, Mincle and Langerin. A common denominator can be 

found in this four CLRs, the presence of an EPN motif on the CRD, which is responsible for 

mannose, GlcNAc and fucose recognition [53,79]. Indeed, LACV Gc and Gn glycoproteins 

and IAV hemagglutinin share the presence of high-mannose and complex type N-glycans 

structures coupled to their viral glycoproteins [241,242,352].   

 The role of CLRs, such as Dectin-1, Dectin-2 and Mincle, in viral recognition remains 

unknown. The identification of these CLRs as interaction partners of LACV led to investigate 

the role of these CLRs, that share canonical signaling via Syk/CARD9, in innate responses 

against LACV. For this purpose, Mincle-/-, CARD9-/- and WT DCs stimulation experiments 

with LACV were conducted. Mincle was selected as the main focus of this study, since Dectin-

1 and Dectin-2 are mainly described as fungal receptors [353]. However, these two CLRs were 
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also covered to a certain extent by including CARD9-/- DCs, since Dectin-1 and Dectin-2 

require CARD9 signaling for initiating innate immune responses. Interestingly, Dectin-1 

upregulation in primary epithelial lung cells upon stimulation with Poly(I:C), a synthetic analog 

of double-stranded RNA to mimic RNA viral infections, was reported, suggesting a potential 

involvement of this CLR in innate immune responses against viruses [354].  

 CLR-mediated internalization of viruses is well-described, being the most prominent 

CLRs involved in enveloped virus uptake DC-SIGN, mannose receptor, Langerin and MGL, 

whereas L-SIGN acts as an attachment factor of viruses to the host cell [61,208]. Mincle has 

been mainly described as CLR that acts as a sensor [148,163]. For instance, Wells and 

colleagues [145] and Rabes et al. [159] showed that Mincle is a non-phagocytic receptor in C. 

albicans and S. pneumoniae infection, respectively. On the other hand, Sharma et al. [355] 

have indicated that Mincle has a role in neutrophils phagocytosis of Klebsiella pneumoniae. 

Therefore, further studies are required to unravel the mechanisms underlying initial 

Mincle/pathogens interactions.  

 Mincle-/-, CARD9-/- and WT DCs challenge with Poly(I:C) and LACV showed an 

upregulation of MHC-I expression and the costimulatory molecule CD80 after 24h, in a 

LACV-dependent manner for the latter. However, no differences in surface expression of DCs 

activation markers were observed when comparing Mincle-/- or CARD9-/- DCs to WT DCs. 

Furthermore, decreased production of IL-6 and TNF-α in Mincle-/- DCs and, to a lesser extent 

in CARD9-/- DCs, was observed, when comparing to WT DCs. These data are in accordance 

with the role of Mincle and CARD9 in an infection context, since Mincle- and CARD9-

associated impaired pro-inflammatory responses upon challenge with different pathogens are 

well-described [148,177].  

 Mincle-dependent activation is required for the fine-tuning of APCs effector functions, 

namely antigen presentation and production of pro-inflammatory cytokines [148,163,177]. 

Therefore, Mincle-deficient mice exhibit a decreased survival, as shown for the fungi 

Malassezia [161], group A Streptococcus [138], M. tuberculosis [154] and M. bovis [146]. By 

contrast, the adaptor protein CARD9 has been implicated in viral infections, mainly as a key 

protein involved in the signaling cascade of RIG-I/MAVS-dependent mechanisms [134,142]. 

Several studies showed that CARD9-associated signaling pathways are important in RIG-I-

dependent antiviral responses to viruses [139,141,142]. However, others have shown that 

CARD9 signaling is dispensable in mast cell responses to IAV [356] or even detrimental to the 

host in an IAV pneumonia infection model [143]. In the latter, Uematsu et al. [143] found that 

influenza pneumonia was significantly attenuated in infected CARD9-/- mice. Thus, these mice 

evidenced a better survival when compared to WT mice. This increased survival rate was 

associated with impaired pro-inflammatory cytokine and chemokine production in the infected 

lungs, suggesting that CARD9 activation causes exacerbated pro-inflammatory responses 

[143]. In vitro experiments enabled to pinpoint this impaired cytokine production to DCs but 

not macrophages, while type I interferon production was not affected in both cell types. In 

addition, CARD9-deficiency in vivo did not impact viral clearance, type I interferon production 

and adaptive immune responses [143]. Hence, the authors concluded that Syk-CARD9 

inhibition could be a possible therapeutic target for severe influenza pneumonia [143]. These 

contradictory reports on beneficial [139,141,142], dispensable [356] or detrimental [143] role 

of CARD9 in the context of viral infection indicate that further mechanistic studies are 

necessary to elucidate the poorly understood role of CARD9 in response to viral pathogens. 
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According with the results presented in this thesis, CARD9 seems to be dispensable, in vitro, 

for innate responses against LACV.  

 Type I interferon responses in mice were shown to be crucial for LACV clearance and 

reduction of LACV-induced neurological diseases [247,248]. In the LACV stimulation 

experiments using Mincle-/-, CARD9-/- and WT DCs (Results, Chapter 4, Figure S1), a 

decreased IFN-β production was observed in CARD9-/-  DCs by luminescence IFN-β ELISA. 

The IFN-α production could not be detected by this method. The role of CARD9-associated 

CLRs, Mincle, Dectin-1 and Dectin-2, in promoting type I responses is still poorly understood.  

Fresno et al. [357] described that DCs stimulated with C. albicans produce IFN-β in a Dectin-

1-dependent fashion. Dectin-1-dependent IFN-β production involved the Syk/CARD9/IRF5 

signaling cascade and, in vivo, IFN-β production proved to be an important mechanism in 

defence against candidiasis [357]. In addition to Dectin-1, this study also addressed the 

contribution of CARD9 and other CARD9-associated CLRs, namely Dectin-2 and Mincle, in 

IFN-β production. CARD9-/- DCs displayed a strongly inhibited production of IFN-β after 

stimulation with Curdlan (a Dectin-1 agonist) and heat-killed C. albicans (HKCA), but not 

when stimulated with LPS, indicating that IFN-β production is Dectin-1-dependent [357]. 

Using an anti-Dectin-2 antibody, production of IFN-β by DCs was significantly reduced when 

compared to WT DCs, albeit to a minor extent than for Dectin-1. Oppositely to Dectin-1 and 

Dectin-2, Mincle-/- DCs showed no differences in IFN-β production upon stimulation with LPS, 

Curdlan and HKCA [357]. It is noteworthy, that it would have been interesting to use a Mincle 

agonist, like TDM, to better assess the role of Mincle in IFN-β production. Interestingly, in 

another study by Lee et al. [358], Mincle signaling was shown to downregulate the type I 

interferon response and antiviral gene groups upon TDM stimulation of Mincle-/- and WT 

macrophages. Moreover, a Mincle-mediated enhanced transcription of inflammatory genes 

was observed, as expected, since Mincle is involved in pro-inflammatory responses against cell 

wall components of mycobacteria [358]. However, the Mincle-associated downregulation of 

type I interferon genes was not further investigated in the scope of the study. These studies 

highlight that CARD9-associated CLRs play a role in type I interferon responses and constitute 

an interesting path to explore in the context of viral infections in the future.  

 The impaired pro-inflammatory responses (Results, Chapter 4, Figure 5) and/or IFN-β 

production observed in Mincle-/- DCs and CARD9-/- DCs had no impact on LACV virus titers, 

since both exhibited similar virus titers within 24h of LACV challenge (Results, Chapter 4, 

Figure 6). Moreover, LACV virus titers decreased from 8h to 24h, showing that DCs contribute 

to LACV clearance, independently of the presence of Mincle or the adaptor protein CARD9. 

Thus, the data obtained in this thesis indicate that murine DCs cannot be productively infected 

with LACV. Lozach et al. [223] have demonstrated that immature monocyte-derived DCs are 

infected by other bunyaviruses, like UUKV and RVFV, specially at a MOI between 5 and 20. 

DCs infection by RVFV results in the release of considerable amounts of viral progeny within 

24h of challenge, while for UUKV production of viral particles was minimal. Uptake of virus 

particles by DCs indicated a clathrin-mediated endocytosis route as the main pathway of DC-

SIGN-mediated entry [223]. Additional studies have reported a productive infection of DCs by 

bunyaviruses, like Hanta virus [359,360] and CCHFV [361], though CLR-dependence in the 

entry mechanisms was not portrayed.  

 Taken together, the data presented in this study (Results, Chapter 4) enabled to unravel 

novel CLR/LACV interactions by application of flow-through chromatography to obtain 

highly pure virus samples to perform unbiased screening with an extended library of CLR-hFc 
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fusion proteins. Five novel binding partners of LACV were discovered, Dectin-1, Dectin-2, 

Mincle and to a lesser extent, Langerin and MGL1. The Mincle/CARD9 axis seem to be 

involved in early innate responses against LACV, though this role is limited due to the absence 

of differences in virus titers of Mincle-/-, CARD9-/- and WT DCs challenged with LACV.  

 The contribution of Langerin and MGL1 in LACV infection remains to be addressed, 

however both represent interesting candidates for interactions with enveloped viruses.  

 Langerin is a CLR that possesses a dual role in viral recognition, being associated with 

HIV-1 uptake, degradation and clearance or by functioning as an authentic entry receptor for 

IAV [61,208]. Therefore, Langerin presents an antiviral role or can be subverted by viruses as 

an immune evasion mechanism. Langerin is a type II transmembrane protein assembling as a 

homotrimer and is uniquely expressed by Langerhans cells (LCs), a DC subset present in basal 

and suprabasal layers of the epidermis and in stratified mucosal epithelia [200,362]. Since 

LACV is an arthropod-borne virus, the natural transmission route involves a first encounter 

with resident dermal DCs and macrophages and LCs, as primary innate immune cells to trigger 

an immune response [214]. Therefore, investigating the role of Langerin in LACV infection 

would represent a promising approach to evaluate initial innate immune responses to LACV, 

before the virus replicates in striated muscle cells and reaches high titers that ultimately lead to 

release into the blood stream and viremia [238]. In this case, viremia is mainly addressed by 

plasmacytoid dendritic cells (pDCs), which are present in the blood and spleen. The pDCs are 

the main effector cells that produce the circulating type I interferons [363].  

 MGL is described as an entry receptor, namely for Ebola virus and IAV [103,209]. 

Hence, verifying if this CLR supports LACV infection of host cells would be of interest to 

discover novel LACV entry mechanisms mediated by CLRs. 

 An additional factor that would be of interest to explore is the contribution of CLRs in 

the age-dependence of myeloid DCs innate immune responses to LACV. Indeed, Taylor et al. 

[253] highlighted the crucial role of myeloid DCs in controlling LACV-induced neurological 

disease, in an age-dependent manner, since myeloid DCs of young mice seem to be 

insufficiently activated to control peripheral virus replication. This observation could be 

overcome if young mice were immunized with liposomes containing Poly(I:C) to stimulate 

TLR3/RIG-I-dependent signaling cascades [253]. RIG-I and CLRs like Mincle, MCL, Dectin-

1 and Dectin-2 share the adaptor protein CARD9 in their signaling cascades, hence 

Syk/CARD9-dependent CLRs could have a more prominent role in innate immune responses 

against LACV in an earlier life stage.  

 In sum, myeloid CLRs recognition of viral glycoproteins is characterized by its dual 

role, where CLRs either are involved in antiviral responses by promoting uptake, degradation 

of virus particles and elicit activation of adaptive immune responses, or either have a 

detrimental effect during virus infection by functioning as entry receptors [61,208]. Therefore, 

understanding how enveloped viruses and recognition of viral glycoproteins by CLRs mediates 

the outcome into the direction of either antiviral or viral evasion mechanisms is of the utmost 

interest.  
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VII. Future perspectives 

 The role of the C-type lectin family has been gaining increasing interest over the last 

two decades, pushing this research field towards a better understanding of the interplay 

between self- and non-self antigen recognition by CLRs and CLR-dependent triggered immune 

responses. 

 By using an extended CLR-hFc fusion protein library as a valuable toolbox, this thesis 

contributed to the field by providing identification of novel CLR ligands, evaluating the impact 

of glycan position, multivalency and peptide backbone for CLR targeting, and in last place by 

establishing a novel high-throughput screening method to further dissect the role of CLRs 

interaction with enveloped viruses, as shown for the Mincle/CARD9 axis in LACV.  

 Still, several challenges remain to be elucidated in the field and as part of the work 

developed in this thesis, as noted in the previous chapter. 

 In CLR/glycan interactions, the ligand recognition profile of several myeloid CLRs is 

still limited or unknown. Glycan array has proved to be a powerful tool to probe CLRs against 

glycan libraries, however a better understanding on how glycan structures, presentation mode 

and valency affect CLR binding are missing in comparative studies using multiple CLRs with 

overlapping carbohydrates recognition profiles. In addition, to improve the rational design of 

ligands against CLRs, an increase in the CLRs crystal structures available is necessary in order 

to perform molecular dynamics studies with identified glycan structures. 

 In glycan-based CLR targeting, overall features must be taken into consideration with 

the aim of developing efficient CLR-mediated antitumor, antiviral or antifungal strategies in 

the future. Glycan-based CLR targeting is missing comparative studies that address how 

glycans size, spatial orientation, ligand density, peptide/protein backbone or geometry of the 

carrier systems affect CLR recognition [282]. Moreover, CLRs are able to crosstalk with other 

CLRs or TLRs, through mechanism that are still poorly understood but shown to be relevant 

in modulating the outcome of immune responses [63,67,79]. Hence, it is of interest to 

investigate how simultaneous targeting of multiple lectins impacts downstream signaling and 

APCs effector functions. Finally, in multicomponent synthetic vaccines using an epitope that 

targets CLRs, a TLR agonist is also required, namely against TLR2 or TLR4, which works as 

an adjuvant to induce a stronger activation of Th1/2 and CD8+ T cell responses [281,328]. For 

envisioning active immunization of patients against tumours or pathogenic agents by 

multicomponent synthetic vaccines, different vaccine formulations must be compared side-by-

side to evaluate the best combination of CLR-targeting antigen, adjuvant and carrier system. 

 In CLR/viruses interactions, the dual role of CLRs in viral recognition warrants further 

studies to understand how the different viruses and glycan moieties displayed in the viral 

glycoproteins affect CLR engagement, resulting in either an antiviral or viral evasion outcome. 

In viral evasion, virus subversion of CLR signaling cascades affects DCs maturation and 

crosstalk mechanisms with TLR- or RIG-I-mediated antiviral responses [61,208,364]. In 

addition, CLR recognition of viruses can also lead to exacerbated pro-inflammatory responses, 

which are damaging to the host and contribute to pathology of these infections, as shown for 

CLEC5A [210,365,366]. To address these detrimental outcomes, intracellular signaling 

pathways of CLRs upon viral recognition need to be clearly defined in order to better 

understand the role of CLRs in viral infection. For instance, the role of CLR-mediated signaling 

in type I interferons, crucial for strong effective antiviral responses, is still poorly understood. 

Recently, Troegeler et al. [83] discovered that DCIR supports type I interferon production 
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through phosphorylation of the transcription factor signal transducer and activator of 

transcription 1 (STAT1) and may play a role in the protection of host tissue integrity. Dectin-

1-associated production of IFN-β via Dectin-1/Syk/IRF5 signaling has also been elucidated 

[357]. However, in both studies no viruses were used, being these mechanisms shown in 

response to M. tuberculosis and C. albicans, respectively [83,357]. Therefore, CLRs play an 

important role in type I interferon responses, though addressing these CLR-associated signaling 

cascades in  a setting of viral infection still requires further studies.   

In CLR/LACV interactions, the Mincle/CARD9 axis showed a limited role in LACV 

infection of DCs in vitro, but the role of additional identified CLRs remains to be investigated, 

namely Langerin and MGL1. Moreover, evaluating how age-dependence affects myeloid DCs 

response to LACV, in a CLR-dependent manner, represents also an interesting approach to 

study CLR engagement by LACV.   
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VIII. Concluding remarks 

 The work developed in this thesis highlights the importance of myeloid CLR 

recognition of exogenous and endogenous antigens. CLR engagement by specific glycan 

structures represents the first step driving CLR-dependent modulation of immune responses. 

Taking into account that CLRs present a plethora of important roles in bridging innate and 

adaptive immunity, CLR targeting holds promise for the development of therapeutic strategies 

towards cancer and infectious diseases.  

 The starting point to address CLR/glycan recognition was accomplished by using a 

comprehensive CLR-hFc fusion protein library to either interrogate glycan libraries printed on 

microarray slides or to investigate CLR/viruses interactions, namely LACV. 

 In CLR/glycan interactions, the results presented contributed to better understand the 

effects of glycan position, valency and impact of the peptide/protein backbone in CLR 

recognition, leading to identification of carbohydrate structures that were specifically 

recognized by different CLRs, namely DC-SIGN and MGL. In the latter, the identified divalent 

tumor antigens coupled to the glycopeptide MUC1 showed to be crucial for MGL-dependent 

uptake by DCs. Thus, the identified glycopeptide exhibited an efficient MGL targeting ability 

in DCs. 

 In CLR/LACV interactions, a flow-through chromatography method for virus 

purification enabled to perform an ELISA-based screening of pure LACV with the extended 

CLR-hFc fusion protein library. Novel CLR interaction partners were discovered for this 

human neuroinvasive virus. The focus of the CLR/LACV study developed, Mincle, showed 

not to act as an entry receptor and displayed a limited role in innate immune responses against  

the virus. However, the role of additional CLR hits resultant from the screening remain to be 

elucidated in a LACV infection context. Moreover, the CLR/viral screening platform 

established can be extended to investigate additional enveloped viruses, thus potentially 

contributing to further dissect the dual role of CLRs recognition of enveloped viruses. 

 In sum, this PhD thesis contributed to unravel novel glycan structures recognized by 

CLRs, to elucidate the potential of using identified carbohydrates to efficiently target CLRs in 

DCs, and by establishing a high-throughput method for identifying novel CLRs involved in the 

recognition of LACV, where the role of Mincle and the adaptor protein CARD9 was found to 

be limited in antiviral responses.  
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XI. Appendix 

Table 1 – Primers used to amplify the extracellular domain the murine and human C-type 

lectin library. 

CLR Primers 

Murine CLEC-2 
FW 5' GAATTCGATCATGTCGGTCACACAGC 3' 

RV 5' AGATCTTTGGTCCACTCTTGTCATGC 3' 

Murine CLEC9A 
FW 5' GAATTCGGGCATCAAGTTCTTCCAGGTATCC 3' 

RV 5' CCATGGTGCAGGATCCAAATGCCTTCTTC 3' 

Murine CLEC12B 
FW 5' CCATGGACTTTCTCCTAGGATGTCTG 3' 

RV 5' AGATCTGCATGGGTTTGCAATAGGTC 3' 

Murine CLEC13A 
FW 5' GAATTCCTGTCCTTCATCTACCTGGGTCC 3' 

RV 5' CCATGGTGTCATATGGGATTGCTGCTTT3' 

Murine CLEC12A 
FW 5' GAATTCTTTGGCAACAGAAATGATAA  3' 

RV 5' AGATCTGCCATTCAACACACTTTCCA  3' 

Murine CLEC5A 
FW 5' GAATTCCCCCACGGAGAGCTACGGAACCA 3' 

RV 5' CCATGGTGGCATTCATTTCGCAGATCCA 3' 

Murine Langerin 
FW 5' GATATCAGGTCGTGTGGACGATGCTGAGGT 3' 

RV 5' CCATGGTTTGGACGTAGGGCCTCTTGCAG 3' 

Murine Dectin-1 
FW 5' GAATTCTTCAGGGAGAAATCCAGAGG 3' 

RV 5' AGATCTTGAAGAAGTATTGCAGATTTGGTT 3' 

Murine Dectin-2 
FW 5' GAATTCCTGGAGCACCAGTGAGCAGAAC 3' 

RV 5' CCATGGAGAAAACATCATTCCAGCCCC 3' 

Murine Mincle 
FW 5' CCATGGGGCAGAACTTACAGCCACAT 3' 

RV 5' AGATCTGTCCAGAGGACTTATTTCTG 3' 

Murine MCL 
FW 5' GAATTCTCATTACTTTTTACGCTGGA 3' 

RV 5' AGATCTACAAATCCTTCTCACCTCAAAG 3' 

Murine DCAR 
FW 5' CCATGGAACTTGACAGGTACCATTCATT 3' 

RV 5' AGATCTTAAGTTTATTTTCTTCATCTGAC 3' 

Murine SIGNR1 
FW 5' GAATTGGCAGAAGGAACAAGAGAAGATCC 3' 

RV 5' CCATGGAGCCTTCAGTGCATGGGGTTGC 3' 

Murine SIGNR3 
FW 5' GAATTCCATGCAACTGAAGGCTGAAG 3' 

RV 5' AGATCTTTTGGTGGTGCATGATGAGG 3' 

Murine SIGNR5 
FW 5' GAATTCTTGTTCTGTGCTGCTGGTTGTCATC 3' 

RV 5' CCATGGACTTGCTAGGGCAGGAAGTTGA  3' 

Murine MGL-1 
FW 5' CCAGTTAAGGAGGGACCTAGGCAC 3' 

RV 5' AGCTCTCCTTGGCCAGCTTCATC 3' 

Human DC-SIGN 
FW 5' GAATTCGTCCAAGGTCCCCAGCTCCAT 3' 

RV 5' CCATGGACGCAGGAGGGGGGTTTGGGGT 3' 

Human L-SIGN 
FW 5' GAATTCGTCCAAGGTCCCCAGCTCCAT 3' 

RV 5' CCATGGACGCAGGAGGGGGGTTTGGGGT 3' 

 

Table 2 – Sequencing primers to confirm the presence of the CLRs cloned in the different 

cloning vectors. 

Vector Primers 

pDrive (Qiagen) 
FW 5' GTAAAACGACGGCCAGT  3' 

RV 5' AACAGCTATGACCATG  3' 

pFUSE-IgG1-Fc2 (Invivogen) 
FW 5' TGCTTGCTCAACTCTACGTC  3' 

RV 5' CTCACGTCCACCACCACGCA 3' 



 
 

 


