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1. Introduction 1

1. Introduction

1.1 The immune system

Immunity is a complex system of defense reactions of the body. The reactions are
targeted against foreign substances, termed non-self antigens, and in certain instances, against
self antigens of the host. The reaction itself may or may not be protective, but it is aimed
essentially at maintaining the physiological integrity of the individual host. It is classified as
either innate or adaptive immunity. Innate immunity encompasses many rapid defense
mechanisms to infections and other challenges. The reaction features the rapid recognition of
pathogen or tissue and the signaling to the cells of the adaptive immune system of the
presence of danger. It consists of phagocytic cells, natural killer (NK) cells, complement, and
cytokines such as interferons (IFNs) (1, 2). The adaptive immune response, on the other hand,
is initiated more slowly, in days, and has two key features: specificity for antigens and a
durable memory to elicit a protective immune response upon re-exposure to antigen. The
response changes its quality and magnitude with each successive encounter with the antigen.
Adaptive responses are either immunogenic, providing resistance to infection and cancer, or
tolerogenic (3), leading to down-modulation of immune responses which is desirable in

transplantation, autoimmunity, and allergy (4).

1.1.1 Innate immunity

Cells of the innate immune system use a variety of pattern recognition receptors
(PRRs) to recognize molecular patterns shared between pathogens, for instance bacterial
lipopolysaccharide (LPS) and other capsular polysaccharides, flagellin, or CpG motifs of
bacterial DNA (1). PRRs are germline-encoded receptors recognizing pathogen-associated
molecular patterns (PAMPs). Additionally, PRRs are involved in sensing endogenous
‘danger’ signals by recognizing danger-associated molecular patterns (DAMPS). They are
predominantly expressed by cells of the innate immune system and have critical roles in host
protection from invading pathogens. Upon recognition of PAMPs or DAMPs by the PRRs, an
inflammatory response is triggered which is characterized by the secretion of cytokines,
stimulation of antimicrobial peptides, recruitment of phagocytes, and/or pyroptotic cell death
(5). The innate immune system constitutes multiple signaling pathways and exacting
coordination among these pathways is critical to the efficient clearance of pathogens and other
molecular threats. The main families of PRRs are the Toll-like receptors (TLRs), the NOD-
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like receptors (NLRs), the RIG-1-like receptors (RLRs), and the the C-type lectin receptors
(CLRs).

TLRs are the best characterized among the PRRs to date. TLRs recognize PAMPs
from bacteria, fungi, parasites, and viruses such as the lipid-based bacterial cell wall
component LPS, microbial protein component flagellin, and double-stranded nucleic acid
CpG DNA (6). They also recognize DAMPs for instance heat shock proteins and extracellular
protein fragments. Interaction of TLRs with the respective PAMPs or DAMPs initiates
signaling cascades which activates transcription factors such as AP-1, NF-kB and interferon
regulatory factors (IRFs). This then results in crucial inflammatory responses, production of
interferons, pro-inflammatory and effector cytokines, which help direct the adaptive immune
response (7). NLRs are described as containing a tripartite domain organization with a
conserved nucleotide-binding oligomerization domain (NACHT/NOD), leucine-rich repeats
implicated in microbial sensing and an N-terminal effector region consisting of a protein-
protein interaction domain such as the CARD, pyrin or BIR domain. The primary role of
NLRs is to recognize cytoplasmic PAMPs and endogenous ‘danger’ signals, and
consequently, induce immune responses. However, most of their ligands are not identified and
only the function of few out of the 20 NLRs in mammals is known (8). RLRs are cytoplasmic
RNA helicases crucial for antiviral responses of the host. Activation of RLRs such as RNA
sensors RIG-1, MDA-5, and LGP2 lead to the stimulation of transcription factors which
control the gene expression encoding of interferons and other cytokines (9). CLRs encompass
a large family of proteins that bind to carbohydrate moieties of various pathogens. Their role
in innate immunity will be further discussed below.

The host’s defense relies on a concerted action of both innate immunity and adaptive
immunity. The innate immune system plays a crucial role in prompting the adaptive immunity
to develop an effective and enduring immunological memory as it not only precedes but also
enhances the adaptive immune system. This sophisticated and potent interplay between the
innate and adaptive immunity needs to be instructed and regulated by antigen-presenting cells
(APCs) (10). The effector cells of the immune system, mostly T and B lymphocytes, are
tasked to eliminate infected cells and remove toxic substances. APCs are honed to initiate the
development of lymphocyte activation. Dendritic cells (DCs), macrophages, and B
lymphocytes are classified as professional APCs. They express major histocompatibility
complex (MHC) molecules and exhibit mechanisms for effective antigen uptake and
expression of costimulatory molecules that induce T cell activation (11, 12).



1. Introduction 3

1.1.2 Dendritic cells

DCs are unique APCs because they are the strongest inducers of primary immune
responses, thus permitting establishment of immunological memory. DCs are crucial for both
recognition of a variety of antigens and presentation of antigen fragments to T cells thus
inducing effector functions such as proliferation or cytokine secretion (13). Upon stimulation,
DCs migrate to T cell areas of the draining lymph nodes, where they interact with T cells
recognizing the MHC-presented peptides and induce them to proliferate. The antigens are
broken down in the cytosol by the proteasome and enter the endoplasmic reticulum wherein
peptides bind to newly formed MHC-1 molecules for presentation on the cell surface. DCs are
specialized to capture and process antigens in vivo, converting proteins to peptides that are
presented on MHC class | and class 11 molecules and recognized by CD8" and CD4" T cells,
respectively (1). For MHC-I presentation, short, intracellularly derived peptides are presented
on the cell surface for recognition by CD8" T cells. These peptides may stem from self
proteins, tumor proteins, or from microbial pathogens which, in most cases, are viruses. DCs
are capable of cross-presentation in which extracellular antigens are presented on MHC-I
molecules enabling the initiation of CD8" T cell responses (14). In this process, antigens are
taken up by phagocytosis or receptor-mediated endocytosis into the cytosol which finally
stimulates CD8" cytotoxic T cells.

For MHC-I1 presentation to stimulate CD4" T helper cells, the antigens are taken up
also by phagocytosis or receptor-mediated endocytosis, but in this case, to endosomes wherein
proteolysis follows. The peptides enter a vesicular compartment containing MHC-II
molecules where they bind and are subsequently transported to the cell surface. Presentation
of antigens by DCs alone does not suffice to induce effective T cell responses against
pathogens.

In addition to antigen recognition, processing, and presentation, the expression of
costimulatory molecules is a key function of DCs. These costimulatory molecules on the
surface of DCs consist of members from the B7 family, TNF family, and intracellular
adhesion molecules and they play key roles in activating T cells as well as the accurate
homing of DCs before and after antigen recognition (15). CD4" T cells play a prominent
regulatory role among the cellular players of the immune system (13). They differentiate into
different T cell lineages depending on the cytokine composition of the microenvironment.
These lineages are highly specialized for each different pathogen. Initial recognition of these
pathogens is mediated by the signaling of PRRs, which upon activation, trigger the expression

of genes that provide the information necessary for priming of CD4" T cells. The subsequent



1. Introduction

expression of costimulatory molecules enhances T cell responses and production of cytokines

that trigger the transcription of master transcription factors in CD4" T cells and guide them

into the Tyl, T2, Tyl7 or regulatory T cell lineage (13).

1.1.3 C-type lectin receptors (CLRs)

DCs express many kinds of CLRs on their surface which contribute to antigen capture.

CLRs are defined by their ability to bind carbohydrates usually in a Ca’*-dependent manner

and the carbohydrate-binding activity is mediated by a conserved carbohydrate recognition

domain (CRD) (16). CLRs recognize specific carbohydrate structures on the surface of

pathogens, and also autoantigens (5). Based on their molecular structures, CLRs are divided

into two families of transmembrane receptors, type | or type Il, which have their N termini

Type |

DEC-205
E

Type ll

Langerin

ocseN Q)

DCIR

Dectin-2

o Carbohydrate recognition domains A Triad of acidic amino acids

(CRD) or CRO-fika demains BTl Fibronectin type |l repeat

— Tyrosine-based motif for targeting Il Dileucine motif
— to coated pits and internalization
P : @D Tandem repeat

Figure 1. CLRs are divided into Type | or Type Il
family of transmembrane receptors. MR and DEC-205
are Type | CLRs, which have their N termini pointing
outward from the cytoplasm and have multiple CRDs.
Type Il CLRs such as Dectin 1 and DCIR have their N
termini pointing into the cytoplasm and have only one
CRD at their carboxy-terminal extracellular domain.
Figure taken from (5).

pointing outward or into the cytoplasm,
respectively (Figure 1). One group is a
type | transmembrane protein family
with multiple CRDs, which includes the
mannose receptor (MR, CD206), DEC-
205 (CD205), and Endo 180 (CD280).
The other group comprises type Il
transmembrane proteins with a single
CRD, such as the macrophage galactose-
type C-type lectin (MGL, CD301), DC-
specific ICAM3-grabbing nonintegrin
(DC-SIGN, CD209), langerin (CD207)
and the members of the DCIR and the
Dectin 1 family of lectins. Both groups
of CLRs are capable of recognizing a
variety of antigens, ranging from self-
molecules to pathogens. Furthermore,
CLRs have been reported to be exploited

for targeted drug delivery.

However, CLRs are not only involved in the recognition of glycostructures on

pathogens, but also interact with glycans expressed on host cells, thus contributing to

homeostatic regulation of the immune system. This is particularly important since the

glycosylation pattern on the cell surface changes extensively during inflammatory processes
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and these alterations play a direct role in stimulation and/or modulation of T cell responses,
i.e. modifying the inflammatory phenotype of the DC into an anti-inflammatory phenotype or
shifting the Tyl/Ty2 balance (13, 14). The two classes of glycans include the N-linked
glycans (attached to asparagine residues of proteins) and the O-linked glycans (attached to
serine or threonine residues). Changes in glycosyltransferase levels can lead to modifications
in the core structure of N- or O-linked glycans (15). Activation of CD4" and CD8" T cells
leads to changes in terminal N-glycan structures corresponding to an altered expression of
sialyltransferases and galactosyltransferases responsible for the synthesis of these structures
(16, 17).

CLR-triggered responses are shaped by an exquisitely controlled process integrating
signals from the activating or inhibitory function of each receptor. These complex
interactions, which regulate the quality as well as the magnitude of the ultimate response, are
critically dependent on two short, loosely conserved motifs found in the intracellular domain
of various signaling proteins. These motifs, termed immunoreceptor tyrosine-based activation
motif (ITAM) or immunoreceptor tyrosine-based inhibitory motif (ITIM), provide the basis
for two contrasting signaling elements that dictate the control of cellular activation within the
immune system. The most crucial intracellular signaling molecule in CLR signaling belongs
to the spleen tyrosine kinase (Syk)-family which operate in the proximal intracellular
signaling pathways of cells of the innate immune system. SYK is a non-receptor protein
tyrosine kinase that is widely expressed in hematopoietic cells (18, 19). CLR coupling to SYK
can be indirect through one or more copies of the ITAM, whose sequence is defined as
YxxL/1(xs-8) YXXL/I (where x denotes any amino acid), or direct via a single tyrosine-based
motif, termed hemITAM, in the cytoplasmic domains of the CLRs. It couples the activated
immunoreceptors to downstream signaling events that mediate diverse cellular responses,
including proliferation, differentiation, and phagocytosis. ITAM-containing CLRs include
Dectin 2, hBDCA2, mDCAR, mDCAR1, Mincle, and MDL1, while those bearing the
hemITAM domain are Dectin 1, CLEC2, DNGR1, and SIGNR3. The inhibitory pathway is
initiated through phosphorylation of the ITIMs, defined by the sequence of amino acids
I/VILISXYXXL/V (where x denotes any amino acid), and as a consequence, negatively
regulating signaling through the recruitment of phosphatases Src homology 2-containing
protein tyrosine phosphatase 1 and 2 (SHP-1 and SHP-2, respectively) (19). CLRs classified
in this group are DCIR, MICL, and Clec12b. On the other hand, there are CLRs which do not
have either ITIM or ITAM. They are generally involved in the endocytic process and facilitate
antigen presentation to T cells. CLRs which do not have ITIMs/ITAMs are MR, DEC-205,
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DC-SIGN, SIGNR1, Langerin, h(MGL, mMGL1, mMGL2, CLEC-1, DCAL-1, MCL, LOX-1,
and LSECtin (20-22).

The primary focus of this thesis is on CLRs expressed by myeloid cells (Figure 2),
which also represent CLRs with different signaling motifs: hemITAM (Dectin 1 and
SIGNR3), ITIM (DCIR, MICL, and Clec12b), and ITIM/ITAM-independent (MGL1 and
MCL).

A

o
Q& & A
080\\ @Cﬁ OQ\Q“ Q\O\, 0\00 Qo\’ Qo\’ Among the CLRs investigated in

O O O O O O O this study, the best characterized is Dectin

1 (Clec7a). Mouse Dectin 1 is expressed

© 1.1.3.1 Dectin 1

by DCs, monocytes, macrophages,
neutrophils and a subset of yo T cells (23,

24). In humans, Dectin 1 is also expressed
by the same cell subsets and, additionally,
by B cells, eosinophils, and mast cells (25-

-t
=(=---)
= —--

27). Dectin 1 is the archetype of

II II hemITAM-bearing CLRs (Figure 3) (28).

Figure 2. Myeloid CLRs investigated in this thesis. . . L
Dectin 1 and SIGNR3 contain hemITAM, whereas Dectin 1 has an atypical CRD and binding
DCIR, MICL, and Clec12b have ITIM. MGL1 and MCL . . 1l :
neither have ITAM ror [TIM. to its ligand, B-1,3-linked glucans in the

cell wall of fungi, some bacteria, and
plants, is Ca**-independent (29, 30). Additionally, Dectin 1 can recognize unidentified
endogenous T cell and mycobacterial ligands (31). Upon binding to its ligands, Dectin 1
activates a range of cellular responses including phagocytosis, reactive oxygen species (ROS)
production and cytokine secretion via multiple signaling pathways. The most prominent
Dectin 1 signaling pathway is the Syk-Caspase recruitment domain-containing protein 9
(CARD9) pathway, which leads to the activation of the canonical NFkB subunits, c-Rel and
p65, and, subsequently, the production of pro-IL-1p, IL-6, IL-10, IL-23 and TNF-a (32).
Dectin 1 can also activate the non-canonical NFkB subunit RelB in a NIK-dependent
pathway, a feature unique to itself (33). This pathway directs the modulation of cytokine
production via the development of inactive RelB-p65 dimers, which are important for
inducing Ty1/Tw17 cytokine profiles through increased expression of cytokines IL-1p and IL-
12p40, and the modulation of NF-kB gene transcription, thereby reducing IL-1p and IL-
12p40, while increasing the expression of CCL17 and CCL22 (17). Dectin 1 also activates the
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kinase Raf-1, independent of Syk signaling, which regulates NFxB gene expression. The
activation of Raf-1 results in an increase in p65 transcriptional activity and reduction of RelB
activity through the formation of inactive RelB-p65 dimers. Syk-dependent Dectin 1 signaling
activates the NLRP3 inflammasome by ROS mediation which leads to the production of
bioactive IL-1B (34, 35). Inflammasome activation by Dectin 1 might play a role in the
balance between tolerance to commensal flora and inflammation at mucosal surfaces as
demonstrated by investigating the invasion of Candida albicans (36). Additionally, through
the Ca**-mediated NFAT pathway, Dectin 1 can induce the production of IL-2 and IL-10 by
macrophages and DCs stimulated with C. albicans or zymosan, a fungal particle found in

Saccharomyces cerevisiae (37).

1.1.3.2 SIGNR3
DC-specific  ICAM3-grabbing
nonintegrin (DC-SIGN) is an adhesion

Dectin-1

molecule that facilitates attachment of T
cells to DCs and was identified as a

pathogen-binding receptor (38). DC-

SIGN mediates adhesion with T cells by

fNIK:

[NFg ] ; acting to stabilize the contact region

between DCs and T cells (39). It
A}és ~ / captures HIV-1 by binding to the HIV-1
p 1p pot1p envelope glycoprotein  gp120 and
— /;5”’}%;6 _— facilitates its transport to T cells (40).

SIGNR3 is one mouse

Figure 3. Dectin 1 as a model hemITAM-coupled homologue that closely resembles the
receptor. Upon activation of Dectin 1 by ligand
recognition, Syk is recruited through a phosphotyrosine human DC-SIGN. Both SIGNR3 and

residue in the hemITAM motif. Syk stimulates ROS
production and leads to the activation of the NALP3 ~DC-SIGN are expressed by monocytes,

inflammasome, and consequently, to the processing of pro- P
IL-1B. Syk is also involved in the activation of NF-«xB at DCs, and macrophages (41). Similar to

different levels. Dectin 1 activation also precedes Syk- DC-SIGN. SIGNR3 binds to high
independent activation of Raf-1, resulting in acetylation of '

p65/p50 and modulation of NF-kB. Figure taken from (43).  mannose and fucose-terminated glycans.
As in the case with Dectin 1, SIGNR3 signaling is dependent on Syk and on the tyrosine
residue in the YxxL motif, that it is proposed that SIGNR3 possesses hemITAM (42).

Additionally, it can mediate endocytosis and degradation of glycoprotein ligands (38).
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1.1.3.3 Dendritic cell immunoreceptor (DCIR)

ool Dendritic cell immunoreceptor

. Q O ? (DCIR, Clec4a) signaling is mediated

through ITIM (Figure 4) and it is mainly

JL U F P! expressed by DCs, but also by

,_7:_: P .L /\g‘ @Pi macrophages, monocytes, and B cells (43,

p65 | pso

\« . neutrophils

IL-12p40

IFN-a

mouse which are also expressed by the
same cell types and, additionally, by
(43, 45). In
rheumatoid models, DCIR-deficient mice

murine

Figure 4. DCIR/DCIR1 as model ITIM-bearing CLRs.
Phosphorylation of the tyrosine in the ITIM allows for
binding of SHP-1 and SHP-2 phosphatases. ITIM
signaling inhibits signals that are activated by ITAM.
Figure taken from (43).

exhibited increased numbers of DCs and
developed autoimmunity (46). Human
DCIR was found to be involved in CD8"
T cell cross-priming in the spleen (47) and was exploited for DC targeting using DCIR-
specific antibodies (48). Ligands for DCIR have not yet been identified. One of the possible
roles of mouse DCIR is to regulate DC expansion, and hence, maintaining homeostasis, as
demonstrated by the high degree of STAT5 phosphorylation as a result of cultivation in GM-
CSF among bone marrow-derived DCs from DCIR1” mice (46). ITIM signaling essentially
inhibits signaling induced by ITAM. The phosphotyrosine residue present in the human DCIR
ITIM associates with phosphorylated SHP-1 and nonphosphorylated SHP-2 (49). In addition,
DCIR inhibits B cell receptor (BCR) signaling after coligation of BCR and a chimeric Fcy
receptor 11B containing the cytoplasmic portion of DCIR (44).

1.1.3.4 Myeloid inhibitory C-type lectin (MICL)

Human myeloid inhibitory C-type lectin receptor (MICL, Clec12a, DCAL-2, KLRL-1,
CLL-1) is predominantly expressed by granulocytes, monocytes, macrophages and DCs (50-
52). Mouse MICL is expressed by the same cell subsets and also by B cells, T cells in
peripheral blood, and NK cells in the bone marrow (53, 54). It recognizes an endogenous
ligand present in the bone marrow, thymus, heart, spleen, and kidney which suggests that it
plays a role in homeostasis (54). It contains an ITIM which can inhibit cell activation and is
capable of recruiting SHP-1 and SHP-2, but not SHIP-1 (50, 51).
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1.1.3.5 Clecl2b

Clec12b, which belongs to the Dectin 1 cluster, is a poorly characterized CLR. It is
broadly expressed by cells of myeloid and lymphocyte lineage (55). It contains an ITIM and
its inhibiting capacity is demonstrated via recruitment of the phosphatases SHP-1 and SHP-2
(56). This characteristic suggests that it might be capable of suppressing the activity of
monocyte-derived cells in inflammation and the identity of its ligand would elucidate its
biological role. However, no ligand has yet been identified.

1.1.3.6 Macrophage galactose-like lectin (MGL)

The human macrophage galactose-like lectin (MGL) is expressed by DCs and
macrophages (57, 58) and it has neither ITAM nor ITIM (42). Its CRD recognizes N-
acetylgalactosamine (GalNAc, Tn) residues on glycoproteins and glycolipids (59). MGL
recognizes antigens from different pathogens (60-63) and is involved in the maintenance of
homeostasis (64). In cancer, MGL has been shown to play a role in enabling DCs to sense
glycosylation (65) and in recognizing tumor-associated glycoproteins (66). There are two
murine homologues of MGL, MGL1 and MGL2 (67, 68) which are also expressed by the
same cell types as the human MGL (69). MGL1 is highly specific for Lewis X and Lewis A
structures, while MGL2, similar to human MGL, binds to GalNAc and additionally to
galactose (70). MGL1 was demonstrated to be engaged in immune regulation (71), tumor
recognition (72, 73), and apoptotic cell removal during embryogenesis (74, 75). Nevertheless,
the mechanism and signaling pathways underlying MGL1 involvement are still to be
elucidated. On the other hand, MGL2 promotes both MHC-1 and MHC-I1 antigen presentation
in DCs (76).

1.1.3.7 Macrophage-restricted C-type lectin (MCL)

Macrophage-restricted C-type lectin (MCL, Clec4d, Clecsf8), a member of the Dectin
2 CLR cluster, is primarily expressed by neutrophils and monocytes in both human and
mouse. Similar to MGL, MCL does not contain ITIM or ITAM. Unlike the other CLRs which
contain the conserved residues necessary for carbohydrate interactions, MCL only possesses
the residues required for Ca®* coordination but not the amino acid triplet motif, EPN, that is
generally associated with carbohydrate recognition and binding (20). Nonetheless, no
carbohydrate ligand has yet been identified to bind to MCL. It is also not known whether

MCL is associated with any adaptor molecule. However, it was reported to play a role in
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stimulating cellular activation through its capability to induce phagocytosis, cytokine

production, and respiratory burst (77).

1.2 Lectin targeting

Carbohydrates play an important role in many biological systems by virtue of the
lectins which recognize them. Carbohydrate-lectin interactions are involved in expansively
diverse biological processes which include embryonic development, intracellular trafficking,
cell-cell recognition, cell activation, cell adhesion, cell homing, endocytosis, phagocytosis,
inflammation, tumor cell metastasis, and apoptosis (78). Targeting of lectins through the use
of their ligands can be employed to induce an immune response. This strategy has been found
to be lucrative in understanding the role of carbohydrate-lectin interactions. It sheds light into
the influence of such interactions in mediating signaling and antigen delivery, in
understanding the role of lectins, and more interestingly, in surveying the potential of lectins

in immunotherapy.

1.2.1 Multivalency in carbohydrate ligand presentation

One main drawback for investigating carbohydrate-lectin interactions is the weak
affinity of the binding which will require enhanced tools to analyze carbohydrate-lectin
interplay. Carbohydrate-lectin interactions are relatively weak with dissociation constants
often in the micromolar to millimolar range. While affinity pertains to the apparent binding of
the ligand to its lectin, avidity is used to take into account multivalent interactions. Detection
and read-out of binding can be improved by multivalent probes since they amplify the weak
interactions and reinforce the potency of carbohydrate ligands.

Detailed investigation of multivalent carbohydrate—protein interactions has gained
increasing interest in glycosciences and thus a great deal of research has been devoted to the
design and synthesis of chemical tools, such as multivalent glycan presentation of various
architectures (Figure 5). These multivalent carbohydrate-based tools come in different
architectures such as quantum dots, dendrimers, polymers, liposomes, and other types of
nanoparticles as well as carbohydrates built on templates of cyclodextrin (Cd) and calixarene
(79-82), and possess unique properties, e.g. autofluorescence or self-assembly capabilities.
These multivalent probes can be functionalized with carbohydrates with principal
consideration on valency, the spatial arrangement of the target lectin’s multiple binding sites,
and the response to external stimuli. With these devices in hand, a number of assays and

biophysical methods including, but not limited to, surface plasmon resonance (SPR) (83),
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enzyme-linked lectin assays (ELLA) (84), hemagglutination inhibition assay (HIA) (85) and
isothermal titration calorimetry (ITC) (86) can be utilized to probe carbohydrate—lectin
interactions. It is known that the binding affinity of a ligand to the lectin is influenced by
factors such as size, spatial assembly and/or valency of the ligands. Additionally, it is
important to optimize the presentation of the sugar ligand(s) to further understand the

mechanistic details of a specific binding event and to enhance the affinity of binding.

o 0

Scaffold Scaffold

R

Figure 5. Representative architectural templates of multivalent carbohydrate structures. The scaffold
represents the carrier system (e.g. liposomes, quantum dots). It can also bear dyes or tags which are used to
enable tracking of the whole structure or for immobilization, depending on the method used to examine the
interaction. Grey balls represent carbohydrates.

1.2.2 Targeting lectins for induction of immune response

Carbohydrate-based therapies hold great promise and glycan binding receptors have
been targeted for cell-specific drug and gene delivery (79, 87, 88). Most carbohydrate-based
targeting strategies have exploited the lectin-mediated endocytotic uptake of carbohydrate-
containing drug delivery systems. Specific binding of isolated and synthetic carbohydrates to
endogeneous lectins on cell surfaces resulted in cell-specific binding and uptake (89). Upon
internalization, the drug is then released from the carrier to target a specific subcellular
organelle and foster a biological activity (90). Several endogenous ligands have been
employed to study the design and development of carbohydrate-based delivery systems,
namely the asialoglycoprotein receptor (ASGPR) (90-92), galectins (galectin 1, galectin 3)
(93, 94), selectins (E-selectin, L-selectin) (95, 96), mannose receptor (MR, mannose-binding
protein (MBP)) (97), and hyaluronic acid receptors (CD44, receptor for hyaluronan-mediated
motility (RHAMM)) (98).

ASGPR is a CLR that is a particularly attractive target for liver-specific drug delivery
since it is expressed exclusively on parenchymal hepatocytes (91). It is the most widely used
in targeting studies as it serves as the prototype of CLRs. The main function of ASGPR is to

maintain homeostasis of serum glycoprotein levels by binding and uptake of desialylated
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(galactosyl-terminated) glycoproteins (99). Human ASGPR consists of two subunits, H1 and
H2. The H1 subunit mediates Ca®*-dependent galactose/GalNAc recognition whereas the H2
subunit is responsible for functional configuration (100). Recent studies describe the use of
natural ASGPR ligands or synthetic ligands with galactosylated cholesterol, glycolipids, or
polymers (101-103). Specific targeting of hepatocytes has enabled gene delivery (104), for
example using galactosylated DNA lipid nanocapsules as the vector (105). Binding of
galactose and GalNAc to ASGPR strongly depends on the valency of the ligands with a
binding hierarchy increasing from monoantennary to tetraantennary ligands (106). It is also
known that ASGPR exhibits a 10-50 fold higher affinity to GaINAc compared to galactose
residues (107). Furthermore, the distance between the terminal galactose/GalNAc residues is
important for optimal spatial orientation resulting in maximal binding to the heterooligomeric
ASGPR (81). The other CLR which is also exploited for targeting is MR. MR is a
transmembrane CLR which contains eight CRDs. Surface-bound MR is highly expressed by
DCs as well as macrophages and hepatic endothelial cells. It is involved in mediating
endocytosis and processing of glycoprotein antigens that expose mannose and fucose residues,
for presentation of antigen-derived peptides by MHC-II molecules. Drug delivery systems
targeting MR may have therapeutic application in macrophage-mediated diseases. MR-
mediated interactions have been extensively studied using different mannose-functionalized
delivery systems such as liposomes and nanoparticles to deliver drugs, immunomodulators, or

oligonucleotides to macrophages via MR-mediated interactions (97, 108).

1.2.3 Targeting CLRs on DCs

The intrinsic facility of DCs to recognize and take up antigens confers a valuable tool
for targeted delivery of antigens. Additionally, the strategy can be carefully designed as to
enable a restricted MHC-1 or MHC-11 presentation. For MHC-I presentation, antigens or DNA
constructs encoding antigens are directly delivered into the cytosol. On the other hand,
targeting of antigens to DC via its surface receptors will result in MHC-I1 presentation (109).
Still, it is feasible to deliver these antigens to the MHC-I pathway via cross-presentation (109,
110).

Targeting CLRs on DCs has also been studied to exploit the potential influence CLRs
have on the induction of immunity or tolerance (111). The most widely used strategy is the
use of antibodies to target CLRs. Antigens attached to antibodies are used as a tool with the
advantage that the antibodies are very specific towards their respective CLR. DEC-205 has

been the most probed CLR and numerous studies have outlined its use in targeting of antigens
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to human DCs (111-113). Targeting of antigens to the DEC-205 receptor increased the
efficiency of T cell activation upon vaccination (114). Ligands highly specific for MR elicited
an enhanced humoral response and T cell immunity both in vitro and in vivo when
administered in combination with endotoxins (115). Targeting MICL on DCs to deliver an
antigen was found to be an effective strategy to foster humoral responses (53). Specific
delivery of antigens to Clec9a using ovalbumin (OVA) antibody conjugates developed potent
humoral immunity, CD4" T cell proliferation, and cross-presentation to T cells (116-118).
Targeting DCIR using anti-DCIR2 antibody on human plasmacytoid DCs resulted in more
efficient antigen presentation and impeded with IFN-y production (119). Nevertheless, the use
of antibodies to target CLRs has posed issues in terms of tissue penetration, which is hindered
because of the antibody’s bulkiness, as well as Fc receptor binding, which can be induced by
the Fc part (111). In order to circumvent the problems posed by the size of antibodies, the
smaller single chain Fv antibody (scFv) has been used as an alternative. Targeting DEC-205
using scFv was found to enhance antigen presentation as well as T cell responses (113, 120).
Additionally, murine antibodies also incur the disadvantages of having a short half-life in
serum and the ability to trigger unwanted anti-antibody immune responses (121). Humanized
antibodies were developed to address these shortcomings. Humanized antibodies consist of
the variable domains of a rodent antibody attached to the constant fragments of human
antibodies or in a more sophisticated design, the antigen-binding loops of the rodent antibody
are incorporated into a human antibody (122). The latter strategy was applied to generate
humanized anti-DC-SIGN to target DCs and naive and recall T cell responses were effectively
induced (123). Targeting of CLRs has also been shown to induce tolerance. Delivery of type 1
diabetes antigen to DEC-205 has resulted in tolerance of reactive CD8" T cells in diabetic
NOD mice (124). In another study, Ty proliferation was boosted upon targeting CD8a cells
by anti-DCIR antibodies (125).

Targeting CLRs using their carbohydrate ligands has also been surveyed since this
approach affords the means to overcome the problems prompted by the use of antibodies
(111). Antigens can be modified with carbohydrate ligands instead of antibodies to target
CLRs. This provides insight into the role of CLRs in mediating signaling upon encountering
antigens in physiological conditions. Moreover, some CLRs bind to the same carbohydrate
which can enable targeting of multiple CLRs at the same time. Nanoparticles have also been
used as targeting carriers systems. One notable advantage that nanoparticles have is the
versatility in their sizes which can take advantage of the mechanisms of endocytosis that

direct their entry into DCs. Protein antigen functionalized on particles of 1-5 um is cross-
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presented at significantly higher levels compared with soluble protein (126).
Macropinocytosis is employed to internalize smaller solutes such as macromolecules and
particularly small nanoparticles (<50 nm) (127); whereas phagocytosis takes place to allow
entry for larger nanoparticles (>500 nm) (128). These carriers can deliver antigens to DCs by
the natural propensity for DCs to take up matter or by directly targeting CLR ligands (129).
Thus, CLRs are promising targets for multivalent presentations of carbohydrate ligand for

immune modulation.

1.3 CLRs in infection

CLRs have been found to interact with microbial pathogens and although some of
these interactions do not influence the immune response directed towards the pathogen, still a
considerable number have been implicated to orchestrate innate responses to microbial
pathogens. The CLRs DCIR, Dectin 1, Dectin 2, MR, DC-SIGN, the mouse homologs of DC-
SIGN (SIGNR1 and SIGNR3), and Mincle are not only involved in serum glycoprotein
homeostasis, cellular trafficking and DC-T cell interaction, but also recognize a number of
microorganisms that exploit these interactions to generate immune induction, suppression, or
deviation in the infected host (42, 130).

DCIR plays a protective role by reducing the inflammatory response induced by the
mosquito-born Chikungunya virus (131). It also binds to the human immunodeficiency virus 1
(HIV-1) resulting in viral proliferation thereby promoting infection (132). SIGNR3 has been
identified to bind to the virus HIV-1 envelope glycoprotein gp120 (40). DC-SIGN is utilized
by HIV-1 to escape immunosurveillance and to promote its survival by hiding within DCs and
by reducing their antigen-presenting capacities (40, 133), which is also the case for the
bacterium Mycobacterium tuberculosis upon targeting DC-SIGN and MR (134-136).
Additionally, DC-SIGN interacts with M. tuberculosis bacilli and its mycobacterial surface
glycan, mannosylated lipoarabinomannan (ManLam), to induce the production of pro-
inflammatory cytokine TNF-a (137). M. tuberculosis is also recognized by Dectin 1 and
Mincle, but unlike the interaction between the bacteria and DC-SIGN or MR, the host is not
exploited by the pathogen. Dectin 1 is not required for host defense against M. tuberculosis
(138), and it is mainly Mincle which induces a CARD9-dependent protection against M.
tuberculosis (139, 140). Binding of Helicobacter pylori to DC-SIGN blocks skewing of the
naive T cells towards Tyl cells, preventing H. pylori from being eliminated by the host
immune response (141). Fungal pathogens such as C. albicans are recognized by CLRs Dectin
1, Dectin 2, MR, DC-SIGN, SIGNR1, and Mincle. More importantly, the initiation of the
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innate response to Candida infection is regulated by CARD9 by controlling the signaling of
Dectin 1, the receptor for recognizing p-1,3-glucans in cell walls in nearly all fungi, a process
which is independent of TLR signaling pathways (142). Furthermore, mice deficient in Dectin
1 were shown to be more susceptible to chemically induced colitis as a result of altered
immunity to commensal fungi in the gut (143). These studies demonstrate the key role that
CLRs play to employ a versatile system in order to initiate varied outcomes during infections.

Such a role is not only evident in viral, bacterial, and fungal interactions, but in
parasitic recognition as well (144). MR participates in the recognition of different Leishmania
species (donovani and amazonensis) and its expression is up-regulated during the initial stages
of infection (145, 146). MGL1 and MGL2 were found to be novel markers for type Il
cytokine dependent alternatively activated macrophages in the chronic stage of infection with
Trypanosoma brucei (147). On the other hand, the interaction of MR with T. cruzi is a
mechanism exploited by the parasite to evade the immune response (148). In murine malaria
infection, Clec9a'DCs were demonstrated to mediate the development of cerebral malaria.
Ablation of Clec9a’DCs resulted in complete resistance to the symptom and reduction of
CD8" T cell sequestration, and its activated phenotype, in the brain (149). The helminth
Schistosoma mansoni interacts with DC-SIGN and thereby causes a shift towards a T2
response, which is crucial for the persistence of this pathogen (60). Binding of MR to the
glycosylated excretory/secretory materials released by the schistosome larvae, a process
crucial for the infection of the host, modulates the production of IFN-y by CD4" T cells (150).
Hence, these studies indicate the importance of CLRs in innate immunity during microbial

infections.

1.4 Malaria

Malaria is one of the main global causes of death from infectious diseases, resulting in
more than 200 million clinical cases and 655,000 deaths per year with 86% of those infected
are children below three years of age (151). It is caused by parasites classified under the
protozoan genus Plasmodium. Humans can be infected with any of the following species: P.
falciparum, P. vivax, P. ovale, P. knowlsei, and P. malariae. The parasite is primarily
transmitted through the bite of an infected female Anopheles mosquito injecting sporozoites
which then migrate into the liver. Infection can also occur through blood transfusion and
congenital transmission. During the asymptomatic pre-blood phase inside the parenchymal
hepatocytes, the sporozoites undergo a transformation which gives rise to thousands of

merozoites. Budding of merozoite-filled vesicles with cell membranes derived from
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hepatocytes, termed merosomes, allow for the migration of parasites into the bloodstream
(152). Mature merozoites are released into the bloodstream wherein they infect red blood cells
(RBCs) and initiate the blood stage. The infecting merozoite forms a vacuole and changes into
a uninucleated ring form whereupon maturation, divides into a multinucleated schizont. Upon
schizont rupture, merozoites are yet again released into the bloodstream and infect naive
RBCs. Additionally in P. falciparum infection, parasitized RBCs (pRBCs) adhere to the
endothelium and the placenta to evade clearance of pRBCs by the spleen (153). During the
blood stage, a fraction of merozoites will develop into gametocytes which will be taken up by
the Anopheles mosquitoes, clinching the sexual stage of the Plasmodium life cycle (Figure 6)
(154). The pathology of malaria is exclusively due to the blood stage. Symptoms usually
occur within 10-15 days after infection. The majority of patients experience fever, chills,
headaches, and diaphoresis. Other symptoms include dizziness, nausea, abdominal pain,
vomiting, mild diarrhea, and dry cough (155).
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Figure 6. The Plasmodium life cycle. The events leading up to the formation of gametocytes shape the severity
of malaria. The Anopheles mosquito injects sporozoites into the host transmitted through the blood to the liver
where they invade hepatocytes. The sporozoites are transformed into merozoites which then mature into
schizonts. Merosomes facilitate passage of merozoites into the bloodstream. Thus far, the infection is non-
pathogenic and clinically silent. The schizonts rupture releasing merozoites which infect naive RBCs. The
pathology of the disease occurs during the blood stage. In P. falciparum infection, parasitized RBCs infected
with P. falciparum binds to the endothelium or placenta to escape spleen-dependent clearance. Figure taken from
(153).
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1.4.1 Severe malaria

The vast majority of severe malaria cases and deaths are caused by P. falciparum,
which is endemic mainly in sub-Saharan Africa and in tropical regions of the world. P. vivax
and P. ovale also induce severe symptoms, but the cases are rare. Severe pathology results in
grave complications, debilitating relapses, and even death (156, 157). The World Health
Organization (WHO) laid out the criteria for severe malaria based on clinical and
epidemiological studies. The major symptoms of severe malaria include cerebral malaria
(CM), severe anemia, pulmonary edema, metabolic acidosis, hypoglycemia, acute renal
failure, and impaired circulation (153). Patients can exhibit one or more of these symptoms,
which can develop rapidly and can lead to death within mere hours or days.

CM is the most acute manifestation of severe malaria which occurs from infection
with P. falciparum. The fatality rate ranges from 9% among children in Africa to 15% in
adults in Southeast Asia (158, 159). Metabolic acidosis conveys a higher risk of death,
nonetheless, CM accounts for a significant proportion of mortality, and even for those who
survive, there is still a high likelihood that they suffer from neurological defects. CM involves
heightened encephalopathy characterized by impaired consciousness with fever, convulsions
with neurological consequences, and eventually an unrousable coma. The common feature is
vascular sequestration of infected erythrocytes into the brain, though perivascular
hemorrhages and immune cell infiltration within brain micro-vessels are also fairly observed
(160, 161). If left untreated, CM is fatal within 24-74 hours upon the onset of the symptoms
(162).

1.4.2 Murine models of malaria

Information on the pathogenesis of severe malaria cannot be solely discerned from
clinical studies. An investigation that is limited to pre-mortem studies in patients cannot meet
the challenges that abound as Plasmodium species have developed sophisticated strategies to
avert the immune response of the host. A detailed investigation into the pathogenesis using
human subjects is to a large extent not ethically, financially, and practically possible (163).
Furthermore, in vitro studies also have limitations particularly in interpreting the
characteristics of the host immune cells. Animal models for investigating the pathogenesis
caused by malaria infection are useful because these allow for a careful scrutiny of specific
processes through the range and degree of methodical findings provided by the use of animals.
In so doing, it is important to choose the particular experimental animal with the appropriate

Plasmodium species which mimics the specific human disease pattern (164). The significant
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advantage of using murine models is that there are four Plasmodium species which can be
used namely P. yoelii, P. chabaudi, P. vinckei, and P. berghei with different strains each of
which demonstrates varying pathogenicity. Moreover, inbred and congenic mouse strains are
available with well-defined MHC haplotypes as well as an immune system bearing well-
defined defective components. The nonlethal strain P. yoelii 17XNL is used to survey the
immune mechanisms of protection while the lethal P. yoelii YM strain is used to test vaccine
candidates. P. chabaudi and P. vinckei strains are used to investigate immunity and
susceptibility to drugs (165).

The P. berghei ANKA (PbA) infection of mice is an established model of
experimental cerebral malaria (ECM) (165, 166). PbA infects reticulocytes and mature red
blood cells (RBCs) in C57BL/6 and CBA mice which results in the manifestation of ECM
exhibiting fatal cerebral pathology with clinical signs such as ataxia, respiratory distress, and
coma (167). Symptoms shared with its human counterpart include neurological complications
(convulsions, paralysis, and coma), loss of vascular cell integrity, congestion of microvessels
with infected erythrocytes, hemorrhages, mononuclear cell adherence to the vascular
endothelium, and pro-inflammatory cytokine expression (168). The period between infection
and onset of clinical signs occur between 5-10 days post-infection, the range of which is
attributable to the infection dose, the genetic background of the host, and the specific clone of
the parasite (167). Once the clinical signs become evident, the condition of the infected mice
deteriorates rapidly with death ensuing within 4-5 hours after the onset of the neurological
symptoms. Blood brain barrier disruption, characterized by vascular leakage involving the
cortex, cerebellum, and olfactory bulb, is observed in PbA-infected mice (169, 170) with
accumulation of pRBCs within blood vessels (171). Cognitive dysfunction, as an effect of
PbA infection, is characterized by impaired visual memory, which is directly correlated with
haemorrhage and inflammation as well as microglial activation (172). Essentially, the
accumulation of monocytes and macrophages and the activation of brain mononuclear cells,

including astrocytes and microglial cells, are considered key features of ECM (173-175).
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Figure 7. Course of events leading to the development of cerebral malaria. Malaria antigens are processed
and presented to T cells by APCs. Activated T cells produce cytokines which may enhance the events occurring
at the vasculature, increasing the permeability of the blood brain barrier and stimulate the endothelium to up-
regulate the expression of adhesion molecules such as ICAM-1. This disturbance enables the malfunctioning of
astrocytes and microglia. Astrocytes degrade due to loss of support functions. Microglia also demonstrates
changes as a result of stimulation by malarial exoantigens which enter through the compromised blood brain
barrier. The increased permeability of the blood brain barrier, loss of integrity of astrocytes and microglia, and
the secretion of damaging factors to sequestered leukocytes all contribute to the disturbance of the central
nervous system (CNS) manifested by cerebral symptoms, coma, and eventual death.

1.4.3 PRRs in cerebral malaria

Host defense to malaria infection involves multiple strategies. The role of T cells and
cytokines in the course of ECM has been intensively studied. In PbA infection of mice,
sequestration of CD8" T cells into the brain (176), accompanied by the release of the cytolytic
molecules granzyme B and perforin (177), promotes CM development. CD8" T cells also
mediate the accumulation of PbA-infected red blood cells, pRBCs. in the brain (178). ECM is
associated with high levels of pro-inflammatory cytokines (179, 180) with TNF-o and IFN-y
playing a crucial role in CM induction (181, 182). Consistently, IFN-y-producing CD4" T
cells were shown to trigger the enhanced CD8" T cell accumulation in the brain thus inducing
ECM (183). In contrast, the immune modulatory cytokine 1L-10 plays a key role in protection
against severe malaria (184).

While adaptive immunity during the course of malaria has been investigated
intensively, little is known about the role of innate immunity in CM induction. Innate

immunity is of crucial importance as a first line of defense against infections (185) with
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dendritic cells (DCs) playing a pivotal role in antigen presentation and initiation of a
protective immune response (1). A number of studies indicated that DC functions such as
maturation and the ability to cross-present malaria antigens are compromised by the
interaction with pRBCs (163, 186, 187), while other studies indicated that DCs from malaria-
infected mice were still efficient in presenting pRBC-derived antigens to CD4" T cells (188,
189). In recent years, the contribution of DC subsets to immunity but also malaria-associated
pathology has started to be unraveled (190-192). Still little is known about which PRRs
expressed by DCs are involved in host defense to malaria on the one hand and how they might
contribute to CM development on the other hand.

TLRs have been implicated to play a role in innate immunity to malaria as well as CM
development (193, 194). However, the role of TLRs in malaria is still under debate (195-197).
Besides TLRs, members of the TNF and TNF receptor superfamily were also shown to affect
the outcome of malaria infection such as the interaction of LIGHT (TNFSF14) with the
lymphotoxin 3 receptor that is involved in CM induction (198, 199). CLRs recognize specific
carbohydrate structures on the surface of pathogens and self-antigens (5, 42) and orchestrate
innate responses to a number of pathogens including bacteria, viruses, fungi, and helminths
(42). In the case of malaria, DCs expressing the CLR Clec9a are critically involved in CM
development. Ablation of Clec9a’ DCs resulted in complete resistance to ECM and reduction
of CD8" T cell sequestration in the brain (149). In another study, the role of CARD9, adaptor
protein involved in signaling of CLRs such as Dectin 1 or Dectin 2, was investigated. CARD9
deficiency did not affect CM induction indicating that CLR signaling through CARDS9 plays a
limited role in CM development (200).

1.5 Scope and limitation of the study

This thesis is aimed at using carbohydrate ligands to elucidate the role of CLRs in
immune modulation and employing animal models to study their role in infection. Known
lectin-carbohydrate interactions were initially explored as proof-of-principle investigations to
explore the effect of multivalent presentation of ligands in lectin-ligand binding as well as to
test biological assays which might may become relevant to understanding the function of
CLRs. Novel ligands of some of the CLRs pertinent to this study, namely Dectin 1, DCIR,
MCL, MICL, Clec12b, and MGL1 were identified and used in targeting CLRs on DCs in vitro
and in vivo to investigate their roles in immune modulation. This approach is directed towards
a rational strategy that will integrate tools that will bring about a comprehensive platform for

studying the potential of CLR ligands as adjuvants.
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Furthermore, the role of CLRs in murine CM was investigated and the role of one
specific CLR, the ITIM-bearing DCIR, in this process is described in detail in this thesis. To
shed light into the different effects involved by virtue of the distinct signaling motifs of CLRs,
the role of SIGNR3, a hemITAM-containing CLR, in CM is succinctly presented.
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2. Materials and Methods

2.1 Materials

2.1.1 Instruments and special implements

Analytical balance
Agarose gel system
Autoclave

Cell counter
Centrifuges

Electrophoresis system
ELISA plate reader
Elispot reader

Flow cytometer

Freezer

Gel imager (agarose gel)
Heating Block

Incubator for bacteria
Incubator for cell culture
Magnetic stirrer
Microarray printer
Fluorescent scanner

Microscopes
Microwave
Multi-pipette
Multichannel pipette
NanoQuant plate
Oven

PCR thermocycler
pH meter

Pipettes
Refrigerator
Shaker

Shaker for bacteria
Spectrophotometer

Sterile bench

Surface plasmon resonance

UV table
Vortexer

Water bath
Water deionizer

Biozym, Hamburg, Germany

Laboclav, steriltechnik AG, Detzel Schloss, Germany
Mettler Toledo, Columbus, OH, USA

5810R & 5417R, Eppendorf, Wesseling-Berzdorf,
Germany

Biorad, Munich, Germany

Infinite M200, Tecan, Crailsheim, Germany
Bioreader 5000, BioSys, Karben, Germany

FACS Canto Il, BD Pharmingen, Heidelberg, Germany
Liebherr, Ahrensfelde, Germany

Intas GDS, Goettingen, Germany

Thermomixer Comfort, Eppendorf, Wesseling-Berzdorf,
Germany

Memmert, Schwabach, Germany

C150, Binder, Tuttlingen, Germany

MR Hei-Tec, Heidolph, Schwabach, Germany
SciFlexarrayer, Scienion, Berlin, Germany

Genepix 4300A, Molecular Devices, Sunnyvale, CA,
USA

Hund, Wilovert, Buckinghamshire, UK

Panasonic, Hamburg, Germany

Eppendorf, Wesseling-Berzdorf, Germany
Eppendorf, Wesseling-Berzdorf, Germany
NanoQuant, Maennedorf. Switzerland

Binder, Tuttlingen, Germany

C1000 Thermal Cycler, Biorad, Munich, Germany
Mettler Toledo, Columbus, OH, USA

Eppendorf, Wesseling-Berzdorf, Germany

Liebherr, Ahrensfelde, Germany

Neolab, Heidelberg, Germany

Infors HT Multitron, Basel, Switzerland
Spectrometer Ultraspec63, GE Healthcare, Uppsala,
Sweden

Herasafe KS, Thermo Scientific, Bonn, Germany
Biacore T100, GE Healthcare, Uppsala, Sweden

Intas UV System, Goettingen, Germany

Vortex Gene, Scientific Industries, Bohemia, NY, USA
Memmert, Schwabach, Germany

Integra UV Plus, Neolab, Heidelberg, Germany
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2.1.2 Consumables

Amicon® Ultra-4 Centrifugal Filters Millipore, Bedford, MA, USA

Bioreactors

Cell culture flasks

Cell culture plates

Cell strainer (40 pum)
Centricon® Centrifugal Filters
CM5 chip

Combitips

Cryotubes

ELISA plates

Elispot plates

FACS tubes

Falcon tubes
Epoxy-derivatized glass slides
HiTrap Protein G column
Microscope slide
Needles

Nitrocellulose membrane
Pasteur pipettes

Petri dishes

Pipettes

Sterile flasks

Sterile filters

Sterile pipettes

Syringes

Eppendorf tubes

2.1.3 Chemicals

CELLine 350, Integra Biosciences, Zizers, Switzerland
Corning, Corning, NY, USA

Corning, Corning, NY, USA

Thermo Scientific, Waltham, MA, USA
Millipore, Bedford, MA, USA

GE Healthcare, Uppsala, Sweden
Eppendorf, Wesseling-Berzdorf, Germany
Corning, Corning, NY, USA

Greiner, Frickenhausen, Germany
Millipore, Bedford, MA, USA

Sarstedt, Nuremburg, Germany

Corning, Corning, NY, USA

Scienion, Berlin, Germany

GE Healthcare, Uppsala, Sweden
Sarstedt, Nuremburg, Germany

B. Braun, Melsungen, Germany

Biorad, Munich, Germany

Roth, Karlsruhe, Germany

Corning, Corning, NY, USA

Corning, Corning, NY, USA

Corning, Corning, NY, USA

Roth, Karlsruhe, Germany

Corning, Corning, NY, USA

B. Braun, Melsungen, Germany
Eppendorf, Wesseling-Berzdorf, Germany

All chemicals used in this study were acquired from the following companies: Sigma-

Aldrich (Munich, Germany) and Roth (Karlsruhe, Germany). Chemicals used for SPR studies

were purchased from GE Healthcare (Uppsala, Sweden).

2.1.4 Bacterial strain, cell lines, mouse strains, and parasite strain

Bacterial strain
E. coli DH5-a

Cell lines

CHO (CCL-61)
HepG2
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Mice strains
Balb/c

C57BL/6
DCIR”

SIGNR3”
OT-1I transgenic

Parasite strain

Plasmodium berghei ANKA (MRA-311)

Charles River, Sulzfeld, Germany; Max Planck Institute

for Infection Biology, Berlin, Germany

Charles River, Sulzfeld, Germany; Max Planck Institute

for Infection Biology, Berlin, Germany
Consortium for Functional Glycomics
Consortium for Functional Glycomics

Max Planck Institute for Infection Biology, Berlin,

Germany

MR4/ATCC. Manassas, VA, USA

2.1.5 Materials for molecular biology and biochemistry methods

2.1.5.1 Antibodies, enzymes, reagents, kits and supplements

Antibodies

Annexin V-FITC

Goat anti-human IgG-HRP

Goat anti-human IgG-PE

Goat anti-mouse 1gG (H+L)
Mouse anti-human 1gG1-AF488
Rabbit polyclonal anti-human CD3
Rabbit polyclonal anti-granzyme B
Rat anti-mouse CD4-FITC

Rat anti-mouse CD8-APC-H7

Rat anti-mouse CD16/32

Rat anti-mouse CD19-FITC

Rat anti-mouse CD31

Rat anti-mouse CD62L-PE

Rat anti-mouse CD69-PerCP-Cy5.5
Rat anti-mouse IFN-y-APC

Rat anti-mouse IFN-y (capture)
Rat anti-mouse IFN-y (detection)
Rat anti-mouse IL-2 (capture)

Rat anti-mouse IL-2 (detection)
Rat anti-mouse IL-4 (capture)

Rat anti-mouse IL-4 (detection)
Rat anti-mouse TNF-a-AF488

eBioscience, Frankfurt, Germany
Dianova, Hamburg, Germany

BD Pharmingen, Heidelberg, Germany
DAKO, Hamburg, Germany
Invitrogen, Carlsbad, CA, USA
DAKO, Hamburg, Germany

Abcam, Cambridge, MA, USA
eBioscience, Frankfurt, Germany

BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
Dianova, Hamburg, Germany

BD Pharmingen, Heidelberg, Germany
eBioscience, Frankfurt, Germany

BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
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Enzymes

AMYV Reverse Transcriptase
Bglll

EcoR1-HF

Ncol

T4 DNA Ligase

Taq DNA Polymerase

Reagents, kits and supplements

ABTS

Acrylamide/bis-acrylamide (29:1)
Agar

Agarose

Amicon centrifugal filters
Ammonium persulfate (APS)
Annexin V Apoptosis Detection Kit
Avidin-HRP

BSA

Coomassie Protein Assay

Cytometric Bead Assay (CBA; murine IFN-y,
TNF-a, IL-10, IL-6, IL-12p70, IL-4)
DNA molecular weight ladder (100 bp)
dNTPs

DTT

ECL Western Blot Detection Reagent
Ethidium bromide

OligoDT primer

OVA

OVA3*#3% pantide

LPS

Milk powder

Murine 1L-12p40 and IL-2 ELISA Kit
PCR cloning kit

Plasmid miniprep kit

Protein G columns

Protein molecular weight ladder
Reverse Transcriptase 10x buffer
RNAsiIn

QIAEX gel extraction kit
Streptavidin-HRP
Sulfo-NHS-LC-biotin reagent

Tag DNA Polymerase 10 buffer
TEMED

Tissue freezing medium

TRI Reagent®

Tween-20

X-gal

Yeast extract

Zeocin

NEB, Ipswich, MA, USA
NEB, Ipswich, MA, USA
NEB, Ipswich, MA, USA
NEB, Ipswich, MA, USA
Promega, Madison, WI, USA
Promega, Madison, W1, USA

AppliChem, Darmstadt
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Biomol, Hamburg, Germany
Millipore, Bedford, MA, USA
Sigma-Aldrich, St. Louis, MO, USA
BD Pharmingen, Heidelberg, Germany
PeproTech, Rocky Hill, NJ, USA
Biomol, Hamburg, Germany
Biorad, Munich, Germany

BD Bioscience, San Jose, CA, USA

Fermentas, St. Leon-Rot, Germany
Promega, Madison, W1, USA
Promega, Madison, WI, USA
Biorad, Munich, Germany
Sigma-Aldrich, St. Louis, MO, USA
Biorad, Munich, Germany
Innovagen, Lund, Sweden
Innovagen, Lund, Sweden
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
PeproTech, Rocky Hill, NJ, USA
Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

GE Healthcare, Uppsala, Sweden
NEB, Ipswich, MA, USA

Promega, Madison, W1, USA
Promega, Madison, W1, USA
Qiagen, Hilden, Germany
PeproTech, Rocky Hill, NJ, USA
Thermo Scientific, Waltham, MA, USA
Promega, Madison, W1, USA
Sigma-Aldrich, St. Louis, MO, USA
Leica Biosystems, Wetzlar, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Promega, Madison, W1, USA
Sigma-Aldrich, St. Louis, MO, USA
Invitrogen, Carlsbad, CA, USA
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2.1.5.2 Buffers and supplements

Stock solutions

Ampicillin in water
Kanamycin in water
X-gal stock solution in dimethylformamide (toxic)

Ammonium persulfate (APS)
10% in H,0

Binding buffer (Protein G column)

20 mM sodium phosphate, pH 7.0

Blocking buffer (Western Blot)
5% milk powder in PBS

Blocking buffer (Glycan Array)

10mM HEPES (11.9 g)

1mM MgClI; (5 mL from 1M MgCl,)
1mM CaCl; (5 mL from 1M CaCl,)
2% BSA (1gG free)

In 500 ml water

Elution buffer (Protein G column)
0.1 M Glycine-HCI, pH 2.7

LB (Luria Bertani)

10 g Tryptone

5 g Yeast extract

10 NacCl

in 1 L water, pH 7.0

LB low salt

10 g Tryptone

5 g Yeast extract

5 g NaCl

in 1 L water, pH 7.5

100 mg/ml
30 mg/ml
40 mg/ml
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Lectin buffer (Glycan array)

10mM HEPES (11.9 g)

1mM MgClI;, (5 mL from 1M MgCl,)
1mM CaCl;, (5 mL from 1M CacCl,)
In 500 ml water

SOB (- glucose)

0.5 % Yeast extract
2% Tryptone

10 mM NacCl

10 mM MgCl,

2.5 mM KCI

10 mM MgSO4

in 1 L water

SOC (+ glucose)

SOB
20 mM Glucose

10x TBE

0.89 M Tris base
0.89 M boric acid
20 mM Na,EDTA-2H,0

10x TBS

24 g Tris-HCI

5.6 g Tris base

88 g NaCl

in 1L water, pH 7.6

10x Transferring/Blotting buffer (Western Blot)

144 g glycine
30.3 g Tris base
In H20 up to 1 L water

TBST

25 ml 10X TBST
500 pl Tween 20
in 250 ml water
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TBST with milk

7.5 g milk

12 ml 10X TBST
300 pl Tween 20
in 250 ml water

2.1.5.3 Vectors and primers

Vectors
pDrive cloning vector Invivogen, Toulouse, France
pFuse-hlgG1-Fc2 vector Invivogen, Toulouse, France
Primers

All primers were obtained from MWG (Ebersberg, Germany).

CLR primers:

DCIR: Forward 5’-GAATTCGCTACTTCTCCTGCTGCTGG-3’
Reverse 5’-AGATCTTCCAGTCTTCCAACGGTAAA-3’

Clec12b: Forward 5’-ACTTTCTCCTAGGATGTCTG-3’
Reverse 5’-GCATGGGTTTGCAATAGGTC-3’

Dectin 1: Forward 5’-GAATTCTTCAGGGAGAAATCCAGAGG-3’
Reverse 5’-AGATCTTGAAGAAGTATTGCAGATTTGGTT-3’

MICL: Forward 5’-GAATTCTTTGGCAACAGAAATGATAA-3’
Reverse 5’-AGATCTGCCATTCAACACACTTTCCA -3°
MCL: Forward 5’-GAATTCTCATTACTTTTTACGCTGGA-3’

Reverse 5’-AGATCTACAAATCCTTCTCACCTCAAAG-3’

2.1.6 Materials for cell biology methods

2.1.6.1 Media and buffers
Solutions

DMEM (without L-glutamine and sodium pyruvate)  PAN Biotech, Aidenbach, Germany
IMDM (without L-glutamine and sodium pyruvate) PAN Biotech, Aidenbach, Germany
RPMI 1640 (without L-glutamine and sodium pyruvate)PAN Biotech, Aidenbach, Germany

10000 U/ml penicillin, 10 mg/ml streptomycin PAN Biotech, Aidenbach, Germany
200 mM stable glutamine PAN Biotech, Aidenbach, Germany
Fetal calf serum (FCS) PAN Biotech, Aidenbach, Germany

ABTS solution

0.4 mg/ml ABTS
0.03% H,0,
In 0.1 M citrate buffer, pH 4.0
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Complete DMEM

500 ml DMEM

10% FCS

1% glutamine

1% penicillin/streptomycin

Complete RPMI

500 ml RPMI 1640

10% FCS

1% glutamine

1% penicillin/streptomycin

ELISA coating buffer
NaCO3/NA;HCOg3, pH 9.4

ELISA blocking buffer
1% BSA in PBS

ELISA reagent diluent

1% BSA
0.05% Tween 20
in PBS

ELISA washing buffer
0.05% Tween 20 in PBS

Erythrocyte lysis buffer

10% 0.1 M Tris-HCI (pH 7.5)

90% 0.16 M NH.CI

FACS staining buffer

0.5% BSA
2mM EDTA
in PBS
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2.2 Methods

2.2.1 Molecular biology and biochemistry methods

2.2.1.1 mRNA extraction from eukaryotic cells

Total RNA was isolated from eukaryotic cells by a single extraction using the acid
guanidinium thiocyanate-phenol-chloroform (AGPC) mixture as described by Chomczynski
and Sacchi (201). The isolation was done, under RNase-free conditions, using the TRI

Reagent® solution following manufacturer’s instructions.

2.2.1.2 cDNA synthesis
First-strand complementary DNA was synthesized by reverse transcription in 20-pl

reaction mixtures prepared as follows:

MgCl; (25 mM) 4 ul
Reverse Transcriptase 10x buffer 2 pl
dNTP mixture (10 mM) 2 ul
RNasin 0.5 ul
AMYV Reverse Transcriptase 0.6 ul
Oligo DT primers 1l
RNA 5 pl
Nuclease-free H,O 4.9 ul

2.2.1.3 Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR) is a technique which uses thermal cycling to
amplify a specific DNA sequence. This is done by separating the two strands of DNA,
marking the location of the specific sequence with primers, and incubating with DNA
polymerase to assemble a copy alongside each segment and continuously copy the copies until
the DNA sequence is exponentially amplified (202).
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PCR was used to amplify desired DNA fragments. Thereof, a PCR reaction mix was
prepared as follows:

10x Taq DNA polymerase buffer 2.5 pl

dNTPs (10 mM) 0.5 pl

Forward primer (10 pM) 2.5 ul

Reverse primer (10 uM) 2.5 ul

cDNA template 2.0 ul

Taq DNA polymerase 0.2 ul

dH.0 up to 25 ul

The amplification was performed on a ThermoCycler using the following PCR
program:

Initial denaturation 95°C 3 min

Denaturation 95°C 30 sec | (% 35cycles)

Annealing (varies)

Elongation 72°C 1 min

Final elongation 72°C 5 min

Annealing temperatures for amplification of DCIR, Clec12b, Dectin 1, MICL, and
MCL DNA sequences were 64.3°C, 61.6°C, 65.3°C, 58.7°C, and 60.5°C, respectively.

For genotyping DCIR™ and SIGNR3”" mice, genomic DNA was obtained from the tail
biopsies of knockout, heterozygous, and wild-type mice. PCR was performed according to the

protocol as outlined in Consortium for Functional Glycomics.

2.2.1.4 Cloning into pDrive vector

The pDrive cloning vector allows for the insertion and removal of DNA and which
altogether can be stably maintained in bacterial cells for cloning. pDrive contains the enzyme
restriction sites which are compatible with the restriction enzymes used in designing the
primers encoding the extracellular regions of the CLRs. Additionally, the vector allows for
ampicillin selection and blue/white screening of inserted DNA, both of which were utilized in
this thesis. PCR products were cloned into the pDrive cloning vector according to the

manufacturer’s instructions.

2.2.1.5 DNA gel electrophoresis
Each DNA sample was mixed with loading buffer and the mixture was loaded onto

0.7% agarose gel. The electrophoresis ran for 30 minutes at 100 V using TBE as running
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buffer. Staining was done using 1 pg/ml ethidium bromide in TBE buffer for 10 minutes

followed by destaining in water for 30 minutes. The gel was imaged using the Gel imager.

2.2.1.6 DNA concentration determination
DNA concentration was measured using Nanoquant plate and subsequent

measurement was done at 260 nm with Azso/ Azgo USing the Tecan Microplate Reader.

2.2.1.7 Transformation into DH5-a competent cells

50 ng of the plasmid was added into 100 pl of thawed DH5-o competent cells. The
mixture was incubated in ice for 30 minutes. The cells were heat shocked at 42°C for 2
minutes and then rescued at 37°C for 1 hour with minimal shaking on a thermomixer. 40 ul of
X-Gal stem solution was spread on LB (50 pg/ml Amp) plates. The cells were spread on the
plates and inoculated at 37°C for 18 hours. White colonies were picked out and inoculated in
SOC media (50 pg/ml Amp) at 37°C for 16 hours with shaking.

2.2.1.8 Plasmid purification
Plasmid DNA was isolated based on the alkaline lysis method to precipitate the DNA
(203). Plasmid DNA was purified using Miniprep kit following the manufacturer’s

instructions.

2.2.1.9 Analytical digestion

Double digestion was performed using the restriction enzymes EcoRI-HF and Bglll for
DCIR, Dectin 1, MICL, MCL cloning and the vector pFuse, and Ncol and Bglll for Clec12b
cloning. The reaction was allowed to proceed at 37°C for 2 hours while shaking.

2.2.1.10 Ligation with pFuse

The CRD-containing extracellular regions of the CLRs Dectin 1, MICL, DCIR, MCL,
and Clec12b were fused with the human 1gG;-Fc2 using the expression vector pFuse. The
vector has several features; the most important are the hlgG;-Fc2, hEF1-HTLV promoter, IL2
signal sequence, and the zeocin resistance gene. The hlgG;-Fc2 contains the CH2 and CH3
domains of the hlgG; heavy chain and the hinge region. The latter works as a flexible spacer
between the two parts of the Fc fusion protein. hEF1-HTLV is a dual promoter: the
Elongation Factor-1lo (EF-1a) (204) as the core promoter and the R segment and a fragment of
the U5 sequence (R-U5’) of the Human T cell Leukemia Virus (HTLV) Type 1 Long (205).
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The EF-la promoter generates long lasting in vivo expression of a transgene, while the
coupling of R-U5’ to EF-la boosts RNA stability. The IL2 signal peptide undergoes
intracellular cleavage which promotes the secretion of the fusion protein. The Sh ble gene
from Streptoalloteichus hindustanus affords the resistance to the antibiotic zeocin which
serves as a selection marker in CHO cells after transfection.

pFuse ligation was done using T4 DNA ligase according to the manufacturer’s

instructions. The mixture was prepared as follows:

pFuse vector DNA 1l
CLR DNA gul
10x T4 DNA Ligase Buffer 2 ul
Nuclease-free water 7 ul
Ligase 1l

The mixture was allowed to incubate at RT for 10 minutes.

2.2.1.11 Protein purification

Fusion proteins were purified by running cell supernatants through HiTrap Protein G
columns according to the manufacturer’s instructions. Thereafter, the elution buffer was
exchanged with PBS. Using Amicon® Ultra-4 centrifugal filters with a membrane cutoff of 30
kDa, the eluted sample was placed on the reservoir and the tube was centrifuged at 4000 x g
for 10 minutes. The filtrate was then discarded. PBS was added to the reservoir up to the

maximum volume and the whole process was repeated twice.

2.2.1.12 Protein concentration determination
To quantify the purified proteins, the copper-based method, BCA Protein Assay as
described by Smith (206), was performed following the manufacturer’s instructions using

BSA as the standard protein.

2.2.1.13 SDS-PAGE and Western Blot

Protein samples were mixed with loading buffer, heated at 95°C for 5 minutes, and
loaded onto a 12% SDS-PAGE gel. Separated proteins in the gels were electrophoretically
transferred onto a nitrocellulose membrane at 250 mA for 1 hour. The blotted membrane was
washed twice with PBS and blocked with 5% skim milk in TBS-T for 1 hour. After washing
the membrane three times with TBST, goat anti-human 1gG-HRP, diluted 1:1000 in TBST
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was added and incubated for 1 hour. The membrane was then washed three times with TBST

followed by detection using the ECL detection system as outlined by the manufacturer.

2.2.1.14 OVA-carbohydrate conjugation

Amino-linked 1,3-lactosamine and Gb5 (synthesized by Dr. Mark Schlegel) were
conjugated to ovalbumin (OVA) using a disuccinimido adipate (DSAP) linker (Figure 8). The
DSAP linker contains an amine-reactive N-hydroxysuccinimide (NHS) ester located on both
ends of the 6-carbon spacer arm. These NHS esters can react with primary amines at pH 7-9
to form stable amide bonds (207). DSAP can be used to conjugate amino-linked synthetic
carbohydrates to primary amines in the side chain of lysine residues on the surface of the
protein. The linker was dissolved in DMSO and activated by 10 pl triethylamine.
Carbohydrates dissolved in DMSO were added dropwise and allowed to react for 1.5 hours.
250-500 pl phosphate buffer was added and the unreacted linker was removed by adding 10
ml of chloroform followed by centrifugation at 3000 x g for 3 minutes. Bound carbohydrate-
linker was pipetted from the aqueous phase and this chloroform extraction was repeated twice.
Carbohydrate-linker was incubated overnight with OVA in 250-500 ul sodium phosphate
buffer (pH 7.4). Samples were concentrated using a 10 kDa Centricon® centrifuge unit and
dissolved in either water for MALDI-TOF-MS analysis or in sterile PBS.
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Figure 8. Schematic representation of OVA-carbohydrate conjugation. Amino-linked (A) 1,3-lactosamine
and (B) Gb5 were conjugated to OVA using a DSAP linker.
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2.2.2 Biophysical methods

2.2.2.1 Carbohydrate microarray printing

Amino- and thiol-functionalized carbohydrates synthesized by former and current
members of the department (208-218), diluted in varying concentrations in 50 mM sodium
phosphate, were printed at approximately 1.2 nL per feature/spot on epoxy-derivatized glass
slide at 30% humidity using a piezoelectric microarray with an uncoated glass nozzle. 16
replicate subarrays were printed per slide, with each carbohydrate probe spotted in triplicates
per subarray. Thereafter, the slides were stored in a dark moisture chamber at RT for 24 hours,

washed twice with distilled water, and centrifuged at 2000 rpm for 5 minutes.

2.2.2.2 Detection of lectin-carbohydrate interactions

The carbohydrate microarrary slide was quenched just before use by washing three
times with distilled water and incubating in quenching solution at 50°C in the dark for 1 hour.
The slides were washed three times with distilled water and centrifuged at 2000 rpm for 5
minutes. The slide was then placed on 16-well gasket slide and incubation cassette system,
mildly shaken, and protected from light for the subsequent steps. Each subarray was blocked
with blocking buffer at RT for 1 hour and washed three times with lectin buffer for 5 minutes.
1 pg of protein sample, diluted in lectin buffer supplemented with 2% Tween 20, was applied
to a subarray and incubated at RT for 1 hour. The subarrays were washed three times with
lectin buffer for 5 minutes. Monoclonal goat anti-human IgG-PE was incubated at a 1:100
dilution in lectin buffer with 5% BSA on the subarrays at RT for 1 hour and washed once with
lectin buffer. The slide was then removed from the gasket slide, placed in a petri dish, washed
twice with lectin buffer, and washed once with distilled water. The slide was centrifuged at
1000 rpm for 5 minutes and scanned with a Genepix scanner. Binding affinities were
determined by measuring the Mean Fluorescent Intensities (MFI) using Genepix Pro 7

(Molecular Devices, Sunnyvale, CA, USA).

2.2.2.3 Determination of protein-carbohydrate kinetics (SPR)

Surface plasmon resonance (SPR) is a valuable tool for analyzing lectin-carbohydrate
interaction in real time and for providing insights into the affinity and kinetics of binding
(219). SPR is a technique for measuring the association and dissociation Kinetics of ligand,
termed analyte, with a receptor. The analyte or the receptor can be immobilized on a sensor

chip which bears a gold film. The association of the analyte and receptor with one or the
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other, depending which one is immobilized, induces a change in the refractive index of the
layer in contact with the gold film. This is measured as a change in the refractive index at the
surface layer and is recorded as the SPR signal in resonance units (RU). Binding is measured
in real time and information about the association and dissociation kinetics can thus be

obtained, which in turn can be used to obtain K; and K4 from Equations 2 and 3.

K1
Lectin (L) + Glycan (G) == LG 1
kz
Ka = [LGJ/[L][G] = ki/k, 2
Kp = [L][GJ/[LG] = 1/K, = Kok 3

For the preparation of Concanavalin A (Con A)-coated surfaces, Con A was
immobilized at high (Con A-HD) and low (Con A-LD) densities at a flow rate of 10 pl/min.
The CM5 chip was activated by injection of a mixture of N-ethyl-N’-(diethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for 10 minutes and functionalized by
injecting 100 pg/mL and 10 pg/mL Con A in acetate buffer pH 5.5 for Con A-HD and Con A-
LD, respectively, for 7 minutes. The remaining activated carboxyl groups were then capped
by injection of 1 M ethanolamine for 10 minutes. Control flow cells were treated with
EDC/NHS followed by ethanolamine as described. Concentration gradients of the different
ruthenium complexes (5 uM, 10 uM, 20 uM, 30 uM, 40 uM, and 50 uM) (Figure 9) were
injected over the Con A-functionalized surfaces at 10 ul/min, allowing 60 seconds for contact
and 300 seconds for dissociation times, followed by regeneration using 100 mM methyl-a-D-
mannopyranoside at 30 pL/min for 30 seconds. Experimental data were analyzed using
Biacore S20 T100 Evaluation Software. Kinetic analyses based on a 1:1 interaction model for
the Con A-Ru complexes interaction were performed using Scrubber2 (BioLogic Software,
Campbell, Australia).
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Figure 9. Schematic representation of the different carbohydrate-functionalized Ru(ll) complexes. (A)
Scheme of heptamannosylated cyclodextrin (CDMan). (B-D) Different Ru(ll) complex structures functionalized
with 2 (RuCdManl14), 4 (RuCdMan28), or 6 (RuCdMan42) heptamannosylated cyclodextrins (B, C, and D,
respectively). Figure modified from (220).

2.2.2.4 Quantification of carbohydrates conjugated on OVA

In order to determine the average number of carbohydrates conjugated on each OVA
molecule, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) analysis was performed using autoflex™ speed mass spectrometer. The
instrument ran with smartbeam™ II laser optics running at 1000 Hz and was operated using
FlexControl 3.3 software (Bruker Daltonics, Bremen, Germany). Equal amounts of 1 mg/ml
of sample in water and 50 nmol/ul of the matrix, 2',4',6'-trihydroxyacetophenone monohydrate
(THAP), in 50 % acetonitrile were mixed. 1 puL of the mixture was spotted onto a 384-spot,
600-um polished steel MALDI target and allowed to dry at room temperature. Internal
calibration was done using a standard calibration mix. MS spectra were acquired in linear-
positive ion mode within the mass range of m/z 25000-65000. The spectra acquired were then
adjusted for baseline correction and smoothened using Gaussian algorithm with m/z of 0.2

width and 1 cycle with the FlexAnalysis software (Bruker Daltonics, Bremen, Germany).
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2.2.3 Cell biology methods

2.2.3.1 Enzyme-linked immunosorbent assay (ELISA)

For cytokine quantification, an indirect sandwich ELISA was performed according to
the manufacturer’s instructions (PeproTech). 1 pg/ml of capture antibody in PBS was added
on ELISA plate wells and incubated at RT overnight. The wells were washed four times using
the washing buffer. 300 pl of blocking buffer was then added and incubated at RT for 1 hour,
afterwards, the wells were washed four times with washing buffer. 100 ul of standards (2
ng/ml to zero) and samples in diluent were added to each well in triplicates and incubated at
RT for 2 hours. The wells were washed four times in washing buffer and 100 pl of I1L-12p40
detection antibody was added and incubated at RT for 30 minutes. The wells were washed
four times and 100 pl of avidin-HRP conjugate, diluted 1:2000 in diluent, was added and
incubated at RT for 2 hours. The wells were washed four times and 100 ul of 0.25 pg/mi
ABTS substrate solution was added and incubated at RT until color development ensued. OD
was monitored using an ELISA plate reader at 405 nm with wavelength correction at 650 nm.

For determining antibody titers, 0.5 pg of capture molecule was prepared in 100 ul of
coating buffer and incubated on ELISA plate wells at 4°C overnight or at RT for 2 hours. The
wells were washed three times with washing buffer and 300 pl of blocking buffer was added
and incubated at 4°C overnight or at RT for 2 hours. The wells were washed three times with
washing buffer and 100 pl of each sample, in different dilutions, was added in triplicates and
incubated at RT for 2 hours. The wells were washed three times with washing buffer and 100
ul of AP-conjugated detection antibody, diluted 1:1000, was added and incubated at RT for 1
hour. The wells were washed three times with washing buffer and 50 pl of 10 mg/ml pNPP
substrate was added. The substrate was incubated until the color developed and the OD was

determined using an ELISA plate reader at 405 nm.

2.2.3.2 ELISpot

ELISpot analyses were done for IFN-y, IL-2, and IL-4. ELISpot plates were wetted
with 20 ul of 35% ethanol for 1 minute, followed by washing three times with PBS. The wells
were coated with 50 pl of 5 pg/ml anti-mouse capture antibody in PBS and incubated at 4°C
overnight. The plates were rinsed twice with 100 pul complete RPMI medium and blocked
with 200 pl RPMI medium at RT for 2 hours. The medium was decanted and 100 pl of
medium alone (negative control), 50 pg/ml OV As23-339 peptide, or 10 pg/ml anti-mouse CD3

and anti-mouse CD28 (positive control) were added to specified wells. 100 pl of splenic cells
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containing 4x10° cells were added to the wells. The cells were incubated at 37°C with 5% CO,
for 18 hours. The wells were washed 2 times with 100 pl water and allowed to soak for 3-5
minutes in each washing step. These were then washed three times with 200 pl washing
buffer. 50 pl dilution buffer (PBS with 10% FCS) containing 2 pg/ml detection antibody was
added to each well and incubated at RT for 2 hours. The wells were then washed three times
with washing buffer. 50 pl of streptavidin-HRP, diluted 1:200, in dilution buffer was added
and incubated at RT for 1 hour. AEC stock solution containing 100 mg AEC in 10 ml DMF
was prepared. The AEC substrate solution was made which consisted of 333.3 pl of AEC
stock solution, 10 ml 0.1 M acetate solution, and 5 pl H,O,. The wells were washed twice
with 200 ul PBS and 100 pl of freshly prepared AEC substrate solution was added. The wells
were allowed to develop until pink spots were visible. The development was stopped by
adding water and the plates were then allowed to air dry. Once dried, the spots were
enumerated using the Elispot analyzer BIOREADER 5000.

2.3.3.3 Flow cytometry
Cells were stained with respective fluorescently-labeled antibodies according to the
respective method. After staining, the cells were washed twice with FACS buffer and

™ I

resuspended in 200 pl FACS buffer. Cells were analyzed using FACS Canto Flow

cytometry results were analyzed using FlowJo (Treestar Inc., Ashland, OR, USA).

2.3.3.4 Cytometric Bead Array (CBA)

For cytokine quantification, blood was taken from the tails of uninfected and PbA-
infected mice. The cytokines TNF-a, IFN-y, I1L-10, 1L-12p70, IL-1p, IL-4, and IL-6, were
measured by cytometric bead array (CBA) according to the manufacturer’s instructions (BD

Pharmingen).

2.2.3.5 Uptake studies in HepG2 cells

Human hepatocellular carcinoma cell line, HepG2, was plated in 6-well plates and
cultivated in complete DMEM medium. When cells were 70% confluent, different
concentrations (10 pmol, 50 pmol, and 250 umol) of rhodamine B-containing cyclodextrin
(Cd) glycodendrimers (Figure 10A) were added to the cells. After incubation times between
one and six hours, cells were washed with PBS. The cells were then collected with PBS

containing 1% FCS by shearing force. Uptake of glycodendrimers was measured by flow
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cytometry using a FACSCanto™ II flow cytometer. Excitation wavelength in the FACS
experiments was 540 nm, which is the excitation wavelength of rhodamine B.

For analysis of glycoliposome uptake by the HepG2 cell line, cells were incubated
with liposomes consisting of L-a-phosphatidylcholine and rhodamine-DHPE (negative
control) or liposomes displaying additionally glycolipid N-Acetylglucosamine (GIcNAC;
specificity control) or GaINAc on their surface (Figure 10B). After incubation times between
one to six hours, cells were washed with PBS and collected from the plate. Detection
of liposome uptake was performed as described above.
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Figure 10. Schematic representation of the glycodendrimers and glycoliposome. (A) CD glycodendrimer
consisting of CD (cylinder), the encaged fluorescent dye rhodamine B (red ball), and terminal D-Mannose or D-
Gal residues (grey ball). (B) Glycoliposomes consisting of L-a-phosphatidylcholine (blue ball), the fluorescent
lipid rhodamine-DHPE (red ball), and synthetic glycolipids containing either a terminal GaINAc or GIcNAc
residue (green arrow). Figure modified from (221).

2.2.3.6 Apoptosis studies in HepG2 cells

For analysis of apoptosis, HepG2 cells were incubated with doxorubicin-loaded
galactose-functionalized cyclodextrin (Figure 11) for 24 hours at concentrations of 1 ug/ml, 5
ug/ml, and 10 upg/mlof the incorporated drug. The following controls were used:

untreated cells (negative control), cells incubated with doxorubicin alone (positive control),
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and cells treated with cyclodextrin-Gal only. The concentrations for doxorubicin and empty
cyclodextrin-Gal were the same as those of doxorubicin-loaded cyclodextrin-Gal. After
incubation, the adherent cells were detached from the growth surface using Trypsin/EDTA.
The staining procedure was performed according to the protocol in the Annexin V-APC
Apoptosis Detection Kit. Detection of apoptopic cells was done by flow cytometry as

described above.
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2.2.3.7 Stimulation studies of PECs

Mouse peritoneal exudate cells (PECs) were elicited by i.p. injection of 1 mL 4%
thioglycolate solution into 8—12-week-old female C57BL/6 mice. After 5 days, mice were
sacrificed and PECs were isolated by lavage of the peritoneum with 10 mL ice-cold PBS.
Upon erythrocyte lysis by addition of ammonium chloride, PECs were suspended in complete
IMDM medium. Fibers functionalized with mannose, galactose (specific control), or
aminoethanol (unspecific control) with similar dimensions (mat size, mat density, fiber
diameter) (Figure 12) were placed in the wells of a 96-well plate. Fibers were manually
attached to the bottom of the wells of the cell culture plates used. Fibers were not prewet, but
no air bubbles could be seen when checking through a light microscope. Subsequently, 2 x
10° freshly prepared PECs were seeded in each well and were allowed to adhere to the fiber

meshes for 2 h. The attachment was checked by microscope at regular intervals. Nonadherent
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cells were removed by replacing the medium with prewarmed cell culture medium. Cells were
then stimulated by adding the TLR4 agonist LPS at a final concentration of 10 ng/mL. Cells
were cultivated overnight at 37°C and 5% CO,, the culture supernatant was removed from the

cells, and cytokine concentrations were analyzed by ELISA.
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Figure 12. Fiber meshes for multivalent carbohydrate presentation. Functionalization of
poly(pentafluorophenyl methacrylate) and poly(e- caprolactone) (PCL/PPfpMA) blend fiber meshes with 2-
aminoethanol (I), aminofluorescein (I1), 2-aminoethyl-a-D-mannopyranoside (111), or B-D-galactopyranoside
(V). Figure obtained from (222).

Indirect sandwich ELISA was performed for the quantification of TNF-a. Antibody
pairs and cytokine standards were from PeproTech and the protocol was performed according
to the manufacturer’s instructions. After incubation with the detection antibody, plates were
washed three times and incubated with Avidin-HRP at RT for 30 minutes. ELISA
development was performed by using the ABTS substrate. Absorbance was measured with an

ELISA plate reader at 405 nm (reference wavelength 650 nm).

2.2.3.8 Stable transfection into CHO cells

CHO cells were stably transfected with plasmid DNA using the Lipofectamine
reagent according to the manufacturer’s protocol for transfection in a 6-well plate format.
1x10% CHO cells in 500 pl complete antibiotics-free RPMI medium were plated on each well.
2.5 pg of plasmid DNA was added followed by the addition of 10 pl of Lipofectamine” . The
cells were incubated for 24 hours before adding 250 pg/ml zeocin. After a few days, the
medium of the surviving cells was replenished with complete RPMI medium with 250 pg/ml
zeocin.

To check the protein expression of transfected DNA into cells, intracellular staining

was done following the procedure as outlined in the BD Cytofix/Cytoperm
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Fixation/Permeabilization  Kit.  Briefly, cells were incubated with 100 pl
Fixation/Permeabilization buffer at 4°C for 20 minutes. The cells were then washed two times
with 1x PermWash buffer (10x Permwash provided in the kit; buffer was diluted down to 1x
by addition of water). The cells were incubated with 50 pl of polyclonal goat anti-human 1gG
Fc-PE, diluted 1:20 in PermWash at 4°C for 20 minutes, followed by washing 2 times with 1x
PermWash buffer. The cells were resuspended in FACS staining buffer and subsequent

measurement was done by flow cytometry using FACSCanto " Il flow cytometer.

2.2.3.9 Fusion protein production in bioreactors

CHO cell lines expressing CLR-Fc proteins were cultivated in CELLine CL 350
bioreactors according to the manufacturer’s procedure. The bioreactor was equilibrated by
adding 10 ml of nutrient medium (complete RPMI with 250 pg/ml zeocin and depleted of
bovine 1gG) into the inner compartment and letting it stand for 5 minutes. 8 x 10° CHO cells
were suspended in 5 ml of nutrient medium and placed in the inner compartment. 80 ml of
complete RPMI medium with 250 pg/ml zeocin was added into the outer compartment. Cell
harvests were done every week for 8 weeks. During each harvest, the nutrient medium was
collected while some cells were placed back into the inner compartment with fresh nutrient
medium. Cells were monitored for growth and production by removing a small sample of cells

and testing for protein expression by flow cytometry.

2.2.3.10 Isolation of spleen cell subsets

Spleens were removed from sacrificed mice and, using a fine needle, spleen cells were
flushed with complete RPMI. The cells were passed through 40-um cell strainers to filter out
cell aggregates and centrifuged at 300 x g for 5 minutes. The cell pellets were resuspended in
erythrocyte lysis buffer and incubated at RT for 3-5 minutes. Cells were washed with
complete RPMI and resuspended in MACS buffer. Spleen cells from C67BL/6 mice were
incubated with anti-CD16/32 to block cell surface FcyRII/RIII receptors. CD11c” DCs were
obtained from C57BL/6 mice spleen and T cells from OT-II transgenic mice by magnetic-
activated cell sorting (MACS) using CD11c microbeads and Pan T Cell Isolation Kit II,
respectively. Cells which bound to the magnetic microbeads were loaded onto a column
placed in a magnetic field and unbound cells were washed away with MACS buffer. CD11c”
cells were eluted by taking of the column from the magnetic field and flushing with MACS
buffer. The procedure was repeated using the eluted CD11c" cells and applying on a 2™

column to increase the purity. To isolate T cells, non-target cells were magnetically labeled
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and T cells were allowed to flow through. Isolated cell subsets were then centrifuged and

resuspended in complete IMDM.

2.2.3.11 In vitro stimulation by OVA-carbohydrate conjugates

MACS purified CD11c" cells were seeded on a 96-well round bottom culture plate at a
concentration of 2 x 10* cells/well in complete IMDM. 30 minutes later, cells were pulsed
with OVA and OVA conjugates at a final concentration of 30 pg/ml. After one hour, MACS
purified T cells were added. Activation of CD11c” cells and T cells were then analyzed by
flow cytometry after 48 and 72 hours. To measure the cytokines in the supernatant, ELISA

was performed.
2.2.4 In vivo studies

2.2.4.1 Ethics statement

Animal experiments were performed in strict accordance with the German regulations
of the Society for Laboratory Animal Science (GV-SOLAS) and the European Health Law of
the Federation of Laboratory Animal Science Associations (FELASA). The protocol were
approved by the Landesamt fur Gesundheit und Soziales (LAGeSo) Berlin. All efforts were

made to minimize suffering.

2.2.4.2 Adoptive transfer

Splenic cells were obtained from 10-week old female OT-I1I transgenic mice and the
erythrocytes were lysed in lysis buffer. The cells were washed twice with PBS to remove any
serum and resuspended in PBS at twice the desired final concentration of 1 x 10’ cells/ml. A
solution of 10 uM Cell Proliferation Dye eFluor® 670 in the same volume as the cells was
prepared. While vortexing the cells, the dye was then mixed 1:1 with the 2x cell suspension to
obtain a final concentration of 5 uM. The mixture was incubated at 37°C in the dark for 10
minutes. The labeling was stopped by adding 4-5 volumes of cold complete RPMI medium
and incubated on ice for 5 minutes. The cells were washed three times with complete medium
and resuspended in PBS at 1.5 x 10 labeled cells in 100 pl.

1.5 x 10" labeled cells were injected i.v. into female wild-type C57BL/6 mice, 10 to 12
weeks old. To verify if the transfer of cells was successful, heparinized tail blood was
obtained from the recipient mice 2 hours after the i.v. injection. Labeling was checked using

flow cytometry.
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2.2.4.3 Immunization

24 hours after the adoptive transfer of labeled OT-II transgenic spleen cells into wild-
type C57BL/6 mice, pre-immunization sera were obtained from the recipient mice. These
mice were then immunized by i.p. injection with PBS, 22 ug OVA, OVA-Alum (22 pg OVA;
1:1 mixture of OVA and Alum), 22 pg OVA-Lewis X, 22 pug OVA-1,3-lactosamine, or 22 g

OVA-GD5. Days 7 and 13 post-immunization sera were also obtained.

2.2.4.4 Stabilate preparation

Fresh stabilates were prepared by infection of the MRA-311 PbA stabilate through
Balb/c mice. On day 12 post-infection, mice were sacrificed and the pooled heparinized blood
was collected. Stabilates containing 1 x 10" PbA-infected erythrocytes in stabilate buffer were

frozen in liquid N until further use.

2.2.4.5 PbA infection of mice

Female DCIR™, SIGNR3™, or C57BL/6 wild-type mice, 6-8 weeks old, were infected
by i.p. injection of 1 x 10° PbA-infected erythrocytes as described previously (223).
Parasitemia was determined by examining Wright-stained tail blood smears on glass slides,
and results were expressed as the percentage of infected red blood cells. Mice were monitored
daily for early signs of CM. C57BL/6 mice infected with blood stages of PbA are known to
develop neurological symptoms such as ataxia, convulsions, and coma. Accordingly, in our
study about 80% of PbA-infected wild-type mice exhibited signs of CM between day 8 and
day 10 p.i. Mice were immediately euthanized in case of clinical symptoms of CM such as

ataxia to avoid unnecessary suffering.

2.2.4.6 Brain histology

On day 7 post-infection, infected mice were sacrificed and the brains were removed.
Sections were fixed in neutrally buffered 4 % formaldehyde, in Davidson’s fixative solution
for at least 24 hours, or were placed in tissue freezing medium. Tissues were routinely
embedded in paraffin and tissue sections of 2 um size were cut. These sections were
subsequently stained with haematoxylin and eosin (H&E) according to standard protocols.

CD3 and CD31 immunostaining on paraffin or Davidson’s sections was performed
using the ABC method as previously described (224). Primary antibodies were diluted in Tris-
buffered saline (TBS, 50 mM, pH 7.6). Polyclonal rabbit anti-human CD3, diluted 1:1500 in

PBS, and polyclonal rat anti-mouse CD31, diluted 1:100, required a microwave/citric acid-
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pretreatment. Both primary antibodies were incubated at 4°C overnight after a blocking step
with 50% goat serum in TBS at RT for 30 minutes. The secondary antibodies, goat anti-rat,
goat anti-rabbit and goat anti-mouse were used at a dilution of 1:200 in TBS and incubated at
RT for 1 hour. Diaminobenzidine tetrahydrochloride was used as chromogen and slides were
counterstained with haematoxylin. For negative controls, sections were incubated without a
primary antibody or with an irrelevant rabbit anti-murine calcium-activated chloride channel
(CLCA) antiserum. CD3 staining was scored as 1, 2, and 3 indicating very few, single positive
lymphocytes, few, scattered, positive lymphocytes, and frequent, single and small
accumulations of lymphocytes, respectively. Scoring for CD31 was 0 and 1 corresponding to
the absence and presence of endothelial cells, respectively. Presence of intravascular
leukocytes, endothelial activation and vessel wall hyalinization was evaluated in sagittal
H&E-stained sections of the cerebrum and cerebellum. Presence of intravascular leukocytes
was evaluated positive (score 1) if the majority of intracerebral and -cerebellar vessels
contained more than one nucleated cell or were otherwise scored as 0. CD3 staining was used
to increase the sensitivity of intravascular and perivascular lymphocyte detection. Sections
were evaluated as positive (1) if the majority of vessels contained one or more CD3-positive

cells or otherwise scored as 0.

2.2.4.7 Determination of spleen and brain cell populations

On day 7 post-infection, infected mice were sacrificed and spleens were removed. Red
blood cells were lysed by addition of lysis buffer. Staining was performed by using anti-
mouse CD4-FITC, anti-mouse CD8-APC-H7, anti-mouse CD62L-PE, and anti-mouse CD69-
PerCP-Cy5.5. Cells were analyzed flow cytometry.

For analysis of cell populations in brain, brains were homogenized and erythrocyte
lysis was done by addition of ammonium chloride. Staining was done by using anti-mouse
CD45-PerCP-Cy5.5, anti-CD8-APC-H7, and anti-CD62L-PE. Cells were analyzed by flow
cytometry as described. Initial gating was performed on CD45" cells, and subsequently the
number of CD45"CD8*CD62L"" cells was quantified.

2.2.4.8 Binding studies with pRBCs
For DCIR/pRBCs interaction studies, heparinized blood was taken from a highly
parasitemic C57BL/6 mouse and RBCs were fluorescently labeled with Cell Proliferation Dye

eFluor 670 according to manufacturer’s instructions. 1 pl of Protein A-coated fluorescent



2. Materials and Methods 47

particles was incubated with 5ug of mDCIR-hlgG1Fc at RT for 1 hour, followed by
incubation with 1 x 10° fluorescently labeled RBCs at 4°C for 1 hour. Binding of
fluorescently labeled pRBCs to the DCIR-Ig-Protein A particle was measured by flow
cytometry.

2.2.5 Statistical analysis
Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc.,
La Jolla, CA, USA). Unpaired Student’s t test was used for analyzing data with nominal

values. Unpaired Mann Whitney U test was used for analyzing data with ordinal scaling.
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3. Results

3.1 Lectin targeting

Lectin-carbohydrate interactions play a pivotal role in numerous biological systems,
thus a deeper understanding of these interactions will provide critical insight into the
biological processes involved such as cell communication, proliferation, differentiation, and
host-pathogen interactions (225). The weak affinity of lectin-carbohydrate binding serves as a
challenge to develop tools and techniques to allow for sophisticated investigation of lectin-
carbohydrate complexes. One way to circumvent this weakness is to utilize multivalent
presentation of carbohydrates on different carrier systems such as dendrimers (226), micelles
(227), quantum dots (81), and cavity-containing templates (228). In this way, the weak
interactions can be amplified and significantly enhance the binding effectiveness of the
carbohydrate ligands. The potency of multivalent carbohydrate-functionalized systems was
elucidated. This was done by first investigating the affinity and kinetics of binding of known
lectin-carbohydrate interactions, and then taking it further by looking into the drug delivery as
well as immunomodulatory functions of such systems. With this information in hand, the
interactions of CLRs and their novel carbohydrate ligands could then be examined. For this
purpose, the CLRs, in the form of fusion proteins, were first produced and then used for

ligand identification, followed by binding and immunological evaluation.

3.1.1 Affinity and kinetics of lectin-multivalent carbohydrate system interaction
Multivalent carbohydrate presentation and lectin binding were first examined using
ruthenium(Il)-cyclodextrin-mannose (RuCdMan) complexes and the mannose-specific plant
lectin Concanavalin A (ConA). ConA, present in the legume Canavalia ensiformis, is a lectin
which binds specifically to terminal mannose and, to a weaker extent, glucose. Given its
characteristic binding strength and affinity to mannose, it serves as a convenient tool to
explore multivalent carbohydrate interactions. The complexes comprised of a fluorescent
ruthenium(I1l) core surrounded by two, four, or six heptamannosylated cyclodextrin scaffold
referred to as RuCdManl14, RuCdMan28, and RuCdMan42, respectively (Figure 9) (220). An
RuCd-based scaffold that can accommodate different carbohydrate densities provides the
appropriate system to function as the ligand. The template is derived from [Ru(bipy).]Cl, to
afford a di-adamantyl-(Ru2), tetra-adamantyl-(Ru4), or hexa-adamantyl-(Ru6) ruthenium
complex. Around this core, the Cds, each equipped with seven mannose units to form

heptamannosylated Cd (CdMan), self-assemble around the template as the adamantane
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“hosts” the Cd “guests” around the template. In order to understand the influence of
carbohydrate density on lectin binding, multivalent carbohydrate presentation on Cds can be
used to investigate carbohydrate-lectin interaction.

To understand the influence of mannose density on lectin binding at the surface of the
RuCdMan complexes, the interaction of the complexes with ConA was investigated (229).
SPR measurements were performed to obtain a quantitative insight into the role of mannose
multivalency in ConA binding. SPR Kkinetic analyses were based on a 1:1 Langmuir
interaction model. This is the simplest model which describes the interaction between the
immobilized ligand (ConA) and the analyte (Ru complexes). It predicts that the association
and disassociation phases are monoexponential. It has the advantage of allowing slight
deviations from the raw data, such as baseline drifts, and even takes into account mass
transport limitations. The suggested strategy is to start out with this model and see whether the
data fits the curve consistent with this model. If so, then the calculated results obtained can be
considered. If the curves are not fitted, then alternative models can be used for more complex
interaction patterns (230). Two different concentrations were covalently bound to a
polycarboxylated CM5 sensor chip generating low-density (ConA-LD) and high-density
(ConA-HD) surfaces. ConA has four mannose binding sites. Immobilizing the lectin at low
and high densities was intended to distinguish whether the presence of more mannose-binding
sites would stabilize bound complexes, or whether binding site clustering would inhibit this
interaction. The SPR analyses of ConA-RuCdMan14 and ConA-RuCdMan28 (Figure 13 and
Table 1) indicated that both complexes strongly prefer to bind to ConA-HD over ConA-LD,
indicating that high ConA concentration stabilized the binding interaction. This trend
correlates well with the prior characterization of ConA binding to mannose (231). Closer
examination shows that RuCdMan28 binds to ConA-HD more efficiently than to RuCdMan14
(Figures 13C and D), and also that RuCdMan14 dissociates from ConA much faster than
RuCdMan28 (Figures 13A and B). For the ConA-LD complex interactions, Kp for ConA-
RuCdMan14 is lower than for ConA-RuCdMan28. The difference in the specific Kp values
(Table 1) is most likely attributable to the generally weak binding of low ConA concentration
than to the individual binding capacity of RuCdManl14 and RuCdMan28. Interestingly,
complex RuCdMan42 did not bind to ConA. The binding curves obtained for the interactions
between RuCdMan42 and ConA-HD as well as ConA-LD were comparable to the results
obtained using only the buffer HEPES-EP as a negative control. This outcome is not entirely
surprising, since similar results have been reported for highly multivalent probes (232). In this

case, the addition of two mannose-functionalized cyclodextrin units (the structural difference
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between complexes ConA-RuCdMan28 and ConA-RuCdMan42) impeded binding with

ConA, despite the greater number of mannose residues available for the interaction.
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Figure 13. SPR sensorgrams of RuCdMan14 and RuCdMan28 with ConA-LD and ConA-HD. Different
concentrations of the Ru cpmplexes were allowed to bind to ConA in low and high densities. Preferential binding
was observed in RuCdManl14 to Con A-HD than to Con-LD (B and C). A similar tendency was also observed
with RuCdMan28 (C and D). Furthermore, the binding between RuCdMan28 to Con A-HD was stronger than
that of RuCdMan14.

Kp (LM) Table 1. Equilibrium Dissocation Constants, Kp, of

RuCdMan14 and RuCdMan28.
Analyte ConA-LD ConA-HD

RuCdMan14 | 0.8428 0.2292

RuCdMan28 4.573 0.1380

RuCdMan42 | No binding | No binding

3.1.2 Carbohydrate-functionalized dendrimers and liposomes in in vitro cellular uptake
and drug delivery

Given the effectiveness of multivalent presentation on carbohydrate ligand binding on
ConA, as illustrated in the preceding ConA-RuCdMan interactions, the next step was to probe
into the potency of a multivalent system in vitro and its utility in drug delivery. The CLR

ASGPR was used as a target since it is suitable for liver-specific drug delivery as it is
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expressed exclusively by parenchymal hepatocytes (91). ASGPR binds to galactose and
GalNAc and the binding strongly depends on the valency of the ligands with a binding
hierarchy increasing from monoantennary to tetraantennary ligands (106). Additionally,
ASGPR exhibits a 10-50 fold higher affinity to GaINAc compared to galactose residues
(107). For targeting ASGPR, cyclodextrins functionalized with galactose dendrimers and
liposomes that displayed GalNAc-terminated lipids were used by exploiting multivalent
galactose/GalNAc interactions (Figure 10A) (221). Both cyclodextrins and glycoliposomes
were equipped with a fluorescent dye, rhodamine B or rhodamine-DHPE, to enable detection
of hepatocyte binding and uptake in vitro.

The hepatocellular carcinoma cell line HepG2 has been previously employed to
investigate ASGPR-mediated uptake of galactosylated polymers and liposomes (233-235). To
analyze ASGPR-mediated uptake of cyclodextrin functionalized with glycodendrimers, the
hepatocellular carcinoma cell line HepG2 was incubated with three different derivatives of
rhodamine B-labeled cyclodextrins: non-functionalized (Cd), mannose-functionalized (Cd-
Man) and galactose-functionalized (Cd-Gal). Uptake by HepG2 cells was analyzed by flow
cytometry. As expected, the incubation of HepG2 cells with non-functionalized rhodamine B-
labeled cyclodextrin did not induce uptake (Figure 14A). Cyclodextrin displaying a mannose
dendron was used as a specificity control and indeed, only marginal unspecific uptake of
mannose-functionalized cyclodextrin was observed (Figure 14A). In contrast,
functionalization of cyclodextrin with galactose dendrons dramatically increased the uptake
by HepG2 cells indicating receptor-mediated endocytosis. Liposome-based delivery systems
are widely used since liposomes can be loaded with drugs or siRNAs and may be used as
efficient carrier systems. Consistently, recent studies have focused on liposomal delivery
systems for targeting ASGPR (101, 102). Glycoliposomes were functionalized with
rhodamine-DHPE and either GalNAc or GIcNAc (Figure 10B). GIcNAc-functionalized
liposomes were used as specificity control. In contrast to the cyclodextrin glycodendrimers
where almost no unspecific uptake was observed, background fusion of control liposomes
with HepG2 cells was detected to a limited extent (Figure 14B). However, preferential uptake
of GalNAc-capped liposomes was observed again indicating specificity of GaINAc-mediated

hepatocyte targeting.
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Figure 14. Specific uptake of galactose/GalNAc-functionalized cyclodextrins and liposomes. (A) Targeting
of HepG2 cells with cyclodextrin glycodendrimers. HepG2 cells were left untreated (grey area), incubated with
250 mmol rhodamine B-labeled cyclodextrin (dotted line, negative control) or labeled cyclodextrin
glycodendrimers containing terminal mannose (green line, specificity control) or galactose residues (red line).
Uptake was measured by flow cytometry. Specific uptake of cyclodextrin displaying a galactose dendrimer by
HepG2 cells was observed. (B) Targeting of the hepatocellular carcinoma cell line HepG2 with glycoliposomes.
HepG2 cells were left untreated (gray area), incubated with rhodamine-DHPE-labeled liposomes (dotted line,
negative control) or labeled liposomes containing glycolipids with terminal GICNAc (green line, specificity
control) or GalNAc residues (red line). Uptake was measured by flow cytometry. Preferential uptake of
liposomes functionalized with the GalNAc glycolipid was observed. (C) Induction of apoptosis in HepG2 cells
treated with doxorubicin-loaded Cd-Gal. Cells were left untreated or were treated with doxorubicin only, Cd-Gal
(Control-Cd) or doxorubicin-loaded Cd-Gal (Doxorubicin-CD) for 24 hours. Apoptosis was detected by
Annexin-V-APC staining and subsequent measurement by flow cytometry. Bars indicate the frequency of
apoptotic cells present in the whole HepG2 cell population. The highest degree of apoptosis was observed in
HepG2 cells incubated with Doxorubicin-CD whereas Control-CD induced no apoptosis. Data are representative
of three independent experiments.

Cyclodextrin-functionalized systems have been widely explored as molecular vectors
for gene (236-238) and drug delivery (239). To evaluate the ability of the aforementioned
galactose-functionalized cyclodextrin systems to deliver pharmacologically active species into
hepatocytes, Cd-Gal was loaded with doxorubicin (Figure 11), a potent chemotherapy drug
used in cancer treatment (240). The potential of this system to induce apoptosis in HepG2
cells was evaluated. Cells were left untreated or were treated with doxorubicin only, Cd-Gal
or doxorubicin-loaded Cd-Gal (Figure 14C) for 24 hours. The highest degree of apoptosis was
observed in HepG2 cells incubated with doxorubicin-loaded Cd-Gal whereas Cd-Gal alone

induced no apoptosis (Figure 4C). This result encourages the use of galactose-functionalized
cyclodextrins as a drug delivery system.
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3.1.3 Cell stimulation by carbohydrate-functionalized fiber meshes

Mannose-rich glycans of a number of pathogens were reported to be recognized by
CLRs such as MR, DC-SIGN, or murine DC-SIGN homologues (216, 241). Specific targeting
of HepG2 cells has been achieved by targeting ASGPR using conjugated cyclodextrins and
liposomes with carbohydrate ligands galactose and GalNAc. A logical extension of the
efficacy of multivalent carbohydrate presentation is its functionality in modulating the
immune response by targeting lectins on the cell surface. Fiber meshes consisting of
poly(pentafluorophenyl methacrylate) (PPfpMA) and PPfpMA/poly(e-caprolactone) (PCL)
blends functionalized with mannose (Figure 12) (222) were utilized to investigate whether
LPS-mediated stimulation of APCs, specifically macrophages, could be enhanced. LPS is
found in the outer membrane of Gram-negative bacteria and induces cytokine production in
antigen-presenting cells through stimulation of the TLR4 signaling pathway (242). To analyze
whether macrophage cultivation on the fiber meshes increased cytokine production, freshly
prepared mouse peritoneal exudate cells (PECs) consisting mainly of peritoneal macrophages
were seeded on the meshes and were stimulated with LPS overnight. Pro-inflammatory
cytokines released by APCs upon stimulation such as TNF-a were measured as readout
parameters to monitor stimulation of inflammatory pathways. As negative control,
aminoethanol-functionalized meshes were included in the study, whereas galactose-
functionalized meshes served as specificity control. The meshes alone did not induce the
production of TNF-a by macrophages (Figure 14). PEC stimulation in the presence of LPS
induced a marked production of TNF-a. However, in the presence of the mannose-
functionalized fiber mesh the production of TNF-a was significantly increased. Examining the
cytokine profile upon cultivation of cells with carbohydrate-functionalized scaffold provided a
means to determine whether multivalent presentation correlates with cell activation. Indeed,

the increased levels of TNF-a showed a valency-dependent modulation of PEC functions.
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3.1.4 Platform for CLR targeting for immune modulation

Given the state-of-the-art in defining lectin-carbohydrate interactions and the
information that can be acquired from them, as illustrated above, | sought to apply the same
rationale in order to present a platform that brings together novel CLR ligand identification

and their immunological evaluation.

3.1.4.1 Production of CLR fusion proteins

The CLRs DCIR, Clec12b, Dectin 1, MICL, and MCL contain a single CRD having a
Ca®* binding site and carbohydrate binding ability in their extracellular regions (42). Soluble
human IgG Fc fusion proteins have been widely used as a versatile tool for in vitro and in vivo
applications such as immunotherapy, pharmacokinetics, and immunohistochemistry (243).
The Fc fragment, which exhibits independent folding, confers stability and functionality on
the attached proteins. This stability can enable the expression of proteins in mammalian
systems that could be otherwise difficult (244). Aside from the ease in production and
purification these fusion proteins provide, they also form dimeric complexes in solution, thus
display a higher binding avidity, and are easily detectable due to the Fc fragment. Fusion
proteins were generated consisting of the extracellular region of Dectin 1, DCIR, MCL,
MICL, or Clec12b and the Fc part of human IgG1. The different constructs were expressed in
stably transfected CHO cells. The expression of the fusion proteins was verified by flow
cytometry after intracellular staining with anti-human 19gG-PE (Figure 15).

mDectin1-higG1-Fc  mDCIR-higG1-Fc mMCL-hlgG1-Fc mMICL-hlgG1-Fc mClec12b-hlgG1-Fc
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Figure 15. Eukaryotic expression of fusion proteins in CHO cells. In order to confirm the eukaryotic
expression of the fusion proteins, intracellular staining was done on stably transfected CHO cells using goat anti-
human IgG-PE. Subsequent measurement was done by flow cytometry. Grey area corresponds to untransfected
CHO cells which served as negative control.

The fusion proteins were purified from the cell supernatant over a protein G column.
Production of the fusion proteins was confirmed by Western Blot using anti-human 1gG-HRP
(Figure 16). The calculated masses of mDectinl-hlgGl-Fc, mDCIR-hlgG1-Fc, mMCL-
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hlgG1-Fc, mMICL-hlgG1-Fc, and mClec12b-hlgG1-Fc were 39 kDa, 42 kDa, 38 kDa, 49
kDa, and 42 kDa, respectively.

mDCIR-hlgG1-Fc mMICL-hlgG1-Fc

mDectin1-hlgG-Fc mMCL-higG1-Fc mClec12b-hlgG1-Fc
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Figure 16. Production and purification of fusion proteins. Supernatants of stably transfected CHO cells were
purified and Western Blot analysis was performed to check the success of the production. The arrows correspond
to the calculated masses of each fusion protein. The calculated masses of mMDCIR-hlgG1-Fc, mClec12b-hlgG1-
Fc, mDectinl-hlgG1-Fc, mMICL-hlgG1-Fc, and mMCL-hlgG1-Fc are 39 kDa, 42 kDa, 38 kDa, 49 kDa, and 42
kDa, respectively.

Dectin 1 recognizes B-1,3-glucans derived from zymosan as well as intact yeast
particles (245). In order to check the functionality of the mDectinl1-hlgG1-Fc fusion protein as
well as to verify that the method to produce the fusion proteins did indeed generate functional
proteins with correct folding of the extracellular region, ELISA was performed using intact
zymosan to capture Dectin 1. Using hlgGl-Fc as a control, mDectinl-hlgG1-Fc showed
binding to zymosan (Figure 17). No additional functionality studies for the other CLR-hlg1-

Fc fusion proteins were performed since their ligands are unknown.

Figure 17. Verification of functionality of Dectin 1.

207 ELISA was performed to verify the functionality of
mDectinl-hlgG1-Fc. The wells were coated with
1.5 zymosan and incubated with hlgGl-Fc, mDectinl-

hlgG1-Fc, or buffer. mDectinl-hlgGl-Fc showed a
markedly high absorbance indicative of binding to
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3.1.4.2 Glycan microarray reveals novel ligands of CLRs

Screening for carbohydrate ligands for mbDectinl-hlgG1l-Fc, mDCIR-hlgG1-Fc,
MMCL-hlgG1-Fc, mMICL-hlgG1-Fc, mClec12b-higG1l-Fc, and mMGL1-hlgG1-Fc (fusion
protein obtained from Magdalena Eriksson) was performed using a glycan array analysis
consisting of 52 monosaccharides, disaccharides, sialylated oligosaccharides, sulfated
saccharides, heparins (208, 209), blood group antigens (211), high mannose structures (213),
lipoarabinomannan (214, 215), phosphatidylmyo-inositol mannosides (PIMs) (216), and
tumor antigens (217, 218) (S11.2). The glycans were immobilized through their amino- and
thiol-functional groups on epoxy slides in triplicates, incubated with the fusion proteins,
followed by addition of anti-hlgG-Alex Fluor 488. The binding read-out, in mean fluorescent
intensity (MFI), was measured by a fluorescent scanner. A summary of the MFI of the glycan
screening of the fusion proteins is shown in Figures 18 and 19. Figure 18 indicates the binding
of the fusion proteins based on the terminal carbohydrates, while Figure 19 indicates binding
to the general structure of each glycan. Each glycan is assigned a microarray identification
(ID) number. All CLRs bound to the heparin structures; since heparins are highly charged, the
binding can be accredited towards a charge-charge interaction. There were no ligand hits for
Dectin 1, DCIR, and MCL among the glycans in this array. Nevertheless, MICL, Clec12b,
and MGL1 did indeed show binding to some of the glycans. MICL showed binding affinity
towards terminal galactose (21), glucose (41), GIcNAc (42), and more interestingly to PIM
structures, PIM; (46) and PIM3 (47) (Table 2). Clec12b exhibited binding to terminal GICNAc
(42), GalNAc (20) and to terminal galactose (18, 21, 32, 40, and 50 or Gb5). For its binding to
terminal mannose, it showed that it recognized both al1-3 (27) and B1-6 (35, 45, and 46)
linkages (Table 3). On the other hand, it showed affinity towards terminal galactose with f1-4
(17 and 32) and B1-3 (18, 21, 40, and Gb5) linkages. MGL1 bound to terminal GalNAc (20),
and to a remarkable extent, to terminal galactose (17, 18, 19, 21, 22, 23, 40, and Gb5) (Table
4). 1t bound to different terminal galactose linkages: B1-2 (22), p1-4 (17 and 19), and B1-3
(18, 21, 23, 40, and Gbb), essentially demonstrating no specific affinity towards a particular
linkage. Of importance to note, binding of MGL1 to carbohydrates with terminal galactose is

markedly stronger than that of Clec12b that it is prudent to acknowledge this difference.
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Figure 18. mMGL1-hlgG1-Fc and mClec12b-hlgG1-Fc showed strong and weak binding, respectively, to 1,3-lactosamine (boxed in green). Analysis of carbohydrate
ligands of mDectinl-hlgG1-Fc, mDCIR-hlgG1l-Fc, mMCL-hlgG1-Fc, mMICL-hlgG1-Fc, mClec12b-hlgG1-Fc, and mMGL1-hlgG1-Fc on a 52-sugar microarray based on the

terminal carbohydrates. The amino- and thiol-functionalized carbohydrates were printed in triplicates on epoxy-coated glass slides. The fusion proteins were incubated on the
slide. Detection was done by incubation with anti-hlgG-Alex Fluor 488. Results are shown as MFI = SEM.



3. Results 58

Sialylated Heparins Blood High mannose structures Tumor
500001 oligosaccharides H | antigens antigens
higG1-Fc
40000 ! BN mClec12b-higG1-Fc
: E mMICL-hilgG1-Fc
- 30000+ 2 mbDectin1-hlgG1-Fc
= — § V7] mMCL-hlgG1-Fc
HEan mDCIR-higG1-hFc
: AR BAEE: i | - -
10000 TN nen w | [ mMGL1-higG1-Fc
: E | i‘| E I E!: §! é | ill E a [ B o 18 §: E Pl : i
0 L Eagal kol oot gl VRT3 0 20 0 5 00 PR |:;:||:ir:mi TPV 0 PR I 0 1 R e
1 2 3 4 5 6 7 9 10 1M 12 13 14 15 16 24 25 26 33 34 35 36 37 38 39 45 46 47 48 Globo-HGb-5

Microarray ID number

Figure 19. mMGL1-hlgG1-Fc and mClec12b-hlgG1-Fc showed strong and weak binding, respectively, to glycan 50 (Gb5) (boxed in green). Analysis of carbohydrate
ligands of mDectinl-hlgG1-Fc, mDCIR-hlgG1-Fc, mMMCL-hlgG1-Fc, mMICL-hlgG1-Fc, mClec12b-hlgG1-Fc, and mMGL1-hlgG1l-Fc on a 52-sugar microarray based on the
general structure of the glycans. The amino- and thiol-functionalized carbohydrates were printed in triplicates on epoxy-coated glass slides. The fusion proteins were incubated on
the slide. Detection was done by incubation with anti-hlgG-Alex Fluor 488. Results are shown as MFI + SEM.
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Table 2. Carbohydrates with relatively high binding affinity to MICL.

ID Number | Structure MFI + SEM
21 8072 + 1202
5 3L SP1
Gal(B1-3)GalNAcB1-O(CH,)sSH
41 sp1 10298 + 3727
p 4P
Glc(B1-4)GlcB1-O(CH,)sSH
42 11911 + 331
Bl —-@:—sr1
GlcNAc(al-2)Gleal-O(CH,)sSH
46 8796 + 732
o
2 SP2
6
o
Man(al-2)[Man(al-6)]Jmyo-Ins1-OPOsH(CH,)sSH (P1M,)
47 4507 + 308
SP2
a6
Man(al-6)Man(a1-6)[Man(al-2)]Jmyo-Ins1-OPO3;H(CH,)sSH (P1M,)
Spacers: SP1: -0(CH,)sSH; SP2: -OPOsH(CH,)s)SH
Table 3. Carbohydrates with relatively high binding affinity to Clec12b.
ID Number | Structure MFI + SEM
18 6003 + 1038
o SP1
Gal(B1-3)GIcNAcB1-O(CH,)sSH (1,3-lactosamine)
20 6205 + 1104
5 ZIp SP1
GalNAc(B1-4)GIcNAcB1-O(CH,)sSH
21 6723 + 619
3L SP1
Gal(B1-3)GalNAcB1-O(CH,)sSH
32 7101 + 552
o3 ——SP1
Gal(B1-4)GIcNAc(B1-2)Glcal-O(CH,)sSH
40 15219 + 710
Gal(al1-3)[Gal(B1-4)]GIcNAc(al-4)ManNAc(B1-4)[Gal(al-
4)]GIcNACB1-O(CH,)sSH
42 10887 £ 579
5@ SP1
GlcNAc(al-2)Gleal-O(CH,)sSH
50 8523 + 1220
Ol 0707 @5—sP2
Gal(B1-3)GalNAc(B1-3)Gal(al-4)Gal(B1-4)GlcB1-O(CH,)sSH (Gb5)

Spacer: SP1: -0(CH2)sSH
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Table 4. Carbohydrates with relatively high binding affinity to MGL1.

ID Number | Structure MFI + SEM
17 —@—sPL 30912 + 3335
Gal(B1-4)GlIcp1-O(CH,)sSH
18 37028 £ 2589
o SP1
Gal(B1-3)GIcNAcB1-O(CH,)sSH (1,3-lactosamine)
19 30165 £ 1779
o SP1
Gal(B1-4)GIcNAcB1-O(CH,)sSH
20 9397 £ 1008
o3 SP1
GalNAc(B1-4)GIcNAcB1-O(CH,)sSH
21 48430 + 1731
L[5 SP1
Gal(B1-3)GaINAcB1-O(CHy)sSH
22 p1 40842 + 3037
B 2P
Gal(B1-2)Galp1-O(CH,)sSH
23 p1 42618 + 2332
B 2P
Gal(B1-3)Gal(B1-4)Glcp1-O(CH,)sSH
40 16453 + 3645
Gal(al-3)[Gal(pB1-4)]GIcNAc(al-4)ManNAc(B1-4)[Gal(al-
4)]GIcNACB1-O(CH,)sSH
50 45459 + 8770

B3 B 3\ 4\_B B SP1

Gal(B1-3)GaINAc(B1-3)Gal(a1-4)Gal(B1-4)GlcB1-O(CH,)sSH (Gbb)

Spacer: SP1: -0(CH,)sSH

3.1.4.3 Carbohydrate modification of OVA enhanced Ty1 cytokine production in vitro

The screening for novel CLR ligands was a collaborative approach performed jointly

with Magdalena Eriksson. The results for the in vitro and in vivo analyses are also described

in (246). It has been shown that DCs pulsed with the native glycosylated form of the OVA

antigen containing mannose moieties targeted antigen to the MR to induce cross-presentation
(247). 1 sought to examine OVA modified by the newly identified ligands of MGL1 and

Clecl12b, 1,3-lactosamine or Gb5, the rationale being that the engagement of sugar modified

OVA with CLRs on DCs will enhance antigen uptake and activation of DCs, thereby

influencing MHC-II presentation and CD4" T cell proliferation. OVA was conjugated with
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Co-culture of CD11¢" DCs of wild-type C57BL/6 mice with T cells from OT-II
transgenic mice was done followed by incubation with OVA, OVA-Gb5, or OVA-1,3-
lactosamine (hereinafter referred to as OVA-lactosamine). T cells from transgenic OT-II mice
have a T cell receptor specific for the OV Asps.as0 peptide presented by MHC-11 molecule 1-A®,
as this is expressed specifically by APCs from C57BL/6 mice. By pulsing wild-type CD11c"
DCs cells with whole OVA protein, it is endocytosed and degraded intracellularly. The
generated OVA-sugar conjugate is loaded and presented by the MHC-11 molecule 1-A® to the
TCR thus being recognized by OT-I1 T cells. By using transgenic OT-II T cells, the T cell
response can be analyzed whereas T cells from wild-type mice would exhibit no measurable
cytokine production. Interestingly, both OVA-lactosamine and OVA-Gb5 targeted to DCs
significantly enhanced the production of IL-2 by OT-II T cells, and in the case of Gb5, to a
much higher extent (Figure 21A). Additionally, OVA-lactosamine and OVA-Gb5 also
showed a tendency to boost IFN-y production (Figure 21B). IL-4 was also measured but the

results were below detection level.
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Figure 21. Enhanced Tx1 cytokine production in in vitro stimulation with OVA conjugates. CD11c* DCs
from C57BL/6 were co-cultured with T cells from OT-II transgenic mice, followed by stimulation with OVA,
OVA-Gb-5, or OVA-lactosamine. (A) Quantification of cytokines showed a significant increase in IL-2 in both
OVA-GDb5 and OV A-lactosamine stimulated cultures. (B) IFN-y production showed a tendency for higher levels
in OVA-Gb5 or OVA-lactosamine stimulated cultures compared to OVA alone. Dashed lines represent cytokine
levels of unstimulated mouse spleens from C57BL/6 mice which did not undergo adoptive transfer. Data are
expressed as mean = SEM for each group. Statistical analysis was performed using Student’s t test (*, p < 0.05;
** p <0.001; ns = not significant).

3.1.4.4 CLR targeting in vivo using OVA conjugates dampens humoral response

To corroborate the in vitro findings, in vivo targeting of DCs by MGL1 and Clec12b
was performed. Splenic cells were taken from OT-II transgenic mice, labeled with the cell
proliferation dye eFluor 670, and adoptively transferred into groups of C57BL/6 mice.
Twenty-four hours later, the latter were prime-immunized with PBS, OVA, OVA-Gb5, and
OVA-lactosamine. After 21 days, the mice underwent a boost immunization with the same
formulations as in the prime immunization. On day 30 post-prime immunization, mice were
sacrificed. The serum of each mouse was analyzed for anti-OVA antibody titers by ELISA
(Figure 22A). Plates were coated with OVA, followed by incubation with the serum samples,
then the detection using AP-labeled anti-mlgG+IgM. The antibody titers taken from mice
immunized with OVA-Gb5 and OV A-lactosamine were lower than the mice immunized with
OVA only (Figure 22A). To further analyze the 1gG subclass the antibodies belong to, the sera
were tested to differentiate whether they were 1gG; or 1gG, using a similar ELISA procedure
as aforementioned only using either AP-labeled anti-mlgG; or anti-mlgG,. For all three
groups, OVA, OVA-Gb5, and OVA-lactosamine, the antibodies were classified as mainly
IgG: (Figure 22B). To analyze cytokine production, the spleen cells were restimulated with
OV A323.339 peptide and the cytokine levels were quantified by ELISpot. The same tendency in
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IL-2 (Figure 23A) and IFN-y (Figure 23B) production was observed as in the in vitro assays,
i.e. the levels were higher in mice immunized with OVA-Gb5 and OVA-lactosamine than
with OVA though values did not reach statistical significance. Thus, OVA conjugated with
either Gb5 or 1,3-lactosamine might indeed lead to a Tyl response while modulating T2

response.
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Figure 22. Antibody production is decreased upon immunization with OVA-sugar conjugates. C57BL/6
mice received 1.5x10’ splenic cells isolated from OT-II transgenic mice. 24 hours after, mice were prime
immunized with PBS (n=3), 22 ug OVA (n=4), 22 ug OVA-Gbh5 (n=5), and 22 pg OVA-lactosamine (n=4). On
day 21 post-prime immunization, the mice were given a boost with the same concentrations and formulations of
OVA and the OVA conjugates. On day 30, serum samples were analyzed for antibody production by ELISA. (A)
Plates were coated with OV A, followed by the incubation of serum samples in different dilutions, thereafter anti-
hlgG-AP was added. Mice immunized with OVA-Gb5 or OVA-lactosamine showed less antibody production
compared to OVA alone. (B) To identify the subclass of the antibodies produced, the same procedure was
performed as in A, but the readout was done using either anti-hlgG;-AP or anti-lgG,-AP. The results show that
the antibodies produced by mice immunized with either OVA-Gb5 or OVA-lactosamine mainly belong to the
IgG; subclass. Data are expressed as mean + SEM for each group. Statistical analysis was performed using
Student’s t test (****, p <0.0001; ***, p <0.0001).
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Figure 23. Increasing tendency for IL-2 and IFN-y production is observed upon immunization with OVA-
sugar conjugates. C57BL/6 mice received 1.5x10" splenic cells isolated from OT-II transgenic mice. 24 hours
after, mice were prime immunized with PBS (n=3), OVA (n=4), OVA-Gb5 (n=5), and OVA-lactosamine (n=4).
On day 21 post-prime immunization, the mice were given a boost with the same formulations of OVA and the
OVA conjugates. On day 30, spleen cells were restimulated with OV Ag,3.339 peptide. (A) IL-2 and (B) IFN-y
levels are higher among mice immunized with either OVA-Gb5 or OVA-lactosamine than with OVA alone.
Dashed lines represent spot numbers of stimulated mouse spleen cells from C57BL/6 mice which did not
undergo adoptive transfer. Data are expressed as mean = SEM for each group. Statistical analysis was performed
using Student’s t test. No statistical significance was obtained for any of the groups.
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3.2 Role of CLRs in cerebral malaria

The following chapters describe the procedure conducted to determine the role of the
CLRs DCIR and SIGNR3 in murine cerebral malaria. Mice deficient in DCIR or SIGNR3
were used for the experiments. Some experiments included all three groups namely DCIR™
mice, SIGNR3” mice, and wild-type mice. For others, only the DCIR” or the SIGNR3™ mice

were used as well as the corresponding wild-type mice.
3.2.1 Role of DCIR in cerebral malaria

3.2.1.1 Genotyping of DCIR” mice by PCR

The generation of DCIR™ mice (031932-UCD, DCIR KO/Mmcd) is described in
detail on the homepage of the Consortium for Functional Glycomics. For genotyping, PCR, as
outlined by CFG, was performed using genomic DNA taken from tail biopsies of C57BL/6
wild-type (DCIR'™), heterozygous (DCIR™"), and DCIR-deficient (DCIR™") mice. The wild-
type band has a size of 748 bp, while the DCIR knockout band is 457 bp (Figure 24).

DCIR** DCIR"- DCIR" Figurg/_ 24._ Genotyping  of

bp DCIR ~ Mmice t_)/_y _ PCR.

900—» Genotyping of DCIR™ mice was
Wild-type - performed by PCRd?‘nd tﬂe
- 4 genomic DNA acquired from the
~<-DCIR tail biopsies of DCIR**, DCIR",

300—= and DCIR”. The DCIR** band

has a size of 748 bp, while the
DCIR™ band is 457 bp.

3.2.1.2 Reduced CM incidence in DCIR” mice

The murine C-type lectin receptor DCIR is predominantly expressed by antigen-
presenting cells including DCs (44). To elucidate the impact of DCIR deficiency on CM
incidence, DCIR”" mice and the respective wild-type control mice were infected i.p. with PbA
and parasitemia and clinical symptoms were monitored daily. The PbA infection model of
C57BL/6 mice is currently the model of choice to analyze malaria-associated pathology,
namely CM, with survival rates between 0-40% (165, 166). While CM induction occurred in
80% of infected wild-type mice, less than 15% of infected DCIR™ mice developed
neurological symptoms, thus were highly protected from CM (Figure 25A). However, no
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difference was observed in the parasitemia levels between DCIR™ and wild-type mice (Figure

25B) suggesting that DCIR deficiency did not impact parasite replication directly.
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Figure 25. PbA-infected DCIR™ mice are significantly protected from CM induction. DCIR™ mice (n=38)
and the respective C57BL/6 control mice (n=38) were infected i.p. with 1 x 10° PbA-infected RBCs. (A) Mice
were monitored daily for early signs of CM and were euthanized in case of clinical symptoms such as ataxia,
convulsions, or coma. Survival was determined using log rank test (****, p < 0.0001). The survival curves
represent a summary of 5 independent experiments with 5 to 10 mice each. (B) Parasitemia was determined on
days 7 and 11 p.i. On day 11 p.i., the number of PbA-infected wild-type mice used for determination of
parasitemia was significantly lower (n=8) because ~80% of mice had developed CM by that time point. Data are
expressed as mean £ SEM for each group. Statistical analysis was performed using Student’s t test (ns = not
significant).

3.2.1.3 Reduced T cell sequestration in brain of DCIR”" mice

Numerous studies have demonstrated that leukocytes in the brain, particularly CD8* T
cells, are important for CM induction in the murine PbA infection model. To determine
whether the absence of DCIR influenced the sequestration of CD8" T cells into the brain,
CD45" leukocytes in the brain were stained and the number of activated CD45°CD8" T cells
(which were CD62L'") was analyzed by flow cytometry (Figure 26A). Indeed, upon PbA
infection the number of CD45" cells in the brain of DCIR” mice was significantly reduced
compared to infected wild-type mice (Figure 26B). This was mainly due to a reduced
sequestration of activated CD8" T cells into the brain of DCIR” mice (Figure 26C). This
finding demonstrates that the reduced incidence of CM among DCIR”" mice is accompanied

by a decreased migration of activated CD8" T cells into the brain compared to wild-type mice.
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Figure 26. Decreased sequestration of CD8" T cells in the brain of DCIR” mice upon PbA-infection.
C57BL/6 mice (n=18) and DCIR" mice (n=18) were infected i.p. with 1 x 10° PbA-infected RBCs. On day 7
p.i., brains were homogenized and cells were stained with anti-CD45-PerCP-Cy5.5, anti-CD8-APC-H7, and anti-
CD62L-PE and analyzed by flow cytometry. Cells were gated on CD45" cells in the brain. (A) Representative
dot plots are shown for uninfected wild-type mice (top panel), PbA-infected wild-type mice (middle panel), and
infected DCIR” mice (bottom panel). (B) Bar diagrams showing the frequency of CD45" cells and (C)
CD45'CD8*CD62L"" T cells per 1 x 10 cells in the brain of PbA-infected wild-type and DCIR™ mice. Dashed
lines represent cell numbers in brain of uninfected DCIR” and wild-type mice. A summary of 3 independent
experiments is shown with 6 to 8 mice each. Data are expressed as mean + SEM for each group. Statistical
analysis was performed using unpaired Student’s t test (*, p < 0.05). The results indicate a significantly reduced
sequestration of CD45" leukocytes and CD8"CD62L"" T cells in the brain of PbA-infected DCIR™ mice.

To corroborate these findings, the expression of the endothelium marker CD31 and the
number of CD3" T cells in the brain were determined by immunohistochemistry on brain
sections of PbA-infected wild-type and DCIR”" mice (Figure 27). As CD31 is an integral
marker for endothelial cells, no difference in CD31 expression by wild-type, PbA-infected
wild-type, and infected DCIR” mice was observed (Figure 27A upper panel). On the contrary,
CD3 staining showed a significantly higher number of intravascular and extravascular
lymphocytes in PbA-infected wild-type mice than in DCIR™ mice (Figures 27A middle panel
and B). The release of cytolytic molecules granzyme B and perforin, expressed by the CD8" T
cells sequestered in the brain, promote CM (177). Hence, the production of the apoptosis-

inducing serine protease granzyme B was measured in PbA-infected wild-type and DCIR™
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mice. The presence of granzyme B is significantly higher in infected wild-type than in DCIR™

mice (Figures 27A bottom panel and C).
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Figure 27. Decreased number of sequestered T cells in the brain of PbA-infected DCIR™ mice. Brain
sections from PbA-infected C57BL/6 and DCIR™ mice were taken on day 7 p.i. These sections were then stained
for CD31, CD3, and granzyme B. (A) Representative figures of uninfected wild-type, PbA-infected wild-type
and infected DCIR™ are shown for CD31 expression (top panel), CD3" T cell sequestration (middle panel), and
granzyme B expression (bottom panel). All mice resulted positive for the presence of endothelial cells as
confirmed by CD31 staining (top panel). In the case of CD3 staining, a significantly higher number of
intravascular and extravascular lymphocytes was observed among PbA-infected wild-type mice (black arrow)
compared to DCIR™ mice, which only exhibited rare CD3-positive cells in few cerebral and cerebellar vessels.
Bar scale = 40 um. (B) Analysis was performed using a scoring system to determine the degree of lymphocyte
presence. A summary of 3 independent experiments is shown with 6 to 8 mice each. (C) Analysis was performed
using a scoring system to determine the degree of granzyme B-expressing cell presence. All data are presented as
mean + SEM for each group. Dashed lines represent scores of uninfected DCIR” and wild-type mice. Statistical
significance was determined by unpaired Mann Whitney U test (**, p < 0.01).

To further analyze the effect of DCIR deficiency on brain pathology, histological
examination of brain sections was performed using a clinical scoring system as described in
Materials and Methods. Brain sections were analyzed for the presence of vessel wall
hyalinization, endothelial activation, and intravascular leukocytes (Figure 28A). A
significantly increased eosinophilic thickening of intracerebral vessel walls, a distinct feature
characterizing vessel wall hyalinization, was observed in PbA-infected wild-type mice
compared to DCIR” mice (Figures 28A top panel and B). Consistently, there was also an
enlargement of endothelial nuclei indicating endothelial activation that was predominantly

observed in PbA-infected wild-type mice but only to a significantly lower level in DCIR™
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mice (Figures 28A middle panel and C). Additionally, the abundance of leukocytes in vessels
observed was also higher among PbA-infected wild-type mice compared to DCIR™ mice
though differences did not reach statistical significance (Figures 18A bottom panel and D).
These findings demonstrate that brain inflammation is indeed ameliorated in PbA-infected
DCIR" mice.
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Figure 28. Reduced inflammation in the brain of PbA-infected DCIR” mice. Brain sections from PbA-
infected C57BL/6 and DCIR™ mice were taken on day 7 p.i. Brain histology of uninfected and infected mice was
assessed. (A) Representative figures of uninfected wild-type mice as well as PbA-infected wild-type and DCIR™
mice are shown to depict the histological differences among the groups. Infected wild-type mice exhibited vessel
wall hyalinization characterized by eosinophilic thickening of intracerebral vessel walls (black arrow), which
was significantly reduced in infected DCIR™ mice (top panel). Enlargement of endothelial nuclei (black arrow),
indicative of endothelial activation, was observed in most PbA-infected wild-type mice but only few infected
DCIR™ mice (middle panel). The presence of intravascular leukocytes was observed (black arrow), with higher
tendency, in PbA-infected wild-type mice than DCIR™ mice (lower panel). Bar scale = 40 um. Histological
analysis was performed using a scoring system to determine the degree of vessel wall hyalinization (B),
endothelial activation (C), and the presence of intravascular leukocytes (D). A summary of 6 independent
experiments is shown with 4 to 8 mice each. Data are presented as mean + SEM for each group. Dashed lines
represent scores of uninfected DCIR™ and wild-type mice (0 for all parameters analyzed). Statistical significance
was determined by unpaired Mann Whitney U test (*, p < 0.05; **, p < 0.01, ns = not significant).
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3.2.1.4 Reduced TNF-a levels in serum of DCIR” mice

ECM is associated with high levels of pro-inflammatory cytokines with TNF-a and
IFN-vy playing a crucial role in CM induction (181, 182). Thus, | examined whether the levels
of IL-1pB, IL-12p70, IL-12p40, TNF-o, IL-10, and IFN-y in sera of PbA-infected WT and
DCIR™ mice differed. Indeed, the level of the pro-inflammatory cytokine TNF-a in serum
was significantly lower in PbA-infected DCIR™ mice than in wild-type mice (Figure 29A).
Interestingly, no significant differences in the levels of IFN-y, IL-10, and IL-12p40 were
observed (Figures 29B and C). The levels of IL-1, IL-12p70, IL-6 and IL-4 were at or below
detection level for both groups. Increased levels of TNF-a are an important indicator of the
pathogenesis of CM (181). Thus, DCIR deficiency exclusively impacted TNF-a release which

might explain the reduced CM incidence in DCIR™ mice.
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Figure 29. Decreased TNF-a levels in sera of PbA-infected DCIR™ mice. Sera from PbA-infected wild-type
and DCIR” mice were taken on day 7 p.i. Levels of the cytokines TNF-a (A), IFN-y (B), and IL-10 (C) were
evaluated using cytometric bead array. Production of TNF-a was markedly reduced in PbA-infected DCIR™
mice compared to wild-type mice. Data are expressed as mean + SEM for each group. The summary of 6
independent experiments is shown with 5-6 mice each. The dashed lines represent cytokine levels in sera of
uninfected wild-type and DCIR” mice. Statistical analysis was performed using unpaired Student’s t test (**, p <
0.01).

3.2.5 Modulated T cell activation in spleen of DCIR”" mice

The activation of CD4" and CD8" T cells in spleen is important for these leukocyte
populations to migrate to the brain and to contribute to CM induction (176, 248). Thus, |
determined the frequency of activated CD4" and CD8" T cells in the spleen during PbA
infection (Figure 30). While whole splenic composition was unaltered in uninfected as well as
PbA-infected wild-type and DCIR™ mice (Figure 30A), the frequency of activated CD4" and
CD8" T cells in spleen expressing the early activation marker CD69 was significantly lower in
PbA-infected DCIR™ mice compared to infected wild-type mice (Figure 30B and C). This
finding indicates that DCIR deficiency affects T cell priming in spleen which finally impacts
T cell sequestration in the brain.

DCIR is an attachment factor for HIV-1 (132) but no other ligands have been

identified yet. In the 52-glycan microarray analysis as described in the previous chapter, there
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was no binding to mDCIR-hlgG-Fc observed. A supplemental glycan microarray was
prepared consisting of synthetic glycosylphosphatidylinositol (GPI) glycolipids (249) which
are found on the cell surface of P. falciparum during the merozoite stage. GPI has
demonstrated potency in activating the host immune response and in inducing pro-
inflammatory cytokines (250, 251). There was no binding detected between mDCIR-hlgG-Fc
and the GPI structures (data not shown). Binding of DCIR fusion protein to pRBCs was also
not observed (data not shown). These findings suggest that DCIR does not bind to parasitic
glycans directly but might rather interact with DAMPs released during the course of malaria

or that DCIR influences the activation state of DCs directly.
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Figure 30. Reduced T cell activation in spleen of PbA-infected DCIR” mice. C57BL/6 mice (n=5) and
DCIR” mice (n=5) were infected i.p. with 1 x 10° PbA-infected RBCs. On day 7 p.i., spleen cells were isolated,
stained with anti-CD4-FITC, anti-CD8-APC-H7, and anti-CD69-PerCP-Cy5.5, and analyzed by flow cytometry.
Cells were gated on lymphocytes. (A) Representative dot blots are shown for uninfected wild-type mice (top
panel), PbA-infected wild-type mice (middle panel), and infected DCIR” mice (bottom panel). (B) Cells were
gated on CD4" T cells. The frequency of CD4™ T cells expressing the early activation marker CD69 is shown.
PbA-infected DCIR”" mice exhibited a lower frequency of activated CD4" T cells in spleen than infected wild-
type mice. (C) Cells were gated on CD8+ T cells. The frequency of CD8" T cells expressing CD69 is shown.
The frequency of activated CD8" T cells was also lower in PbA-infected DCIR™ mice than infected wild-type
mice. Dashed lines represent frequencies of activated CD4" and CD8" T cells in spleen of uninfected wild-type
and DCIR™ mice. Data are expressed as mean + SEM for each group. Statistical analysis was performed using
unpaired Student’s t test (*, p < 0.05).
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3.2.2 Role of SIGNR3™ in cerebral malaria

3.2.2.1 Genotyping of SIGNR3" mice by PCR

In order to verify the genotype of the SIGNR3” mice (031934-UCD, SIGNR3
KO/Mmcd), PCR was performed as outlined in detail on the homepage of the Consortium for
Functional Glycomics. Genomic DNA was obtained from tail biopsies of C57BL/6 wild-type
(SIGNR3*"), heterozygous (SIGNR3*"), and SIGNR3 knockout (SIGNR3™") mice. The wild-
type band has a size of 129 bp, while the SIGNR3 knockout band is 243 bp (Figure 31).

SIGNR3’ SIGNR3*- SIGNR3*"* Figure 31. Genotyping of SIGNR3™
bp mice by PCR. To verify the genotype of
400— SIGNR3™ mice, PCR was performed by

- with the genomic DNA taken from the tail
SIGNES? & Wild-type biopsies of DCIR™, DCIR™, and DCIR™
100— The SIGNR3** band has a size of 129 bp,
while the SIGNR3" band is 243 bp.

3.2.2.2 Reduced CM incidence in SIGNR3" mice

To shed light on the effect of SIGNR3 deficiency on CM incidence, SIGNR3™" mice
and the respective wild-type control mice were infected i.p. with PbA and parasitemia and
clinical symptoms were monitored daily.

While CM induction resulted in more than 80% mortality of infected wild-type mice,
only 40% of infected SIGNR3™ mice developed neurological symptoms, hence, were highly
protected from CM (Figure 32A). No difference was observed in the parasitemia levels
between SIGNR3” and wild-type mice (Figure 32B) suggesting that SIGNR3 deficiency did

not affect parasite replication directly.
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Figure 32. PbA-infected SIGNR3” mice are significantly protected from CM induction. SIGNR3™ mice
(n=22) and the respective C57BL/6 control mice (n=22) were infected i.p. with 1 x 10° PbA-infected RBCs.
Mice were monitored daily for early signs of CM and were euthanized in case of clinical symptoms such as
ataxia, convulsions, or coma. Survival was determined using log rank test (**, p < 0.01). The survival curves
represent a summary of 4 independent experiments with 5 to 10 mice each. Parasitemia was determined on days
7 and 11 p.i. On day 11 p.i., the number of PbA-infected wild-type mice used for determination of parasitemia
was significantly lower (n=6) because ~80% of mice had developed CM by that time point. Data are expressed
as mean = SEM for each group. Statistical analysis was performed using Student’s t test (n.s.=not significant).

3.2.2.3 Similar T cell sequestration in brain of SIGNR3” and wild-type mice

The presence of CD8" T cells in the brain is a firm indication of CM induction in the
murine PbA infection model. To determine whether the absence of SIGNR3 influenced the
sequestration of CD8" T cells into the brain, CD45" leukocytes in the brain were stained and
the number of activated CD45'CD8'CD62L' T cells was analyzed by flow cytometry
(Figure 33A). Upon PbA infection, the number of CD45" cells in the brain of SIGNR3™"
showed no significant difference to the CD45" cell profile observed in infected wild-type mice
(Figure 33B). This is even validated by the insignificant difference in the presence of
activated CD8" T cells also found in the brain (Figure 33C). There was also no difference in
the number of CD45'CD8'CD62L"" T cells between the two groups demonstrating that
SIGNR deficiency had no influence in the sequestration of activated CD8" T cells into the

brain.

3.2.2.4 Decreased TNF-a but increased IFN-y expression

The levels of IL-1B, IL-12p70, IL-12p40, TNF-a, IL-10, and IFN-y in sera of PbA-
infected wild-type and SIGNR3” mice were examined. The level of the pro-inflammatory
cytokine TNF-a in serum was significantly lower in PbA-infected SIGNR3” mice than in
wild-type mice (Figure 34A). Interestingly, SIGNR3™ exhibited a higher level of IFN-y
compared to the wild-type (Figure 34B). No significant differences in the levels of IL-10, and
IL-12p40 were observed (Figure 34C). The levels of IL-1p, IL-12p70, IL-6 and IL-4 were at

or below detection level for both groups. Thus, the contrasting lower levels TNF-a but higher
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levels of IFN-y in SIGNR3™ could aid in illuminating the higher CM incidence observed in
SIGNR3" mice.
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Figure 33. No difference in sequestration of CD8" T cells in the brain of SIGNR3” and wild-type mice
upon PbA-infection. C57BL/6 mice and SIGNR3™ mice were infected i.p. with 1 x 10° PbA-infected RBCs. On
day 7 p.i., brains were homogenized and cells were stained with anti-CD45-PerCP-Cy5.5, anti-CD8-APC-H7,
and anti-CD62L-PE and analyzed by flow cytometry. Cells were gated on CD45" cells in the brain. (A)
Representative dot plots are shown for uninfected wild-type mice (top panel), PbA-infected wild-type mice
(second panel), and infected SIGNR3” mice (bottom panel). (B) Bar diagrams showing the frequency of CD45"
cells for infected SIGNR3™ mice; and (C) CD45'CD8*CD62L"" T cells per 1 x 107 cells in the brain of PbA-
infected SIGNR3” mice. Dashed lines represent cell numbers in brain of the involved uninfected SIGNR3” and
wild-type mice. A summary of 4 independent experiments is shown with 2 to 3 mice each (SIGNR3™ mice n=12;
wild-type mice n=12). Data are expressed as mean + SEM for each group. Statistical analysis was performed
using unpaired Student’s t test (n.s.=not significant). The results indicate no significant difference in the the
sequestration of CD45" leukocytes and CD8'CD62L"" T cells in the brain of PbA-infected SIGNR3™ mice
compared to PbA-infected wild-type mice.

3.2.2.5 Modulated spleen cell activation in SIGNR3” mice

The frequency of activated CD4" and CD8" T cells in the spleen during PbA infection
was determined (Figure 35). While whole splenic composition was unaltered in uninfected as
well as PbA-infected wild-type and SIGNR3” mice (Figure 35A), the frequency of activated
CD4" and CD8" T cells in spleen expressing the early activation marker CD69 was
significantly lower in PbA-infected SIGNR3” mice compared to infected wild-type mice
(Figure 35B and C). This finding indicates that SIGNR3 deficiency affects T cell priming in

spleen which may finally impact T cell sequestration in the brain.
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Figure 34. Decreased TNF-a but increased IFN-y levels in sera of PbA-infected SIGNR3” mice. Sera from
PbA-infected wild-type and SIGNR3” mice were taken on day 7 p.i. Levels of the cytokines TNF-o (A), IFN-y
(B), and IL-10 (C) were evaluated using cytometric bead array. Production of TNF-a was markedly reduced in
PbA-infected SIGNR3™ mice compared to wild-type mice. In contrast, significantly higher levels of IFN-y were
observed in infected SIGNR3” mice. Data are expressed as mean + SEM for each group. A summary of 4
independent experiments is shown with 4 to 6 mice each. The dashed lines represent cytokine levels in sera of
uninfected wild-type and SIGNR3™ mice. Statistical analysis was performed using unpaired Student’s t test (*, p
< 0.05).
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Figure 35. Reduced T cell activation in spleen of PbA-infected SIGNR3" mice. C57BL/6 mice (n=5) and
SIGNR3” mice (n=5) were infected i.p. with 1 x 10° PbA-infected RBCs. On day 7 p.i., spleen cells were
isolated, stained with anti-CD4-FITC, anti-CD8-APC-H7, and anti-CD69-PerCP-Cy5.5, and analyzed by flow
cytometry. Cells were gated on lymphocytes. (A) Representative dot blots are shown for uninfected wild-type
mice (top panel), PbA-infected wild-type mice (middle panel), and infected SIGNR3” mice (bottom panel). (B)
Cells were gated on CD4" T cells. Representative frequency of CD4" T cells expressing the early activation
marker CD69 is shown. The frequencies of CD4" T cells expressing the early activation marker CD69 is shown
in PbA-infected SIGNR3™ mice. Both PbA-infected SIGNR3” mice exhibited lower frequencies of activated
CD4" T cells in spleen than infected wild-type mice. (C) Cells were gated on CD8" T cells. The frequencies of
CD8" T cells expressing CD69 is shown. The frequencies of activated CD8" T cells were also lower in PbA-
infected SIGNR3™ mice than in infected wild-type mice. Dashed lines represent frequencies of activated CD4"
and CD8" T cells in spleen of uninfected wild-type and SIGNR3™” mice. Data are expressed as mean + SEM for
each group. Statistical analysis was performed using unpaired Student’s t test (***, p < 0.001).
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The studies regarding the role of CLRs in malaria infection indicate that CLRs
influence the pathogenesis of CM. DCIR deficiency demonstrated a crucial function in CM
development. This is essentially characterized by prompting protection against CM induction.
SIGNR3 revealed an impact in the genesis of CM, nevertheless, the mechanism of its role

needs to be further investigated.
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4. Discussion

4.1 Lectin targeting

In this thesis, the role of CLRs in cell-specific targeting and immune modulation was
investigated by using different strategies: first, by identifying the ligands of CLRs and
subsequently substantiating the potential adjuvanticity of CLR targeting; and second, by
employing an animal model to determine the function of CLRs in infection in a murine
malaria model.

The potential of CLR carbohydrate ligands as adjuvants is a promising venture. CLR
targeting not only facilitates increased uptake of antigen by APCs, it also facilitates the
recruitment and activation of DCs by stimulating CLRs, thereby enabling priming B and T
cell responses (1). Indeed, PRR-based vaccine adjuvants approved for use in human vaccines
have already been established albeit these are still limited. These adjuvants include the alum-
TLR4 agonist MPL combination Adjuvant System [AS]04 (GlaxoSmithKline Biologicals),
oil-in-water emulsions MF59 and AS03, and reconstituted influenza virosomes (252). To
study the capability of CLR carbohydrate ligands to act as adjuvants, the general and inherent
problem of weak affinity in lectin-carbohydrate ligand binding was first addressed and already
known lectin-ligand interactions in evaluating biological functions were employed as proof-
of-concepts. With these studies in hand, | sought to develop a platform that could bring about
a rational strategy principally involving CLR-ligand interactions, an approach that combines

glycan analysis with in vivo studies.

4.1.1 Multivalency enhances carbohydrate-lectin interaction

Lectin-carbohydrate interactions are generally weak, hence, in order to resolve this,
multivalency in carbohydrate presentation on a scaffold was applied to generate insight into
the binding profiles from both the lectin’s and the ligand’s roles. The multivalent Ru(ll)
complexes, with their sophisticated design, displayed different numbers of mannose residues
on the surfaces with unique spatial orientation and the binding interactions between the
carbohydrate epitopes and the lectin ConA was investigated by SPR. The mannose-carrying
Ru(Il) complexes were recognized by Con A, this was proven by the increase in RUs upon
introducing the RuCdManl4 and RuCdMan28 complexes onto the ConA-immobilized
surface. SPR experiments clearly demonstrated that the presence of more mannose residues as
in the case of RuCdMan28 yielded a more efficient binding to ConA, and the affinity to ConA
is higher than obtained for RuCdManl14. Additionally, the immobilization level of ConA

affected the interaction; high density ConA exhibited stronger binding as compared to the low
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density ConA. More importantly, results showed that the ConA binding to mannose on the
ruthenium complexes is profoundly affected by the number of mannose residues displayed on
their surface. By increasing the number of mannose on the surface, the binding performance
was improved. RU values for RuCdMan14 were much lower and weaker binding was
observed. Interestingly, the most potent multivalent template was not the compound with the
highest functionalization of mannose residues. No binding was detected between RuCdMan42
and ConA-LD nor ConA-HD. This is presumably due to the steric hindrance afforded by the
two additional CdMan encapsulating the ruthenium complex. This outcome is not entirely
surprising, since similar results have been reported for highly multivalent probes (232, 253).
The finding demonstrates that multivalent presentation of lectin ligand has a heightened effect
on the binding to the lectin, however, it also shows that it is possible that strong binding can
be achieved not necessarily with the maximum presentation of carbohydrates on a given
carrier system. The effect of avidity is constructive only until a certain level. One explanation
for this is that the inherent bulkiness of RuCdMan42 may impede the formation of stable
interactions between mannose and ConA. Additionally, the spatial arrangement may need to
be optimized further in order to improve potency. To further improve binding affinity, not a
higher functionalization, but a careful study on the spatial arrangement of the ligands that
would be deemed highly appropriate to provide the appropriate spacing of ligands for lectin
binding. This study has allowed us to identify the effect of multivalency on lectin binding and
that higher numbers of carbohydrate presentation do enhance the binding strength of
carbohydrate-lectin interaction; there is an apparent upper limit to that number, beyond which

binding efficiency declines.

4.1.2 Multivalent carbohydrate presentation affords cell-specific targeting

The data presented in this thesis show the effective targeting of the CLR ASGPR on
HepG2 cells using cyclodextrins and liposomes. This is due to the recognition of ASGPR of
its ligands, galactose or GalNAc, which are multivalently presented on these two systems. In
vitro studies demonstrated that higher HepG2 uptake was observed in both galactose-
functionalized  cyclodextrins and  GalNAc-functionalized liposomes.  Conversely,
cyclodextrins or liposome alone had no effect on the uptake by HepG2 cells. Although the
cyclodextrin and the liposome controls helped to establish the general effectiveness of the
galactose or GalNAc functionalities, the use of specificity controls was performed to rule out
the possibility of unspecific binding. The uptake experiments were conducted with specificity

controls, mannose-functionalized cyclodextrin for the cyclodextrin system and GIcNAc-
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functionalized liposomes for the liposome system. Flow cytometry analysis revealed that there
was no HepG2 uptake of mannose-functionalized cyclodextrin (uptake was the same degree
as the cyclodextrin control) and a distinctly less uptake of GIcNAc-functionalized liposomes,
confirming that the presence of galactose or GalNAc accounts for the specificity of uptake by
HepG2 cells. To complement studies establishing the usefulness of carbohydrate-based
targeting, the galactose-functionalized cyclodextrin system was loaded with doxorubicin, a
potent chemotherapy drug used in cancer treatment, to induce apoptosis in HepG2 cells. The
degree of apoptosis was substantially higher in HepG2 cells incubated with doxorubicin-
loaded galactose-functionalized cyclodextrin than with doxorubicin alone. As expected, the
degree of apoptosis in HepG2 cells treated with only galactose-functionalized cyclodextrin
was at the same level as that of cells left untreated. Taken together, galactose- or GalNAc-
based delivery systems for targeting ASGPR expressed by hepatocytes enable for multivalent
receptor interactions. Furthermore, the galactose-functionalized cyclodextrin-based system is
a molecular carrier for doxorubicin inducing a high degree of apoptosis in hepatocytes in
vitro.

Several studies have examined targeting focusing on receptor-mediated endocytosis by
ASGPR for gene and drug delivery (81, 233, 254). Multivalent delivery systems based on
galactose/GalNAc-macromolecule conjugates have yielded HepG2-specific targeting more
potent than monovalent agents. The results obtained in this thesis are in line with previous
studies and show that valency-dependent uptake can be increased significantly.

4.1.3 CLR targeting modulates immune response

Carbohydrate structures on pathogens participate in the induction of host immune
response that can be exploited for vaccination (79, 92). One important mechanism by which
the immune system senses bacteria, viruses, fungi, or parasites is the recognition of
microorganism-specific oligosaccharide motifs by innate immune receptors. A common
receptor-ligand complex is formed between the TLR4-MD2—-CD14 complex and bacterial
lipopolysaccharides (LPS) (242). Host recognition of pathogenic microorganisms induces an
immune response by producing antibacterial substances and recruitment of phagocytic cells
such as neutrophils or macrophages. Sugars such as mannose-containing oligosaccharides
contribute to this process by interacting with macrophages via MR, which mediates
endocytosis and cytokine production (255). These are important compounds for signaling

cascades to trigger the immune reaction.
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Another strategy for targeting CLR employed in this thesis was using a multivalent
mannose-functionalized fiber mesh with the carbohydrate residues interacting with MR on
macrophages. This system was aimed to shed light into the influence of MR targeting by
multivalent presentation of mannose on LPS-mediated stimulation of macrophages. The
results indicate that stimulation with the plate-bound mannose-functionalized fibers in the
presence of LPS had a synergistic effect in that TNF-a production by macrophages was
increased. The sugar-functionalized fibers afforded a functional surface that is accessible. The
aminoethanol- and galactose-functionalized fiber meshes show a significantly lower (~30%)
activation under comparable conditions, which proved that the increase in TNF-a production
upon mannose fiber stimulation is indeed specific. It is also consistent with previous
publications where murine macrophages were efficiently targeted by mannosylated proteins
such as mannosylated bovine serum albumin (256-258). For DC-SIGN, mannose-dependent
enhancement of TLR-4 induced cytokine production has been proven (241). In sum, the
increased effect of LPS/mannose meshes on macrophage cytokine production in this study is
most likely due to the engagement of mannose-binding lectins such as MR or DC-SIGN
homologues.

4.1.4 Platform for surveying CLR ligand adjuvanticity

The studies discussed thus far have illustrated the potency of multivalent carbohydrate
presentation in targeting lectins and its application in enhancing immune responses. This
schematic progression was then applied to elucidate the role of CLR targeting with novel
ligands. Before any interaction studies can be performed, the carbohydrate ligands first need
to be identified. For this purpose, the CLR fusion proteins, consisting of the extracellular
region of the CLR and the human IgG1-Fc, were produced. These proteins form dimeric
complexes in solution, thus displaying a higher binding avidity, and are easily detectable due
to the Fc fragment. mDectinl-hlgG1l-Fc, containing the extracellular region of the CLR
Dectin 1, recognized zymosan, a known ligand of Dectin 1, which confirmed the functionality
of the fusion proteins.

The creation of a library of fusion proteins allows for a high throughput screening of
novel carbohydrate ligands by glycan microarray analysis, but its utility is not only limited to
glycan arrays. It is a versatile tool that can be used in a diverse array of strategies and assays.
Fc fusion proteins can be used for lectin arrays wherein the proteins are attached to the solid
surface via interactions between the Fc part and the surface-bound protein G/A (259, 260).

This method enables investigations on carbohydrate-protein and protein-protein interactions,
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and on interactions with microbial particles. Moreover, Fc fusion proteins can be
multivalently presented on scaffolds such as protein G/A microbeads and subsequent
interaction studies can be performed with macromolecule conjugates and even cells (261).
Strategies which necessitate immobilization such as ELISA or SPR can also make use of the
Fc fusion proteins (262, 263). The fusion proteins mDectinl-hlgG1l-Fc, mDCIR-hlgG1-Fc,
MmMCL-hlgG1l-Fc, mMICL-hlgG1-Fc, mClecl12b-hlgGl-Fc, and mMGL1-higG1l-Fc,
mClec12b-hlgG1-Fc and mMGL1-hlgG1l-Fc were screened directly on a carbohydrate
microarray to determine any binding partners. There were no interactions observed among
Dectin 1, DCIR, and MCL and the respective carbohydrates. MICL showed binding affinity
towards terminal mannose structures, particularly PIM; and PIMs. This is an interesting result
since MICL does not contain the EPN motif, which pertains to mannose recognition (264).
MGL1 exhibited recognition to 1,3-lactosamine and to Gb5. Similar binding activity was
observed on Clec12b albeit to a weaker extent than that of MGL1. It is important to note that
both CLRs exhibited broader specificity, recognizing galactose-terminal glycans. This is not
actually surprising in the case of MGL1 since its CRD contains the galactose-binding motif
QPD and its binding to galactose-containing Lewis X and Lewis Y glycans is known (70).
The tumor antigen Gb5 (stage-specific embryonic antigen-3; SSEA-3) is highly expressed in
the fertilized egg and at the 8-cell embryo stage in mice, and in embryonic stem cells and
embryonal carcinoma cells in humans (265). It is involved in the metastatic spread of
testicular, lung, and breast tumors as well as teratocarcinoma (266). Since Gb5 plays a
mechanistic role in cancer pathogenesis, binding of MGL1 and Clecl2b to Gb5 holds a
promising venture into the role of CLRs in cancer.

Targeting of CLRs on DCs using their carbohydrate ligands has been explored by
employing multivalent carbohydrate presentation to promote efficient delivery of cargo to
intracellular compartments responsible for antigen processing and presentation. Nanoparticles
such as liposomes and micelles have been used as antigen delivery systems and the CLR MR
has been extensively investigated (97). The engagement of MR on DCs with mannose-
functionalized polyanhydride nanoparticles facilitates the cell surface expression of MHC-II
and co-stimulatory molecules (267). Higher efficiency of endocytosis was exhibited by MR-
mediated uptake of mannose-functionalized nanoparticles by DCs (97, 268). Aside from using
nanoparticles as carbohydrate-functionalized delivery systems, the model antigen ovalbumin
(OVA) has been employed for multivalent ligand presentation with the primary goal of
targeting CLRs to induce immune responses. OVA conjugated with Lewis® structures, fucose-

containing ligands of DC-SIGN, enhanced CD4" and CD8" T cell responses by targeting bone
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marrow DCs and splenic DCs (269). Modification of OVA with GalNAc, ligand of MGL2,
and targeting to DCs also augmented T cell responses (76).

Having identified novel ligands for MGL1 and Clec12b, targeted antigen delivery by
modifying OVA was employed with either 1,3-lactosamine or Gb5. To overcome the
disadvantage of weak carbohydrate-lectin interactions, multivalent presentation of the sugars
on OVA was carried out and verified by MALDI. In both in vitro and in vivo studies, OVA-
Gb5 and OVA-lactosamine showed a tendency in higher IL-2 production than with OVA
alone, even slightly higher in the case of OVA-Gb5. The levels of IFN-y also showed a
tendency to be higher in OVA-Gb5 and OVA-lactosamine than in OVA. The same tendency
in IL-2 and IFN-y production was observed in vivo, i.e. the levels were higher in mice
immunized with OVA-Gb5 and OVA-lactosamine than with OVA alone, was observed in
vivo. This might indicate that engagement of OVA-Gb5 or OVA-lactosamine influence CD4"
T cell differentiation into IL-2 and IFN-y-producing Tyl cells. Furthermore, antibody titers
showed a decrease in IgG, specifically 1gG;, production among OVA-Gb5- and OVA-
lactosamine-immunized mice than those immunized with OVA alone. This suggests that the
Tn2 humoral response is dampened consistent with the increased Tyl.

Taken together, the strategy---from ligand identification to in vivo studies---presents a
platform in the pursuit for adjuvant candidates. Protein, peptide and DNA antigens alone are
generally insufficient in inducing immunogenicity to initiate DC-mediated adaptive immune
responses giving pertinence to the approach that the antigens are delivered to DCs with an
adjuvant (270). Adjuvants stimulate the innate immune system by activating APCs, which
subsequently enables the development of a long-lasting and antigen-specific immune
response. Thus, the long-term effectiveness of antigen vaccines significantly relies on
effective adjuvants (271). Aluminum-based adjuvants such as aluminum phosphate and
aluminum hydroxide have been used for more than 60 years and are the only ones approved
for use in humans by the Food and Drug Administration of the United States to date (272).
These adjuvants boost the efficacy of the vaccine by indirectly activating APCs in various
ways, which include the formation of an antigen depot and the accumulation of antigen to
increase uptake by APCs (273). Though these adjuvants have been proven to be safe in
humans, they do not strongly induce antibody production and weakly initiate cell-mediated
immunity. On the other hand, there are other potential adjuvants that have been shown to
activate APCs more directly, e.g. LPS and CpG DNA which are binding moieties for TLRs.
Though they induce upregulation of MHC-I and MHC-II molecules and secretion of

inflammatory cytokines such as IL-6 and TNF-o, they are toxic. Derivatives of these
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adjuvants are being explored with the aim of developing reduced toxic effects (274). Still, the
broader aim is to develop adjuvants which are strongly immunogenic as well as hon-toxic.
CLR targeting can serve as an effective approach to activate DCs which could then
influence skewing of immune responses. Antigens modified by CLR ligands afford an
adaptable and robust platform which can facilitate antigen presentation and cytokine
secretion, and perhaps even co-stimulatory molecules, leading to the initiation of a protective
adaptive immune response. By engaging CLR-mediated DC activation, this thesis provides a
basis to develop an immunization protocol that effectively induces immune response by CLR-
mediated DC activation. The approach outlined in this study presents a rationale design of

CLR ligands as feasible adjuvants.

4.2 CLRs in cerebral malaria

As another approach in examining the role of CLRs, the murine P. berghei ANKA
infection model was employed to determine whether DCIR has a functional role in the control
and/or genesis of CM. Pathogenic diseases can be tempered by homeostasis, however, in
severe cases as in cerebral malaria, this can be subjugated leading to fatal consequences (180).
DCs play a crucial role in the initiation of an overwhelming immune response against malaria.
DCs need to detect danger signals through PRRs in order to direct trafficking towards the
appropriate response. To date, numerous studies focus on the role of TLRs in immunity to
malaria and in the pathogenesis of severe/cerebral malaria whereas studies on the relevance of
CLRs are lacking. TLRs are involved in the recognition of parasitic pathogen-associated
molecular patterns (PAMPs) such as TLR2/4 in binding to P. falciparum
glycosylphosphatidylinositol (GPI) (275, 276) or TLR9 in the interaction with
hemozoin/P. falciparum DNA (277, 278). In a study employing P.chabaudi infection,
priming of TLR responses corresponds to the increased expression of TLR mRNA, and
TLR9-deficient mice were protected against LPS-induced lethality during acute infection
(279). The TLR/MyD88 pathway was shown to be crucial for CM development (280) and
targeting of nucleic acid-sensing TLRs protected mice from clinical signs of CM (281). In
other studies, only a limited role for TLRs in the genesis of CM was found (195, 197). A
recent study indicated that the impact of TLR signaling on pathology might depend on the
genetic background of the mice (282). Moreover, TLRs 2/4/9 were found to be dispensable in
the induction of cerebral malaria and also parasite control (197). It is mainly MyD88, in its
role as core adaptor protein in IL-18 signaling, which is pivotal in blood stage parasite control

and induction of pro-inflammatory cytokines (196). In addition to TLR signaling, the STING,
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TBK1 and IRF3-IRF7 signaling pathways are important for malaria-associated pathology
(283). These signaling molecules were shown to be involved in sensing of AT-rich
P. falciparum DNA and mice lacking IRF3, IRF7, the kinase TBK1 or the type | IFN receptor
were resistant to CM (283). In contrast, CM genesis is independent of the Nod pathway.
Though cytokine levels such as IL-1B or IFN-y were decreased in Nod1/Nod2™ mice during
PbA infection, there was no difference in survival or parasitemia compared to wild-type mice
(284).

The extracellular part of DCIR is homologous to other members of the CLR
superfamily and contains a CRD (42). Human DCIR functions as an attachment receptor for
HIV-1 and promotes virus uptake into cells (132), however, these results were obtained by
DCIR transfection experiments and were not based on direct interaction studies with purified
ligands. No ligand for DCIR has yet been identified and the glycan microarrays, one of which
consisted of GPI structures, conducted in this study yielded no positive ligand for DCIR.
DCIR binding to glycoprotein or protein ligands might be more likely albeit this finding does
not formally exclude an interaction with carbohydrate ligands. Binding to protein ligands was
shown for other CLRs such as Clec9a, which binds to the F-actin component of the cellular
cytoskeleton (285, 286). Binding studies between mDCIR-hlgGl-Fc and pRBCs was
performed; however there was no specific interaction observed. Moreover, parasitemia levels
in blood were comparable between PbA-infected DCIR™ and control mice. These findings
suggest that DCIR might not bind to parasitic PAMPs directly but rather indicate that DCIR
acts as a recognition receptor for self-antigens released by the rupture of pRBCs during
malaria progression and/or DC activation. Indeed, CLRs such as Mincle or Clec9a sense
DAMPs such as necrotic cells highlighting the dual role of CLRs in the recognition of
pathogens, non-self, and self-antigens (42). Accordingly, the nature of the DCIR ligand still
remains to be identified.

This thesis demonstrates that DCIR deficiency impacted T cell activation in the spleen
and modulated TNF-a production. Previous studies have shown the importance of PRRs
expressed by APCs for cell activation and T cell priming. Since DCs become refractory to
TLR-mediated 1L-12 and TNF-a production during the course of the disease, TLRs are
deemed essential players in DC activation and cross-priming during malaria infection (287).
Moreover, cross-priming of CD8" T cells by activated DCs is hindered during PbA infection
(187). In P.yoelii infection, TLR9 and MyD88 were shown to play crucial roles in the
regulation of cytokine production, Ty1/Ty2 development, and in the development of cellular
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and humoral responses (194). Thus far, the role of CLRs in these processes is not fully
elucidated.

Regarding the role of PRRs in immunity to malaria, most studies focus on the
contribution of TLRs to immune pathology. Since CLRs are another major family of PRRs in
DCs, it is reasonable to suggest a possible pivotal role of CLRs in malaria pathology and
indeed the influence of CLRs in the pathogenesis of CM has just started to be elucidated. The
adaptor protein CARD9 mediates a number of CLR signaling, hence, the susceptibility of
CARD9” mice to PbA infection has been investigated (200). An up-regulated CARD9
expression was observed in the brains of PbA-infected wild-type mice, however, PbA-infected
CARD9” mice succumbed to neurological signs and blood-brain barrier disruption similar to
wild-type mice (200). This study indicates that CM develops independently of the CARD9
signaling pathway. DCIR signaling does not engage the adaptor protein CARD9, but instead
is mediated through ITIM (44). Surprisingly, in spite of the presence of an intracellular ITIM,
DCIR deficiency did not exacerbate immune pathology, but led to a reduced incidence of CM,
accompanied by a decreased T cell sequestration into the brain, and modulated T cell
activation in spleen. Previous studies on antibody-mediated DCIR targeting resulted in
efficient T helper cell priming and T cell proliferation (48) which might help explain the
latter. Moreover, targeting of human DCIR also induced efficient CD8" T cell cross-priming
(47). These studies are in agreement with the findings shown here that the frequencies of
activated CD4" and CD8" T cells in spleen expressing CD69 were reduced in PbA-infected
DCIR™ mice compared to wild-type mice. The differential T cell priming in spleen might be a
key factor responsible for the decreased susceptibility of the DCIR” mice to CM. In this
respect, our results are consistent with a recent study analyzing the role of the CD11c"®"CD8*
DC subset in CM immunopathology. Selective depletion of the Clec9a” DC subset caused
reduced activation of splenic CD4" and CD8" T cells that was accompanied by a reduced
CD8" T cell sequestration in brain and ameliorated brain inflammation (149). The evidence
for an essential role of a single CLR in this process is provided in this thesis.

In this thesis, the reduced T cell priming in spleen was complemented by lower levels
of TNF-o in serum of PbA-infected DCIR™ mice. The causal relationship between TNF-a
levels and malaria pathology has been established from studies on the association of higher
TNF-a levels in sera of patients suffering from CM as well as studies demonstrating the
critical role of TNF-a in PbA infection of mice (181). More recently, a number of other TNF
and TNFR superfamily members were shown to be involved in malaria pathology (199).

Interestingly, there were no significant changes in IFN-y levels detected during PbA infection
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in DCIR™ mice indicating that DCIR deficiency exclusively influenced the level of the pro-
inflammatory cytokine TNF-a.

Taken together, this study establishes a crucial role for DCIR in CM development
during PbA infection of mice (Figure 36). To the best of my knowledge, this is the first report
showing the importance of a specific DC-expressed CLR in malaria-associated pathology.
The only CLR that was reported to be associated with placental malaria is the complement
protein mannan-binding lectin (MBL) (288). Evidence that DCIR affects T cell priming in
spleen, contributes to TNF-o production, impacts CD8" T cell sequestration in the brain and
triggers the pathogenesis of CM is provided here. Thus, interference with DCIR signaling

might be a means to modulate APC function during the course of malaria.
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Figure 36. A schematic representatlon of the influence of DCIR deﬁuency in the development of ECM.
Upon PbA infection of DCIR” mice, there was modulated activation of CD4" and CD8" T cells. Systemic TNF-
a production is also modulated, which reduces the permeability of the brain endothelium impeding T cell
sequestration into the brain. Activated CD4" T cells also migrate into the brain which produce IFN-y and activate
endothelial cells. Activated CD8" T cells proliferate and sequester into the brain. They secrete the cytolytic
molecule perforin to lyse the antigen-presenting endothelial cells and the apoptosis-inducing protease granzyme
B. Destruction of the brain endothelium leads to breakdown of the blood brain barrier. There are decreased levels
of activated T cells in DCIR™ mice, particularly CD8" T cells, which might explain that there are less
sequestered T cells in the brain resulting in the reduced release of granzyme B as well as histological features of
inflammation.
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On the other hand, the effect of SIGNR3 on the induction of CM cannot be
compellingly established. SIGNR3 deficiency did not influence the parasitemia levels, but led
to a significantly higher survival rate (60%) compared to wild-type mice. Furthermore, PbA-
infected SIGNR3™ and wild-type mice exhibited similar numbers of sequestrated
CD45'CD8'CD62L™™ T cells in the brain. Interestingly, TNF-o levels were significantly
reduced, whereas IFN-y levels were increased in PbA-infected SIGNR3”" compared to wild-
type mice. These contrasting outcomes suggest that an alternative mechanism leading to the
release of these cytokines may be involved and be even more important than SIGNR3-
mediated gene expression. Additionally, activation of CD8" and CD4" T cells in the spleen
was remarkably lower in SIGNR3™ than in wild-type mice. The results on the role of SIGNR3
on cerebral malaria suggest that SIGNR3 plays a role, however, its mechanism needs to be
further investigated. This may be, in part, due to the different signaling cascade following
SIGNR3 activation. SIGNR3 as well as its human homologue, DC-SIGN, has an intracellular
hemITAM. DC-SIGN is exploited by pathogens such as HIV-1 and M. tuberculosis to escape
immunosurveillance and to promote its survival by hiding within DCs (40, 136). A similar
mechanism could play a role in PbA infection. Moreover, SIGNR3 binds to high-mannose
and, notably, the P. falciparum GPI is a mannosylated structure. Binding of SIGNR3 to GPI
has not been determined, but if confirmed, this can help illustrate a CLR/GPI-mediated
protection or susceptibility in CM. It is also imperative to characterize the sequestered CD8" T
cells in the brain in terms of the expression of inflammation markers such as TNF-o, IFN-y,
and IL-10. Nevertheless, this is still currently investigated and possible approaches to address

the issues mentioned above are being developed.

4.3 Conclusion

The two strategies, the adjuvant platform approach and the animal model studies,
though would initially seem as distinct and separate can in fact be brought together to be
complementary. The detection of PAMPs or DAMPs by CLRs activates signaling pathways to
mount an effective antimicrobial response targeting the invading pathogen. Understanding
how the innate immune system senses individual pathogens and the crosstalk among CLRs is
critical for understanding the complexities in regulating the innate immune system. Targeting
CLRs within the context of malaria to modulate immune responses can be feasible by utilizing
the adjuvanticity of CLR carbohydrate ligands. Furthermore, knowledge of these processes,
particularly the immunological outcomes of CLR signaling, will provide new insights

facilitating the design of novel vaccine adjuvants that target CLRs and appropriately guide
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protective immunity. A better understanding of how individual cell signaling pathways such
as Syk-dependent signaling influence regulation of the adaptive immune system, thereby
underlying immunity to infection, will be important. This will enable the generation of more
effective and safe vaccine adjuvants that not only target CLRs but also manipulate

downstream signaling pathways to influence the immune response.
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S1.1 Fusion protein sequences

S1.1.1 mDectin1-hlgG1-Fc sequence

hEF1-HTLV promoter

IL2 ss

mDectinl-hlgG1-Fc
Zeocin resistance

Black arrow (=) represents an open reading frame (ORF).

1 GGATCTGCGA TCGCTCCGGT GCCCGTCAGT GGGCAGAGCG CACATCGCCC

51
101
151
201
251
301
351
401
451
501
551
601
651
701

ACAGTCCCCG
GAGAAGGTGG
GCCTTTTTCC
GTGAACGTTC
TCGAGGGGCT
GCCATCCACG
TCCTGAACTG
GGGCCTTTGT
CCACGCTTTG
TCTGTTCTGC
TCACCGGCGA
TTGCACTAAG
GAGAAAGACA
ATCATCTTTA

AGAAGTTGGG
CGCGGGGTAA
CGAGGGTGGG
TTTTTCGCAA
CGCATCTCTC
CCGGTTGAGT
CGTCCGCCGT
CCGGCGCTCC
CCTGACCCTG
GCCGTTACAG
AGGAGGGCCA
TCTTGCACTT
ACTTCCTATC
GATGAGAAGG

GGGAGGGGTC
ACTGGGAAAG
GGAGAACCGT
CGGGTTTGCC
CTTCACGCGC
CGCGTTCTGC
CTAGGTAAGT
CTTGGAGCCT
CTTGCTCAAC
ATCCAAGCTG
CCATGTACAG
GCTCACGAATT
AAGAAATAAA
TGGCTCCCTC

GGCAATTGAA
TGATGTCGTG
ATATAAGTGC
GCCAGAACAC
CCGCCGCCCT
CGCCTCCCGC
TTAAAGCTCA
ACCTAGACTC
TCTACGTCTT
TGACCGGCGC
GATGCAACTC
CTTCAGGGAG
GAGAACCACA
CAAGGCATCC

CGGGTGCCTA
TACTGGCTCC
AGTAGTCGCC
AGCTGAAGCT
ACCTGAGGCC
CTGTGGTGCC
GGTCGAGACC
AGCCGGCTCT
TGTTTCGTTT
CTACCTGAGA
CTGTCTTGCA
AAATCCAGAG
AGCCCACAGA
CAAACTACAG
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751

801

851

901

951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301

GAGGTTTTTC
TGTTACCTAT
CTGCTCCCAG
TTGAGTTCAT
ATAGGCCTTT
ATCAGCATTC
AAAGCTTACT
CAAATCTGCA
GTGCCCAGCA
CAAAACCCAA
GTGGTGGTGG
CGTGGACGGC
AGTACAACAG
GACTGGCTGA
CCCAGCcccc
AACCACAGGT
CAGGTCAGCC
CGTGGAGTGG
CTCCCGTGCT
GTGGACAAGA
GCACGAGGCT
CGGGTAAATG
TTGGACAAAC
ATTTGTGATG
AGTTAACAAC
TGTGGGAGGT
TTAATTCTAA
TACTTGAATC
TTGCCAATGT
AAGATATAGT
GTTTTAAATG
AATAATTTAA
GAATCCAGAT
ACTTAGGGAA
GCTTCTAGCT
TGCCGGCCGG
ATCTCGGTCA
CTCCGACCAC
CCAGGGTGTT
GTCACGTCGT
GGAGAACCCG
GCGCGGTGAG
CCTGTCAGGA
TGTATTATAC
GGCTGCAGGG
CACCCTTTCC
GAGAAGGCAG
GACGTGGCTA
GCGCTCGGGG
AAGGCCGTGC
CCAAAGCAAG
GGGGCTTGGG

TCAGCCTTGC
TTAGCTTCTC
CTAGGTGCTC
TGAAAGCCAA
CCCGCAATCA
TTCCCCAACT
GCACAATTGT
ATACTTCTTC
CCTGAACTCC
GGACACCCTC
ACGTGAGCCA
GTGGAGGTGC
CACGTACCGT
ATGGCAAGGA
ATCGAGAAAA
GTACACCCTG
TGACCTGCCT
GAGAGCAATG
GGACTCCGAC
GCAGGTGGCA
CTGCACAACC
AGTGCTAGCT
CACAACTAGA
CTATTGCTTT
AACAATTGCA
TTTTTAAAGC
AATACAGCAT
CTTTTCTGAG
GCATTAGCTG
GTATTTTCCC
CACTGACCTC
ATACATCATT
GCTCAAGGCC
CAAAGGAACC
TATCCTCAGT
GTCGCGCAGG
TGGCCGGCCC
TCGGCGTACA
GTCCGGCACC
CCCGGACCAC
AGCCGGTCGG
CACCGGAACG
GAGGAAAGAG
TATGCAGATA
TTCATAGTGC
CAGGCATAGA
AAGCTTGAGA
GGGCGGCTTC
AGGCCTAGCG
CTGACCAATC
GGGAAGTCAC
GGGGTTGGGG

CTTCCTAATT
AGGAAATTCC
ATCTACTGAA
ACATCGTCTC
GAGTGAAGGG
CGTTTCAAGT
GTATGGATTC
AAGATCTGAC
TGGGGGGACC
ATGATCTCCC
CGAAGACCCT
ATAATGCCAA
GTGGTCAGCG
GTACAAGTGC
CCATCTCCAA
CCCCCATCCC
GGTCAAAGGC
GGCAGCCGGA
GGCTCCTTCT
GCAGGGGAAC
ACTACACGCA
GGCCAGACAT
ATGCAGTGAA
ATTTGTAACC
TTCATTTTAT
AAGTAAAACC
AGCAAAACTT
GGATGAATAA
TTTGCAGCCT
AAGGTTTGAA
CCACATTCCC
GCAATGAAAA
CTTCATAATA
TTTAATAGAA
CCTGCTCCTC
GCGAACTCCC
GGAGGCGTCC
GCTCGTCCAG
ACCTGGTCCT
ACCGGCGAAG
TCCAGAACTC
GCACTGGTCA
AAGAAGGTTA
TACTATGCCA
CACTTTTCCT
CAGTCAGTGA
CAGACCCGCG
TTTTATGGTG
GCCAATCTGC
CGGAGCACAT
GCGCCTGTAG
CCCTGACTAG

GGATCATGCA
TGGTATGGAA
GATAGACAAC
ACCGTATTAA
CCATGGTTCT
CAGAAATACA
ATGGATCAGA
AAAACTCACA
GTCAGTCTTC
GGACCCCTGA
GAGGTCAAGT
GACAAAGCCG
TCCTCACCGT
AAGGTCTCCA
AGCCAAAGGG
GGGAGGAGAT
TTCTATCCCA
GAACAACTAC
TCCTCTACAG
GTCTTCTCAT
GAAGAGCCTC
GATAAGATAC
AAAAATGCTT
ATTATAAGCT
GTTTCAGGTT
TCTACAAATG
TAACCTCCAA
GGCATAGGCA
CACCTTCTTT
CTAGCTCTTC
TTTTTAGTAA
TAAATGTTTT
TCCCCCAGTT
ATTGGACAGC
TGCCACAAAG
GCCCCCACGG
CGGAAGTTCG
GCCGCGCACC
GGACCGCGCT
TCGTCCTCCA
GACCGCTCCG
ACTTGGCCAT
GTACAATTGC
ATGATTAATT
GCACTGCCCC
CTTACCAAAC
GGACCGCCGA
CGCCGGCCCT
GGTGGCAGGA
AGGAGTCTCA
CGCCAGCGTG
TCAAAACAAA

TGGGAAGAGC
GTAAGAGACA
TCAAAAGAAT
TGCATTTTGG
GGGAGGATGG
GCTCCCCAGG
GGTCTACAAC
CATGCCCACC
CTCTTCCCCC
GGTCACATGC
TCAACTGGTA
CGGGAGGAGC
CCTGCACCAG
ACAAAGCCCT
CAGCCCCGAG
GACCAAGAAC
GCGACATCGC
AAGACCACGC
CAAGCTCACC
GCTCCGTGAT
TCCCTGTCTC
ATTGATGAGT
TATTTGTGAA
GCAATAAACA
CAGGGGGAGG
TGGTATGGAA
ATCAAGCCTC
TCAGGGGCTG
CATGGAGTTT
ATTTCTTTAT
AATATTCAGA
TTATTAGGCA
TAGTAGTTGG
AAGAAAGCGA
TGCACGCAGT
CTGCTCGCCG
TGGACACGAC
CACACCCAGG
GATGAACAGG
CGAAGTCCCG
GCGACGTCGC
GATGGCTCCT
TATAGTGAGT
GTCAAACTAG
ATCTCCTGCC
TCACAGGAGG
ACTGCGAGGG
CGGAGGCAGG
GGCGGGGCCG
GCCCCCCGLCC
TTGTGAAATG
CTCCCATTGA
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3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651

CGTCAATGGG
CGCCCATTGA
TAATACGTAG
GGGCATAATG
GTACTTGGCA
TAAATACTCC
TGGGAACATA
CAGCCAGGCG
AAGAACATGT
CGCGTTGCTG
AAAATCGACG
TACCAGGCGT
CCTGCCGCTT
CGCTTTCTCA
CGCTCCAAGC
CGCCTTATCC
TATCGCCACT
GTAGGCGGTG
TAGAAGAACA
GAAAAAGAGT
GGTGGTTTTT
TCAAGAAGAT
AAAACTCACG
TCAGCGGCCG
TTTTTGTGTG
ACAAAACAAA
GAACATTTCT

GTGGAGACTT
TGTACTGCCA
ATGTACTGCC
CCAGGCGGGC
TATGATACAC
ACCCATTGAC
CGTCATTATT
GGCCATTTAC
GAGCAAAAGG
GCGTTTTTCC
CTCAAGTCAG
TTCCCCCTGG
ACCGGATACC
TAGCTCACGC
TGGGCTGTGT
GGTAACTATC
GGCAGCAGCC
CTACAGAGTT
GTATTTGGTA
TGGTAGCTCT
TTGTTTGCAA
CCTTTGATCT
TTAAGGGATT
CAATAAAATA
AATCGTAACT
CTAGCAAAAT
CTATCGAA

GGAAATCCCC
AAACCGCATC
AAGTAGGAAA
CATTTACCGT
TTGATGTACT
GTCAATGGAA
GACGTCAATG
CGTAAGTTAT
CCAGCAAAAG
ATAGGCTCCG
AGGTGGCGAA
AAGCTCCCTC
TGTCCGCCTT
TGTAGGTATC
GCACGAACCC
GTCTTGAGTC
ACTGGTAACA
CTTGAAGTGG
TCTGCGCTCT
TGATCCGGCA
GCAGCAGATT
TTTCTACGGG
TTGGTCATGG
TCTTTATTTT
AACATACGCT
AGGCTGTCCC

GTGAGTCAAA
ATCATGGTAA
GTCCCATAAG
CATTGACGTC
GCCAAGTGGG
AGTCCCTATT
GGCGGGGGTC
GTAACGCCTG
GCCAGGAACC
CCCCCCTGAC
ACCCGACAGG
GTGCGCTCTC
TCTCCCTTCG
TCAGTTCGGT
CCCGTTCAGC
CAACCCGGTA
GGATTAGCAG
TGGCCTAACT
GCTGAAGCCA
AACAAACCAC
ACGCGCAGAA
GTCTGACGCT
CTAGTTAATT
CATTACATCT
CTCCATCAAA
CAGTGCAAGT

CCGCTATCCA
TAGCGATGAC
GTCATGTACT
AATAGGGGGC
CAGTTTACCG
GGCGTTACTA
GTTGGGCGGT
CAGGTTAATT
GTAAAAAGGC
GAGCATCACA
ACTATAAAGA
CTGTTCCGAC
GGAAGCGTGG
GTAGGTCGTT
CCGACCGCTG
AGACACGACT
AGCGAGGTAT
ACGGCTACAC
GTTACCTTCG
CGCTGGTAGC
AAAAAGGATC
CAGTGGAACG
AACATTTAAA
GTGTGTTGGT
ACAAAACGAA
GCAGGTGCCA
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S1.1.2 mMICL-hlgG1-Fc sequence
hEF1-HTLV promoter

IL2 ss

mMICL-hlgG1l-Fc
Zeocin resistance

Black arrow (=) represents an open reading frame (ORF).

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851

GGATCTGCGA
ACAGTCCCCG
GAGAAGGTGG
GCCTTTTTCC
GTGAACGTTC
TCGAGGGGCT
GCCATCCACG
TCCTGAACTG
GGGCCTTTGT
CCACGCTTTG
TCTGTTCTGC
TCACCGGCGA
TTGCACTAAG
AAATCGAATC
CCTACAGCTG
CTGCCATGCT
AAAGAACCAG
CAAGGACAGC

GC% in 11 bp blocks

-- )

TCGCTCCGGT
AGAAGTTGGG
CGCGGGGTAA
CGAGGGTGGG
TTTTTCGCAA
CGCATCTCTC
CCGGTTGAGT
CGTCCGCCGT
CCGGCGCTCC
CCTGACCCTG
GCCGTTACAG
AGGAGGGCCA
TCTTGCACTT
AATTGCAAAG
AAGCACAATC
GCAAAGCACA
AGCACAAATG
TGTTATTCTC

50

GCCCGTCAGT
GGGAGGGGTC
ACTGGGAAAG
GGAGAACCGT
CGGGTTTGCC
CTTCACGCGC
CGCGTTCTGC
CTAGGTAAGT
CTTGGAGCCT
CTTGCTCAAC
ATCCAAGCTG
CCATGTACAG
GTCACGAATT
GGCCAAGGAA
TCAACAGCTC
GCCACCCAGC
TAAACCATGT
AACTCAATCA

GGGCAGAGCG
GGCAATTGAA
TGATGTCGTG
ATATAAGTGC
GCCAGAACAC
CCGCCGCCCT
CGCCTCCCGC
TTAAAGCTCA
ACCTAGACTC
TCTACGTCTT
TGACCGGCGC
GATGCAACTC
CTTTGGCAAC
GAACTTCAGG
CAAGAAAATC
TGTGCCGAGA
CCAAAGGGTT
GTATGGAACA

CACATCGCCC
CGGGTGCCTA
TACTGGCTCC
AGTAGTCGCC
AGCTGAAGCT
ACCTGAGGCC
CTGTGGTGCC
GGTCGAGACC
AGCCGGCTCT
TGTTTCGTTT
CTACCTGAGA
CTGTCTTGCA
AGAAATGATA
AAAATGTTTC
AAGAACCTTT
GCTGTATAGC
CAGAATGGTA
TGGCAAGAGA
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901

951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451

GTGTCATGGC
AAGGATGTGC
TGCATTGTTG
TGTTCCTCTC
TACTGCGGAT
TGAGAACAAT
GTGTGTTGAA
GCACCTGAAC
CAAGGACACC
TGGACGTGAG
GGCGTGGAGG
CAGCACGTAC
TGAATGGCAA
CCCATCGAGA
GGTGTACACC
GCCTGACCTG
TGGGAGAGCA
GCTGGACTCC
AGAGCAGGTG
GCTCTGCACA
ATGAGTGCTA
AACCACAACT
ATGCTATTGC
AACAACAATT
GGTTTTTTAA
TAAAATACAG
ATCCTTTTCT
TGTGCATTAG
AGTGTATTTT
ATGCACTGAC
TAAATACATC
GATGCTCAAG
GAACAAAGGA
GCTTATCCTC
CGGGTCGCGC
TCATGGCCGG
CACTCGGCGT
GTTGTCCGGC
CGTCCCGGAC
CCGAGCCGGT
GAGCACCGGA
GGAGAGGAAA
TACTATGCAG
GGGTTCATAG
TCCCAGGCAT
CAGAAGCTTG
CTAGGGCGGC
GGGAGGCCTA
TGCCTGACCA
AAGGGGAAGT
GGGGGGGTTG
GGGGTGGAGA

CTGCTCTGCT
TGGAATTTAT
CCCAGAAAAG
TGAAGAGTCT
ATATAGACAG
ATCATATGTG
TGGCAGATCT
TCCTGGGGGG
CTCATGATCT
CCACGAAGAC
TGCATAATGC
CGTGTGGTCA
GGAGTACAAG
AAACCATCTC
CTGCCCCCAT
CCTGGTCAAA
ATGGGCAGCC
GACGGCTCCT
GCAGCAGGGG
ACCACTACAC
GCTGGCCAGA
AGAATGCAGT
TTTATTTGTA
GCATTCATTT
AGCAAGTAAA
CATAGCAAAA
GAGGGATGAA
CTGTTTGCAG
CCCAAGGTTT
CTCCCACATT
ATTGCAATGA
GCCCTTCATA
ACCTTTAATA
AGTCCTGCTC
AGGGCGAACT
CCCGGAGGCG
ACAGCTCGTC
ACCACCTGGT
CACACCGGCG
CGGTCCAGAA
ACGGCACTGG
GAGAAGAAGG
ATATACTATG
TGCCACTTTT
AGACAGTCAG
AGACAGACCC
TTCTTTTATG
GCGGCCAATC
ATCCGGAGCA
CACGCGCCTG
GGGCCCTGAC
CTTGGAAATC

CGGAATGCCA
AAAGTACAAG
ATCGCACACA
GAAAGAAGCA
GGTCAATGTT
AAGAGACAGC
GACAAAACTC
ACCGTCAGTC
CCCGGACCCC
CCTGAGGTCA
CAAGACAAAG
GCGTCCTCAC
TGCAAGGTCT
CAAAGCCAAA
CCCGGGAGGA
GGCTTCTATC
GGAGAACAAC
TCTTCCTCTA
AACGTCTTCT
GCAGAAGAGC
CATGATAAGA
GAAAAAAATG
ACCATTATAA
TATGTTTCAG
ACCTCTACAA
CTTTAACCTC
TAAGGCATAG
CCTCACCTTC
GAACTAGCTC
CCCTTTTTAG
AAATAAATGT
ATATCCCCCA
GAAATTGGAC
CTCTGCCACA
Cccacceeceea
TCCCGGAAGT
CAGGCCGCGC
CCTGGACCGC
AAGTCGTCCT
CTCGACCGCT
TCAACTTGGC
TTAGTACAAT
CCAATGATTA
CCTGCACTGC
TGACTTACCA
GCGGGACCGC
GTGCGCCGGC
TGCGGTGGCA
CATAGGAGTC
TAGCGCCAGC
TAGTCAAAAC
CCCGTGAGTC

GCCTCCTGAA
AAGCTACGCT
ATATCCACTA
CAGATGACAT
TATTATACAT
CAGCAAGGTG
ACACATGCCC
TTCCTCTTCC
TGAGGTCACA
AGTTCAACTG
CCGCGGGAGG
CGTCCTGCAC
CCAACAAAGC
GGGCAGCCCC
GATGACCAAG
CCAGCGACAT
TACAAGACCA
CAGCAAGCTC
CATGCTCCGT
CTCTCCCTGT
TACATTGATG
CTTTATTTGT
GCTGCAATAA
GTTCAGGGGG
ATGTGGTATG
CAAATCAAGC
GCATCAGGGG
TTTCATGGAG
TTCATTTCTT
TAAAATATTC
TTTTTATTAG
GTTTAGTAGT
AGCAAGAAAG
AAGTGCACGC
CGGCTGCTCG
TCGTGGACAC
ACCCACACCC
GCTGATGAAC
CCACGAAGTC
CCGGCGACGT
CATGATGGCT
TGCTATAGTG
ATTGTCAAAC
CCCATCTCCT
AACTCACAGG
CGAACTGCGA
CCTCGGAGGC
GGAGGCGGGG
TCAGCCCCCC
GTGTTGTGAA
AAACTCCCAT
AAACCGCTAT

GGTTAAGAAC
ATTTTTGGCT
AGTGAGAAGA
AGATAAGAAG
ACTGCACTGA
CAGTTGGAAA
ACCGTGCCCA
CCCCAAAACC
TGCGTGGTGG
GTACGTGGAC
AGCAGTACAA
CAGGACTGGC
CCTCCCAGCC
GAGAACCACA
AACCAGGTCA
CGCCGTGGAG
CGCCTCCCGT
ACCGTGGACA
GATGCACGAG
CTCCGGGTAA
AGTTTGGACA
GAAATTTGTG
ACAAGTTAAC
AGGTGTGGGA
GAATTAATTC
CTCTACTTGA
CTGTTGCCAA
TTTAAGATAT
TATGTTTTAA
AGAAATAATT
GCAGAATCCA
TGGACTTAGG
CGAGCTTCTA
AGTTGCCGGC
CCGATCTCGG
GACCTCCGAC
AGGCCAGGGT
AGGGTCACGT
CCGGGAGAAC
CGCGCGCGGT
CCTCCTGTCA
AGTTGTATTA
TAGGGCTGCA
GCCCACCCTT
AGGGAGAAGG
GGGGACGTGG
AGGGCGCTCG
CCGAAGGCCG
GCCCCAAAGC
ATGGGGGCTT
TGACGTCAAT
CCACGCCCAT
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3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751

TGATGTACTG
TAGATGTACT
ATGCCAGGCG
GCATATGATA
TCCACCCATT
ATACGTCATT
GCGGGCCATT
TGTGAGCAAA
CTGGCGTTTT
ACGCTCAAGT
CGTTTCCCCC
CTTACCGGAT
TCATAGCTCA
AGCTGGGCTG
TCCGGTAACT
ACTGGCAGCA
GTGCTACAGA
ACAGTATTTG
AGTTGGTAGC
TTTTTGTTTG
GATCCTTTGA
ACGTTAAGGG
CCGCAATAAA
GTGAATCGTA
AAACTAGCAA
TCTCTATCGA

CCAAAACCGC
GCCAAGTAGG
GGCCATTTAC
CACTTGATGT
GACGTCAATG
ATTGACGTCA
TACCGTAAGT
AGGCCAGCAA
TCCATAGGCT
CAGAGGTGGC
TGGAAGCTCC
ACCTGTCCGC
CGCTGTAGGT
TGTGCACGAA
ATCGTCTTGA
GCCACTGGTA
GTTCTTGAAG
GTATCTGCGC
TCTTGATCCG
CAAGCAGCAG
TCTTTTCTAC
ATTTTGGTCA
ATATCTTTAT
ACTAACATAC
AATAGGCTGT
A

ATCATCATGG
AAAGTCCCAT
CGTCATTGAC
ACTGCCAAGT
GAAAGTCCCT
ATGGGCGGGG
TATGTAACGC
AAGGCCAGGA
CCGCCCCCCT
GAAACCCGAC
CTCGTGCGCT
CTTTCTCCCT
ATCTCAGTTC
CCCCCCGTTC
GTCCAACCCG
ACAGGATTAG
TGGTGGCCTA
TCTGCTGAAG
GCAAACAAAC
ATTACGCGCA
GGGGTCTGAC
TGGCTAGTTA
TTTCATTACA
GCTCTCCATC
CCCCAGTGCA

TAATAGCGAT
AAGGTCATGT
GTCAATAGGG
GGGCAGTTTA
ATTGGCGTTA
GTCGTTGGGC
CTGCAGGTTA
ACCGTAAAAA
GACGAGCATC
AGGACTATAA
CTCCTGTTCC
TCGGGAAGCG
GGTGTAGGTC
AGCCCGACCG
GTAAGACACG
CAGAGCGAGG
ACTACGGCTA
CCAGTTACCT
CACCGCTGGT
GAAAAAAAGG
GCTCAGTGGA
ATTAACATTT
TCTGTGTGTT
AAAACAAAAC
AGTGCAGGTG

GACTAATACG
ACTGGGCATA
GGCGTACTTG
CCGTAAATAC
CTATGGGAAC
GGTCAGCCAG
ATTAAGAACA
GGCCGCGTTG
ACAAAAATCG
AGATACCAGG
GACCCTGCCG
TGGCGCTTTC
GTTCGCTCCA
CTGCGCCTTA
ACTTATCGCC
TATGTAGGCG
CACTAGAAGA
TCGGAAAAAG
AGCGGTGGTT
ATCTCAAGAA
ACGAAAACTC
AAATCAGCGG
GGTTTTTTGT
GAAACAAAAC
CCAGAACATT



Supplementary Information

95

S1.1.3 mDCIR-hlgG1-Fc sequence

hEF1-HTLV promoter

IL2 ss

mDCIR-hlgG1-Fc
Zeocin resistance
Black arrow (=) represents an open reading frame (ORF).

1 GGATCTGCGA

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851

ACAGTCCCCG
GAGAAGGTGG
GCCTTTTTCC
GTGAACGTTC
TCGAGGGGCT
GCCATCCACG
TCCTGAACTG
GGGCCTTTGT
CCACGCTTTG
TCTGTTCTGC
TCACCGGCGA
TTGCACTAAG
GCAATCACAT
ACTTCTTGAA
ACTGCACAAA
CCAAAGGATT
TTCTTCATCA

GC% in 11 bp blocks

TCGCTCCGGT GCCCGTCAGT GGGCAGAGCG CACATCGCCC

AGAAGTTGGG
CGCGGGGTAA
CGAGGGTGGG
TTTTTCGCAA
CGCATCTCTC
CCGGTTGAGT
CGTCCGCCGT
CCGGCGCTCC
CCTGACCCTG
GCCGTTACAG
AGGAGGGCCA
TCTTGCACTT
TCTTAGTTGC
GAAAAAAAAG
AAGTGTTTCA
GGAGGCTATT
GCATCTTGGA

GGGAGGGGTC
ACTGGGAAAG
GGAGAACCGT
CGGGTTTGCC
CTTCACGCGC
CGCGTTCTGC
CTAGGTAAGT
CTTGGAGCCT
CTTGCTCAAC
ATCCAAGCTG
CCATGTACAG
GTCACGAATT
TTTTATCATT
CTGCAAAAAA
CCCATGGAAG
TGGTTCCCAC
ACAAGAGTGA

GGCAATTGAA
TGATGTCGTG
ATATAAGTGC
GCCAGAACAC
CCGCCGCCCT
CGCCTCCCGC
TTAAAGCTCA
ACCTAGACTC
TCTACGTCTT
TGACCGGCGC
GATGCAACTC
CGCTACTTCT
TATTTTCAAA
TATAATGCAC
ACAAAGTCTG
TGCTACTTGG
GGAGAACTGC

CGGGTGCCTA
TACTGGCTCC
AGTAGTCGCC
AGCTGAAGCT
ACCTGAGGCC
CTGTGGTGCC
GGTCGAGACC
AGCCGGCTCT
TGTTTCGTTT
CTACCTGAGA
CTGTCTTGCA
CCTGCTGCTG
AGTACTCTCA
AATGAATTGA
GAGCTGTTGC
TTCCCACAGT
TCCCGCATGG
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901

951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451

GTGCTCATCT
GGGATCTTGG
CCATCGGCAA
CATTCTGGCA
ATAATTTACC
ACCGTGCCCA
CCCCAAAACC
TGCGTGGTGG
GTACGTGGAC
AGCAGTACAA
CAGGACTGGC
CCTCCCAGCC
GAGAACCACA
AACCAGGTCA
CGCCGTGGAG
CGCCTCCCGT
ACCGTGGACA
GATGCACGAG
CTCCGGGTAA
AGTTTGGACA
GAAATTTGTG
ACAAGTTAAC
AGGTGTGGGA
GAATTAATTC
CTCTACTTGA
CTGTTGCCAA
TTTAAGATAT
TATGTTTTAA
AGAAATAATT
GCAGAATCCA
TGGACTTAGG
CGAGCTTCTA
AGTTGCCGGC
CCGATCTCGG
GACCTCCGAC
AGGCCAGGGT
AGGGTCACGT
CCGGGAGAAC
CGCGCGCGGT
CCTCCTGTCA
AGTTGTATTA
TAGGGCTGCA
GCCCACCCTT
AGGGAGAAGG
GGGGACGTGG
AGGGCGCTCG
CCGAAGGCCG
GCCCCAAAGC
ATGGGGGCTT
TGACGTCAAT
CCACGCCCAT
GACTAATACG

AGTGGTGATC
ACACTCATGC
TGGCAATGGG
CAATGGTGAG
GTTGGAAGAC
GCACCTGAAC
CAAGGACACC
TGGACGTGAG
GGCGTGGAGG
CAGCACGTAC
TGAATGGCAA
CCCATCGAGA
GGTGTACACC
GCCTGACCTG
TGGGAGAGCA
GCTGGACTCC
AGAGCAGGTG
GCTCTGCACA
ATGAGTGCTA
AACCACAACT
ATGCTATTGC
AACAACAATT
GGTTTTTTAA
TAAAATACAG
ATCCTTTTCT
TGTGCATTAG
AGTGTATTTT
ATGCACTGAC
TAAATACATC
GATGCTCAAG
GAACAAAGGA
GCTTATCCTC
CGGGTCGCGC
TCATGGCCGG
CACTCGGCGT
GTTGTCCGGC
CGTCCCGGAC
CCGAGCCGGT
GAGCACCGGA
GGAGAGGAAA
TACTATGCAG
GGGTTCATAG
TCCCAGGCAT
CAGAAGCTTG
CTAGGGCGGC
GGGAGGCCTA
TGCCTGACCA
AAGGGGAAGT
GGGGGGGTTG
GGGGTGGAGA
TGATGTACTG
TAGATGTACT

CAAAGCCAGG
TGCTTATTTT
TTGATCAGAC
CCCAGCAGTG
TGGAAGATCT
TCCTGGGGGG
CTCATGATCT
CCACGAAGAC
TGCATAATGC
CGTGTGGTCA
GGAGTACAAG
AAACCATCTC
CTGCCCCCAT
CCTGGTCAAA
ATGGGCAGCC
GACGGCTCCT
GCAGCAGGGG
ACCACTACAC
GCTGGCCAGA
AGAATGCAGT
TTTATTTGTA
GCATTCATTT
AGCAAGTAAA
CATAGCAAAA
GAGGGATGAA
CTGTTTGCAG
CCCAAGGTTT
CTCCCACATT
ATTGCAATGA
GCCCTTCATA
ACCTTTAATA
AGTCCTGCTC
AGGGCGAACT
CCCGGAGGCG
ACAGCTCGTC
ACCACCTGGT
CACACCGGCG
CGGTCCAGAA
ACGGCACTGG
GAGAAGAAGG
ATATACTATG
TGCCACTTTT
AGACAGTCAG
AGACAGACCC
TTCTTTTATG
GCGGCCAATC
ATCCGGAGCA
CACGCGCCTG
GGGCCCTGAC
CTTGGAAATC
CCAAAACCGC
GCCAAGTAGG

AAGAGCAGGA
ATAGGGTTGT
ACCATATGAA
GCAATGAAAA
GACAAAACTC
ACCGTCAGTC
CCCGGACCcCC
CCTGAGGTCA
CAAGACAAAG
GCGTCCTCAC
TGCAAGGTCT
CAAAGCCAAA
CCCGGGAGGA
GGCTTCTATC
GGAGAACAAC
TCTTCCTCTA
AACGTCTTCT
GCAGAAGAGC
CATGATAAGA
GAAAAAAATG
ACCATTATAA
TATGTTTCAG
ACCTCTACAA
CTTTAACCTC
TAAGGCATAG
CCTCACCTTC
GAACTAGCTC
CCCTTTTTAG
AAATAAATGT
ATATCCCCCA
GAAATTGGAC
CTCTGCCACA
Cccacceceea
TCCCGGAAGT
CAGGCCGCGC
CCTGGACCGC
AAGTCGTCCT
CTCGACCGCT
TCAACTTGGC
TTAGTACAAT
CCAATGATTA
CCTGCACTGC
TGACTTACCA
GCGGGACCGC
GTGCGCCGGC
TGCGGTGGCA
CATAGGAGTC
TAGCGCCAGC
TAGTCAAAAC
CCCGTGAGTC
ATCATCATGG
AAAGTCCCAT

TTTCATCACT
GGGATACAGG
GAAAGTATCA
ATGTGCTACA
ACACATGCCC
TTCCTCTTCC
TGAGGTCACA
AGTTCAACTG
CCGCGGGAGG
CGTCCTGCAC
CCAACAAAGC
GGGCAGCCCC
GATGACCAAG
CCAGCGACAT
TACAAGACCA
CAGCAAGCTC
CATGCTCCGT
CTCTCCCTGT
TACATTGATG
CTTTATTTGT
GCTGCAATAA
GTTCAGGGGG
ATGTGGTATG
CAAATCAAGC
GCATCAGGGG
TTTCATGGAG
TTCATTTCTT
TAAAATATTC
TTTTTATTAG
GTTTAGTAGT
AGCAAGAAAG
AAGTGCACGC
CGGCTGCTCG
TCGTGGACAC
ACCCACACCC
GCTGATGAAC
CCACGAAGTC
CCGGCGACGT
CATGATGGCT
TGCTATAGTG
ATTGTCAAAC
CCCATCTCCT
AACTCACAGG
CGAACTGCGA
CCTCGGAGGC
GGAGGCGGGG
TCAGCCCCCC
GTGTTGTGAA
AAACTCCCAT
AAACCGCTAT
TAATAGCGAT
AAGGTCATGT
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3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651

ACTGGGCATA
GGCGTACTTG
CCGTAAATAC
CTATGGGAAC
GGTCAGCCAG
ATTAAGAACA
GGCCGCGTTG
ACAAAAATCG
AGATACCAGG
GACCCTGCCG
TGGCGCTTTC
GTTCGCTCCA
CTGCGCCTTA
ACTTATCGCC
TATGTAGGCG
CACTAGAAGA
TCGGAAAAAG
AGCGGTGGTT
ATCTCAAGAA
ACGAAAACTC
AAATCAGCGG
GGTTTTTTGT
GAAACAAAAC
CCAGAACATT

ATGCCAGGCG
GCATATGATA
TCCACCCATT
ATACGTCATT
GCGGGCCATT
TGTGAGCAAA
CTGGCGTTTT
ACGCTCAAGT
CGTTTCCCCC
CTTACCGGAT
TCATAGCTCA
AGCTGGGCTG
TCCGGTAACT
ACTGGCAGCA
GTGCTACAGA
ACAGTATTTG
AGTTGGTAGC
TTTTTGTTTG
GATCCTTTGA
ACGTTAAGGG
CCGCAATAAA
GTGAATCGTA
AAACTAGCAA
TCTCTATCGA

GGCCATTTAC
CACTTGATGT
GACGTCAATG
ATTGACGTCA
TACCGTAAGT
AGGCCAGCAA
TCCATAGGCT
CAGAGGTGGC
TGGAAGCTCC
ACCTGTCCGC
CGCTGTAGGT
TGTGCACGAA
ATCGTCTTGA
GCCACTGGTA
GTTCTTGAAG
GTATCTGCGC
TCTTGATCCG
CAAGCAGCAG
TCTTTTCTAC
ATTTTGGTCA
ATATCTTTAT
ACTAACATAC
AATAGGCTGT
A

CGTCATTGAC
ACTGCCAAGT
GAAAGTCCCT
ATGGGCGGGG
TATGTAACGC
AAGGCCAGGA
CCGCCCCCCT
GAAACCCGAC
CTCGTGCGCT
CTTTCTCCCT
ATCTCAGTTC
CCCCCCGTTC
GTCCAACCCG
ACAGGATTAG
TGGTGGCCTA
TCTGCTGAAG
GCAAACAAAC
ATTACGCGCA
GGGGTCTGAC
TGGCTAGTTA
TTTCATTACA
GCTCTCCATC
CCCCAGTGCA

GTCAATAGGG
GGGCAGTTTA
ATTGGCGTTA
GTCGTTGGGC
CTGCAGGTTA
ACCGTAAAAA
GACGAGCATC
AGGACTATAA
CTCCTGTTCC
TCGGGAAGCG
GGTGTAGGTC
AGCCCGACCG
GTAAGACACG
CAGAGCGAGG
ACTACGGCTA
CCAGTTACCT
CACCGCTGGT
GAAAAAAAGG
GCTCAGTGGA
ATTAACATTT
TCTGTGTGTT
AAAACAAAAC
AGTGCAGGTG
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S1.1.4 mMCL-hlgG1-Fc sequence

hEF1-HTLV promoter

IL2 ss

MmMCL-hlgG1-Fc
Zeocin resistance

Black arrow (=) represents an open reading frame (ORF).

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801

GGATCTGCGA
ACAGTCCCCG
GAGAAGGTGG
GCCTTTTTCC
GTGAACGTTC
TCGAGGGGCT
GCCATCCACG
TCCTGAACTG
GGGCCTTTGT
CCACGCTTTG
TCTGTTCTGC
TCACCGGCGA
TTGCACTAAG
ACGAGAGGAA
CATCCGAGAG
GTCCTGTTAG
GACAACCAGA

TCGCTCCGGT
AGAAGTTGGG
CGCGGGGTAA
CGAGGGTGGG
TTTTTCGCAA
CGCATCTCTC
CCGGTTGAGT
CGTCCGCCGT
CCGGCGCTCC
CCTGACCCTG
GCCGTTACAG
AGGAGGGCCA
TCTTGCACTT
GTGTGGTGAA
GGGCCACAGC
CTGGAGAGCC
CCTGGCATGA

GCCCGTCAGT
GGGAGGGGTC
ACTGGGAAAG
GGAGAACCGT
CGGGTTTGCC
CTTCACGCGC
CGCGTTCTGC
CTAGGTAAGT
CTTGGAGCCT
CTTGCTCAAC
ATCCAAGCTG
CCATGTACAG
GTCACCCATG
ACTGTCAGAC
CTGGAGCTAC
TTCCAGTCTA
GAGCGAGAGG

GGGCAGAGCG
GGCAATTGAA
TGATGTCGTG
ATATAAGTGC
GCCAGAACAC
CCGCCGCCCT
CGCCTCCCGC
TTAAAGCTCA
ACCTAGACTC
TCTACGTCTT
TGACCGGCGC
GATGCAACTC
GTCATTACTT
TACCACACGA
AGGAGGTACT
ACTGTTACTT
AACTGCTCAG

CACATCGCCC
CGGGTGCCTA
TACTGGCTCC
AGTAGTCGCC
AGCTGAAGCT
ACCTGAGGCC
CTGTGGTGCC
GGTCGAGACC
AGCCGGCTCT
TGTTTCGTTT
CTACCTGAGA
CTGTCTTGCA
TTTACGCTGG
GAGTAACGTG
TGGACCTGCT
TCCTCTTAAT
GGATGAGCAG
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851

901

951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401

TCATCTGGTG
TTTTGGATAA
GAAGGCCAAT
ATTCTGGGAA
TCCTTGTTCA
TTTGAGGTGA
GTGCCCAGCA
CAAAACCCAA
GTGGTGGTGG
CGTGGACGGC
AGTACAACAG
GACTGGCTGA
CCCAGCcCcCcCC
AACCACAGGT
CAGGTCAGCC
CGTGGAGTGG
CTCCCGTGCT
GTGGACAAGA
GCACGAGGCT
CGGGTAAATG
TTGGACAAAC
ATTTGTGATG
AGTTAACAAC
TGTGGGAGGT
TTAATTCTAA
TACTTGAATC
TTGCCAATGT
AAGATATAGT
GTTTTAAATG
AATAATTTAA
GAATCCAGAT
ACTTAGGGAA
GCTTCTAGCT
TGCCGGCCGG
ATCTCGGTCA
CTCCGACCAC
CCAGGGTGTT
GTCACGTCGT
GGAGAACCCG
GCGCGGTGAG
CCTGTCAGGA
TGTATTATAC
GGCTGCAGGG
CACCCTTTCC
GAGAAGGCAG
GACGTGGCTA
GCGCTCGGGG
AAGGCCGTGC
CCAAAGCAAG
GGGGCTTGGG
CGTCAATGGG
CGCCCATTGA

ACCATCAACA
ACGGTTTTCT
GGCAGTGGGT
AAGGGGGAAT
TGTCCATGAA
GAAGGATTTG
CCTGAACTCC
GGACACCCTC
ACGTGAGCCA
GTGGAGGTGC
CACGTACCGT
ATGGCAAGGA
ATCGAGAAAA
GTACACCCTG
TGACCTGCCT
GAGAGCAATG
GGACTCCGAC
GCAGGTGGCA
CTGCACAACC
AGTGCTAGCT
CACAACTAGA
CTATTGCTTT
AACAATTGCA
TTTTTAAAGC
AATACAGCAT
CTTTTCTGAG
GCATTAGCTG
GTATTTTCCC
CACTGACCTC
ATACATCATT
GCTCAAGGCC
CAAAGGAACC
TATCCTCAGT
GTCGCGCAGG
TGGCCGGCCC
TCGGCGTACA
GTCCGGCACC
CCCGGACCAC
AGCCGGTCGG
CACCGGAACG
GAGGAAAGAG
TATGCAGATA
TTCATAGTGC
CAGGCATAGA
AAGCTTGAGA
GGGCGGCTTC
AGGCCTAGCG
CTGACCAATC
GGGAAGTCAC
GGGGTTGGGG
GTGGAGACTT
TGTACTGCCA

CCGAAGCAGA
TATTTCCTGG
GGACAAGACG
CCAATGACTT
AAATGGGTCT
TAGATCTGAC
TGGGGGGACC
ATGATCTCCC
CGAAGACCCT
ATAATGCCAA
GTGGTCAGCG
GTACAAGTGC
CCATCTCCAA
CCCCCATCCC
GGTCAAAGGC
GGCAGCCGGA
GGCTCCTTCT
GCAGGGGAAC
ACTACACGCA
GGCCAGACAT
ATGCAGTGAA
ATTTGTAACC
TTCATTTTAT
AAGTAAAACC
AGCAAAACTT
GGATGAATAA
TTTGCAGCCT
AAGGTTTGAA
CCACATTCCC
GCAATGAAAA
CTTCATAATA
TTTAATAGAA
CCTGCTCCTC
GCGAACTCCC
GGAGGCGTCC
GCTCGTCCAG
ACCTGGTCCT
ACCGGCGAAG
TCCAGAACTC
GCACTGGTCA
AAGAAGGTTA
TACTATGCCA
CACTTTTCCT
CAGTCAGTGA
CAGACCCGCG
TTTTATGGTG
GCCAATCTGC
CGGAGCACAT
GCGCCTGTAG
CCCTGACTAG
GGAAATCCCC
AAACCGCATC

ACAGAATTTT
GACTTGCTGA
CCATTTAACC
TATGGAAGAA
GGAATGACTT
AAAACTCACA
GTCAGTCTTC
GGACCCCTGA
GAGGTCAAGT
GACAAAGCCG
TCCTCACCGT
AAGGTCTCCA
AGCCAAAGGG
GGGAGGAGAT
TTCTATCCCA
GAACAACTAC
TCCTCTACAG
GTCTTCTCAT
GAAGAGCCTC
GATAAGATAC
AAAAATGCTT
ATTATAAGCT
GTTTCAGGTT
TCTACAAATG
TAACCTCCAA
GGCATAGGCA
CACCTTCTTT
CTAGCTCTTC
TTTTTAGTAA
TAAATGTTTT
TCCCCCAGTT
ATTGGACAGC
TGCCACAAAG
GCCCCCACGG
CGGAAGTTCG
GCCGCGCACC
GGACCGCGCT
TCGTCCTCCA
GACCGCTCCG
ACTTGGCCAT
GTACAATTGC
ATGATTAATT
GCACTGCCCC
CTTACCAAAC
GGACCGCCGA
CGCCGGCCCT
GGTGGCAGGA
AGGAGTCTCA
CGCCAGCGTG
TCAAAACAAA
GTGAGTCAAA
ATCATGGTAA

GTGACCCAGC
TGAGAATGTG
CACACACGGT
GACTGTGTTG
TCCTTGTCAC
CATGCCCACC
CTCTTCCCCC
GGTCACATGC
TCAACTGGTA
CGGGAGGAGC
CCTGCACCAG
ACAAAGCCCT
CAGCCCCGAG
GACCAAGAAC
GCGACATCGC
AAGACCACGC
CAAGCTCACC
GCTCCGTGAT
TCCCTGTCTC
ATTGATGAGT
TATTTGTGAA
GCAATAAACA
CAGGGGGAGG
TGGTATGGAA
ATCAAGCCTC
TCAGGGGCTG
CATGGAGTTT
ATTTCTTTAT
AATATTCAGA
TTATTAGGCA
TAGTAGTTGG
AAGAAAGCGA
TGCACGCAGT
CTGCTCGCCG
TGGACACGAC
CACACCCAGG
GATGAACAGG
CGAAGTCCCG
GCGACGTCGC
GATGGCTCCT
TATAGTGAGT
GTCAAACTAG
ATCTCCTGCC
TCACAGGAGG
ACTGCGAGGG
CGGAGGCAGG
GGCGGGGCCG
GCCCCCcCaee
TTGTGAAATG
CTCCCATTGA
CCGCTATCCA
TAGCGATGAC
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3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651

TAATACGTAG
GGGCATAATG
GTACTTGGCA
TAAATACTCC
TGGGAACATA
CAGCCAGGCG
AAGAACATGT
CGCGTTGCTG
AAAATCGACG
TACCAGGCGT
CCTGCCGCTT
CGCTTTCTCA
CGCTCCAAGC
CGCCTTATCC
TATCGCCACT
GTAGGCGGTG
TAGAAGAACA
GAAAAAGAGT
GGTGGTTTTT
TCAAGAAGAT
AAAACTCACG
TCAGCGGCCG
TTTTTGTGTG
ACAAAACAAA
GAACATTTCT

ATGTACTGCC
CCAGGCGGGC
TATGATACAC
ACCCATTGAC
CGTCATTATT
GGCCATTTAC
GAGCAAAAGG
GCGTTTTTCC
CTCAAGTCAG
TTCCCCCTGG
ACCGGATACC
TAGCTCACGC
TGGGCTGTGT
GGTAACTATC
GGCAGCAGCC
CTACAGAGTT
GTATTTGGTA
TGGTAGCTCT
TTGTTTGCAA
CCTTTGATCT
TTAAGGGATT
CAATAAAATA
AATCGTAACT
CTAGCAAAAT
CTATCGAA

AAGTAGGAAA
CATTTACCGT
TTGATGTACT
GTCAATGGAA
GACGTCAATG
CGTAAGTTAT
CCAGCAAAAG
ATAGGCTCCG
AGGTGGCGAA
AAGCTCCCTC
TGTCCGCCTT
TGTAGGTATC
GCACGAACCC
GTCTTGAGTC
ACTGGTAACA
CTTGAAGTGG
TCTGCGCTCT
TGATCCGGCA
GCAGCAGATT
TTTCTACGGG
TTGGTCATGG
TCTTTATTTT
AACATACGCT
AGGCTGTCCC

GTCCCATAAG
CATTGACGTC
GCCAAGTGGG
AGTCCCTATT
GGCGGGGGTC
GTAACGCCTG
GCCAGGAACC
CCCCCCTGAC
ACCCGACAGG
GTGCGCTCTC
TCTCCCTTCG
TCAGTTCGGT
CCCGTTCAGC
CAACCCGGTA
GGATTAGCAG
TGGCCTAACT
GCTGAAGCCA
AACAAACCAC
ACGCGCAGAA
GTCTGACGCT
CTAGTTAATT
CATTACATCT
CTCCATCAAA
CAGTGCAAGT

GTCATGTACT
AATAGGGGGC
CAGTTTACCG
GGCGTTACTA
GTTGGGCGGT
CAGGTTAATT
GTAAAAAGGC
GAGCATCACA
ACTATAAAGA
CTGTTCCGAC
GGAAGCGTGG
GTAGGTCGTT
CCGACCGCTG
AGACACGACT
AGCGAGGTAT
ACGGCTACAC
GTTACCTTCG
CGCTGGTAGC
AAAAAGGATC
CAGTGGAACG
AACATTTAAA
GTGTGTTGGT
ACAAAACGAA
GCAGGTGCCA
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S1.1.5 mClec12b-hlgG1-Fc sequence

hEF1-HTLV promoter

IL2 ss

mClec12b-hlgG1l-Fc
Zeocin resistance

Black arrow (=) represents an open reading frame (ORF).

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801

GGATCTGCGA
ACAGTCCCCG
GAGAAGGTGG
GCCTTTTTCC
GTGAACGTTC
TCGAGGGGCT
GCCATCCACG
TCCTGAACTG
GGGCCTTTGT
CCACGCTTTG
TCTGTTCTGC
TCACCGGCGA
TTGCACTAAG
GACCATAAAT
TTGCTACTAT
AGGACTGTAT
GAAAGGGATC

TCGCTCCGGT
AGAAGTTGGG
CGCGGGGTAA
CGAGGGTGGG
TTTTTCGCAA
CGCATCTCTC
CCGGTTGAGT
CGTCCGCCGT
CCGGCGCTCC
CCTGACCCTG
GCCGTTACAG
AGGAGGGCCA
TCTTGCACTT
GCAACCCTTG
TTCTCAATCA
AGACAAGAAT
TCCTTCAGTC

GCCCGTCAGT
GGGAGGGGTC
ACTGGGAAAG
GGAGAACCGT
CGGGTTTGCC
CTTCACGCGC
CGCGTTCTGC
CTAGGTAAGT
CTTGGAGCCT
CTTGCTCAAC
ATCCAAGCTG
CCATGTACAG
GTCACGAATT
TCCCAAGACA
ATGAAGAGAA
GCCACTCTGG
ACAGCTGTCC

GGGCAGAGCG
GGCAATTGAA
TGATGTCGTG
ATATAAGTGC
GCCAGAACAC
CCGCCGCCCT
CGCCTCCCGC
TTAAAGCTCA
ACCTAGACTC
TCTACGTCTT
TGACCGGCGC
GATGCAACTC
CGATATCGGC
TGGCAATGGT
ATCCTGGAGT
TGAAGATTGA
CTCACATTTT

CACATCGCCC
CGGGTGCCTA
TACTGGCTCC
AGTAGTCGCC
AGCTGAAGCT
ACCTGAGGCC
CTGTGGTGCC
GGTCGAGACC
AGCCGGCTCT
TGTTTCGTTT
CTACCTGAGA
CTGTCTTGCA
CATGGCTTCT
ATGGAAACAG
GATAGCAGAA
CAGCACCGAA
CTTTCTTTTG
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851

901

951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401

GCTGGGATTG
GTTCATTCCC
AATGGATCCA
TCGCTGTCGT
TGAGATCTGA
CTGGGGGGAC
CATGATCTCC
ACGAAGACCC
CATAATGCCA
TGTGGTCAGC
AGTACAAGTG
ACCATCTCCA
GCCCCCATCC
TGGTCAAAGG
GGGCAGCCGG
CGGCTCCTTC
AGCAGGGGAA
CACTACACGC
TGGCCAGACA
AATGCAGTGA
TATTTGTAAC
ATTCATTTTA
CAAGTAAAAC
TAGCAAAACT
GGGATGAATA
GTTTGCAGCC
CAAGGTTTGA
CCCACATTCC
TGCAATGAAA
CCTTCATAAT
CTTTAATAGA
TCCTGCTCCT
GGCGAACTCC
CGGAGGCGTC
AGCTCGTCCA
CACCTGGTCC
CACCGGCGAA
GTCCAGAACT
GGCACTGGTC
GAAGAAGGTT
ATACTATGCC
CCACTTTTCC
ACAGTCAGTG
ACAGACCCGC
CTTTTATGGT
GGCCAATCTG
CCGGAGCACA
CGCGCCTGTA
GCCCTGACTA
TGGAAATCCC
AAAACCGCAT
CAAGTAGGAA

TCCTGGAACT
CCCTCCAACC
GAGAGTGTGC
GCTGAAATCC
CAAAACTCAC
CGTCAGTCTT
CGGACCCCTG
TGAGGTCAAG
AGACAAAGCC
GTCCTCACCG
CAAGGTCTCC
AAGCCAAAGG
CGGGAGGAGA
CTTCTATCCC
AGAACAACTA
TTCCTCTACA
CGTCTTCTCA
AGAAGAGCCT
TGATAAGATA
AAAAAATGCT
CATTATAAGC
TGTTTCAGGT
CTCTACAAAT
TTAACCTCCA
AGGCATAGGC
TCACCTTCTT
ACTAGCTCTT
CTTTTTAGTA
ATAAATGTTT
ATCCCCCAGT
AATTGGACAG
CTGCCACAAA
CGCCCCCACG
CCGGAAGTTC
GGCCGCGCAC
TGGACCGCGC
GTCGTCCTCC
CGACCGCTCC
AACTTGGCCA
AGTACAATTG
AATGATTAAT
TGCACTGCCC
ACTTACCAAA
GGGACCGCCG
GCGCCGGCCC
CGGTGGCAGG
TAGGAGTCTC
GCGCCAGCGT
GTCAAAACAA
CGTGAGTCAA
CATCATGGTA
AGTCCCATAA

CATCTGGCAG
CTGCTTAGTG
TTATTTTGAA
CTTGGATTTG
ACATGCCCAC
CCTCTTCCCC
AGGTCACATG
TTCAACTGGT
GCGGGAGGAG
TCCTGCACCA
AACAAAGCCC
GCAGCCCCGA
TGACCAAGAA
AGCGACATCG
CAAGACCACG
GCAAGCTCAC
TGCTCCGTGA
CTCCCTGTCT
CATTGATGAG
TTATTTGTGA
TGCAATAAAC
TCAGGGGGAG
GTGGTATGGA
AATCAAGCCT
ATCAGGGGCT
TCATGGAGTT
CATTTCTTTA
AAATATTCAG
TTTATTAGGC
TTAGTAGTTG
CAAGAAAGCG
GTGCACGCAG
GCTGCTCGCC
GTGGACACGA
CCACACCCAG
TGATGAACAG
ACGAAGTCCC
GGCGACGTCG
TGATGGCTCC
CTATAGTGAG
TGTCAAACTA
CATCTCCTGC
CTCACAGGAG
AACTGCGAGG
TCGGAGGCAG
AGGCGGGGCC
AGCCCCCCGC
GTTGTGAAAT
ACTCCCATTG
ACCGCTATCC
ATAGCGATGA
GGTCATGTAC

AAACTGGCTG
ACAAGGAGCT
AGAGGGAATA
TGAGAAGAGA
CGTGCCCAGC
CCAAAACCCA
CGTGGTGGTG
ACGTGGACGG
CAGTACAACA
GGACTGGCTG
TCCCAGCCCC
GAACCACAGG
CCAGGTCAGC
CCGTGGAGTG
CCTCCCGTGC
CGTGGACAAG
TGCACGAGGC
CCGGGTAAAT
TTTGGACAAA
AATTTGTGAT
AAGTTAACAA
GTGTGGGAGG
ATTAATTCTA
CTACTTGAAT
GTTGCCAATG
TAAGATATAG
TGTTTTAAAT
AAATAATTTA
AGAATCCAGA
GACTTAGGGA
AGCTTCTAGC
TTGCCGGCCG
GATCTCGGTC
CCTCCGACCA
GCCAGGGTGT
GGTCACGTCG
GGGAGAACCC
CGCGCGGTGA
TCCTGTCAGG
TTGTATTATA
GGGCTGCAGG
CCACCCTTTC
GGAGAAGGCA
GGACGTGGCT
GGCGCTCGGG
GAAGGCCGTG
CCCAAAGCAA
GGGGGCTTGG
ACGTCAATGG
ACGCCCATTG
CTAATACGTA
TGGGCATAAT

TGGGAGGATG
TGCGAGTTTC
TTTACACTTC
GCCTCCCTGG
ACCTGAACTC
AGGACACCCT
GACGTGAGCC
CGTGGAGGTG
GCACGTACCG
AATGGCAAGG
CATCGAGAAA
TGTACACCCT
CTGACCTGCC
GGAGAGCAAT
TGGACTCCGA
AGCAGGTGGC
TCTGCACAAC
GAGTGCTAGC
CCACAACTAG
GCTATTGCTT
CAACAATTGC
TTTTTTAAAG
AAATACAGCA
CCTTTTCTGA
TGCATTAGCT
TGTATTTTCC
GCACTGACCT
AATACATCAT
TGCTCAAGGC
ACAAAGGAAC
TTATCCTCAG
GGTCGCGCAG
ATGGCCGGCC
CTCGGCGTAC
TGTCCGGCAC
TCCCGGACCA
GAGCCGGTCG
GCACCGGAAC
AGAGGAAAGA
CTATGCAGAT
GTTCATAGTG
CCAGGCATAG
GAAGCTTGAG
AGGGCGGCTT
GAGGCCTAGC
CCTGACCAAT
GGGGAAGTCA
GGGGGTTGGG
GGTGGAGACT
ATGTACTGCC
GATGTACTGC
GCCAGGCGGG
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3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551

CCATTTACCG
CTTGATGTAC
CGTCAATGGA
TGACGTCAAT
CCGTAAGTTA
GCCAGCAAAA
CATAGGCTCC
GAGGTGGCGA
GAAGCTCCCT
CTGTCCGCCT
CTGTAGGTAT
TGCACGAACC
CGTCTTGAGT
CACTGGTAAC
TCTTGAAGTG
ATCTGCGCTC
TTGATCCGGC
AGCAGCAGAT
TTTTCTACGG
TTTGGTCATG
ATCTTTATTT
TAACATACGC
TAGGCTGTCC

TCATTGACGT
TGCCAAGTGG
AAGTCCCTAT
GGGCGGGGGT
TGTAACGCCT
GGCCAGGAAC
GCCCCCCTGA
AACCCGACAG
CGTGCGCTCT
TTCTCCCTTC
CTCAGTTCGG
CCCCGTTCAG
CCAACCCGGT
AGGATTAGCA
GTGGCCTAAC
TGCTGAAGCC
AAACAAACCA
TACGCGCAGA
GGTCTGACGC
GCTAGTTAAT
TCATTACATC
TCTCCATCAA
CCAGTGCAAG

CAATAGGGGG
GCAGTTTACC
TGGCGTTACT
CGTTGGGCGG
GCAGGTTAAT
CGTAAAAAGG
CGAGCATCAC
GACTATAAAG
CCTGTTCCGA
GGGAAGCGTG
TGTAGGTCGT
CCCGACCGCT
AAGACACGAC
GAGCGAGGTA
TACGGCTACA
AGTTACCTTC
CCGCTGGTAG
AAAAAAGGAT
TCAGTGGAAC
TAACATTTAA
TGTGTGTTGG
AACAAAACGA
TGCAGGTGCC

CGTACTTGGC
GTAAATACTC
ATGGGAACAT
TCAGCCAGGC
TAAGAACATG
CCGCGTTGCT
AAAAATCGAC
ATACCAGGCG
CCCTGCCGCT
GCGCTTTCTC
TCGCTCCAAG
GCGCCTTATC
TTATCGCCAC
TGTAGGCGGT
CTAGAAGAAC
GGAAAAAGAG
CGGTGGTTTT
CTCAAGAAGA
GAAAACTCAC
ATCAGCGGCC
TTTTTTGTGT
AACAAAACAA
AGAACATTTC

ATATGATACA
CACCCATTGA
ACGTCATTAT
GGGCCATTTA
TGAGCAAAAG
GGCGTTTTTC
GCTCAAGTCA
TTTCCCCCTG
TACCGGATAC
ATAGCTCACG
CTGGGCTGTG
CGGTAACTAT
TGGCAGCAGC
GCTACAGAGT
AGTATTTGGT
TTGGTAGCTC
TTTGTTTGCA
TCCTTTGATC
GTTAAGGGAT
GCAATAAAAT
GAATCGTAAC
ACTAGCAAAA
TCTATCGAA
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S1.2.1 Genotyping protocol for DCIR” mice from the homepage of the Consortium for
Functional Glycomics

DR 12 samplas Condition
10 Ex buff 2.5 30 Temp (*C]Time (Min:Sec)
dMTP {2.5m k) 2 24 95 5:00
Ex TagHS 0,125 15 94 0:30
Primer WT DR 177 (20uld) 0.5 6 a8 0:30 H 30
dmer comm DR 4383 (20uh) 0,25 3 72 1.00
Primer null DR 484 (20ul) 0,25 3 72 5:00
Hio 177 | 2124 4 w
23.325 Take 23/sample
DA Template 2 Exp. Size (BPs) WT 748
W Total inren mix 25 Mull 457

Primer WT DR 177 (20ul) GCCACATGCTCAGCCTTCAG
drner comm DR 483 (20uh) CACTGTGGGACGTTACTGTC
Primer null DR 484 (20U} GGACCATTTTCTTCTGCCTAG

Vector NTI files available upon request. Send to ar



Supplementary Information 105

S1.2.2 Genotyping protocol for DCIR” mice from the homepage of the Consortium for
Functional Glycomics

S0 SignRE3 18 Condition

samples
10X EX buff 2.5 45 Termp ({1Time (Min:Sec)
dMTP (2.5mkA) 2 36 45 500
ExTag 015 | 2.7 94 ;20
common 50,272 (20ubkd) 0.5 9 52 0:20 } ¥ 20
imer null S0.275 (20uh)) 025 | 4.5 72 0:20
dmer WT SDL200 (20uh) 0,25 4.5 72 5,00
HzO 176 |316.8 q ol
23,25 Take 23/sample
DMA Template 2 Exp. Siz (BPs) WT 129
W Total inrinmix 25 Ml 243

common S0.378 (20uh) TCCCCCTTCTECCCTTTTGGE
imer null S0.375 (20uh) CCAATTCCCAGCTTCCACGG
“imer WT 50,200 (20uh) GTTTGEGEEARATCCAGC TG

Vector NTI files available upon request. Send to annacrie@ scripps.edu
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S1.3 List of microarray carbohydrates

ID number

O©oOo~NOoO ol WwWN -

11

12

13

14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

36
37

38
39

Structure
Neu5Ac(al-3)Gal(B1-3)GIcNACc(B1-3)Gal(p1-4)Glcp1l-O(CH2)sNH;
Neu5Ac(al-3)Gal(B1-4)GIcNAc(B1-3)Gal(p1-4)Glcp1-O(CH2)sNH,
Neu5Ac(al-6)Gal(B1-3)GIcNAc (B1-3)Gal(B1-4)GlcB1l-O(CH2)sNH,
Neu5Ac(al-6)Gal(p1-4)GIcNAc(B1-3)Gal(p1-4)Glcp1-O(CH2)sNH;
Neu5Ac(al-3)Gal(B1-4)GIcNAC6SB1-O(CH2)sNH,
Neu5Ac(al-3)Gal(p1-4)Glcp1-O(CH,)sNH;
Neu5Ac(al-6)Gal(p1-4)Glcp1-O(CH,)sNH;
Gal(Bl—4)GIcBl-O(CH2)6N H,
GIcNS(6S)(a1-4)IdoA(2S)(al-4)GIcNS(6S)(al-4)IdoA(2S)(al-
4)GIeNS(6S)(a1-4)1doA(2S)a1-O(CH3)5SO2(CH2),NH,
GlcNAc(6S)(al1-4)IdoA(2S)(al-4)GleNAc(6S)(a1-4)IdoA(2S)(al-
4)GIcNAc(6S)(al-4)IdoA(2S)al-O(CH2)sNH,
GIcNS(al-4)IdoA(al-4)GIcNS(al-4)IdoA(al-4)GlecNS(al-4)ldoAal-
O(CH3)sNH;
GlcNAc(al-4)IdoA(al-4)GlcNAc(al-4)IdoA(al-4)GlcNAc(al-

4) IdoAal- O(C H2)5N H,
IdoA(2S)(a1-4)GlcNS(a1-4)IdoA(2S)(a1-4)GIcNS(al-4)IdoA(2S)(al-
4)GlcNSal- O(CHs)sNH;
IdoA(2S)(a1-4)GIcNAc(al-4)IdoA(2S)(a1-4)GleNAc(al-
4)IdoA(2S)(a1-4)GIcNAcal- O(CH5)sNH;
IdoA(2S)(4S)a1-O(CH,)sSO2(CH2)2NH;

Natural heparin (5 kDa)

Gal(p1-4)Glcp1-O(CHy)sSH

Gal(B1-3)GIcNAcB1-O(CH,)sSH

Gal(p1-4)GIcNAcp1-O(CH,)sSH
GalNAc(B1-4)GIcNAcB1-O(CH,)sSH
Gal(p1-3)GalNAcp1-O(CH,)sSH

Gal(p1-2)Galp1-O(CH2)sSH

Gal(B1-3)Gal(p1-4)Glcp1-O(CH,)sSH
Fuc(al-2)Gal(B1-4)GIcNAcB1-O(CH,)sSH
GalNAc(al-3)Fuc(al-2)Gal(1-4)GIcNAcB1-O(CHy)sSH
Gal(al-3)Fuc(al-2)Gal(B1-4)GIcNAcB1-O(CH2)sSH
Man(a1-3)Fuc(al-2)Gal(B1-4)GlcNAcp1-O(CH,)sSH
Gal(3S)B1-O(CH2)sNHC(NH)(CH,)sSH
Gal(6S)B1-O(CH2)sNHC(NH)(CH,)sSH

Gala1-(OCH,CH,)sSH

GIcNACcB1-O(CH,)sSH

Gal(B1-4)GlcNAc(B1-2)Glcal-O(CH,)sSH
Man(al-2)Manal-O(CH2)sSH
Man(al-2)Man(al-6)[Man(al-2)Man(al-3)]Man(al-6)[Man(al-
2)Man(al-2)Man(al-3)]Manal-(OCH,CH,)sSH
Man(al-6)Man(al-6)[Man(al-2)]Man(al-6)Man(al-6)Manol-
O(CH2)sSH

Man(al-2)Man(a1-2)Mano1-O(CH,)sSH
Man(al-6)Man(al-6)[Man(al-2)]Man(al-6)Man(al-6)Manal-
O(CH3)sSH

Man(al-2)Man(al-6)Man(al-6)Manal-O(CH,)sSH
Ara(al-6)Ara(al-3)[Ara(al-6)]Ara(al-6)Ara(al-6)Ara(al-2)[Man(al-
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40

41
42
43
44
45

46
47
48
49
50

51
52

6)]Man(al-6)[Man(al-2)] Man(al-6) Man(al-6) Manal-O(CH;)sSH
Gal(al1-3)[Gal(B1-4)]GIlcNAc(al-4)ManNAc(B1-4)[Gal(al-
4)]GIcNACcB1-O(CH,)sSH

Gle(B1-4)Glcp1-O(CHy)sSH

GlcNAc(al-2)Glcal-O(CHz)sSH

Fucal-O(CH,)sSH

myo-Ins1-OPO3H(CH2)sSH (Phosphatidylmyo-inositol; PI)
Man(al-2)myo-Ins1-OPO3H(CH2)sSH (Phosphatidylmyo-inositol
mannoside; PIM;)
Man(a.1-2)[Man(al-6)]myo-Ins1-OPO3H(CH,)sSH (PIM,)
Man(a1-6)Man(al-6)[ Man(al-2)Jmyo-Ins1-OPO3H(CH2)sSH (P1M3)
Man(a.1-6)Man(al-6)Man(al-6)[Man(al-2)]Jmyo-Insl-
OPO3H(CH2)6SH (PIMy,)
Fuc(al-2)Gal(B1-3)GalNAc(p1-3)Gal(al-4)Gal(p1-4)Glcpl-
O(CH3)sSH (Globo-H)
Gal(B1-3)GalNAc(B1-3)Gal(al-4)Gal(p1-4)Glcp1-O(CH,)sSH (Gb5
or SSEA-3)

G'CBI-O(CHz) 2NH;

Galp1-O(CH,) 2NH;
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Summary

C-type lectin receptors (CLRs) represent a family of pattern recognition receptors
(PRRs) that recognize carbohydrate structures on pathogens and self-antigens often in a Ca?*-
dependent manner. By virtue of their expression on dendritic cells (DCs), they can be
exploited for the induction of antigen-specific immunity or tolerance. A platform was
established to screen for novel CLR carbohydrate ligands and to use these ligands for CLR
targeting. 1,3-lactosamine and the tumor antigen Gb5 were identified as novel ligands for
MGL1 and Clec12b by glycan microarray screening of synthetic carbohydrates. The sugars
were coupled to a model antigen, ovalbumin (OVA), and each conjugate was evaluated for its
ability to skew the immune response. Both in vitro and in vivo assays demonstrated that
carbohydrate modification of OVA leads to Tl response while dampening humoral response.
These data established a promising strategy to determine the adjuvant capacity of CLR
carbohydrate ligands, which not only is cell-specific but also stimulates immune responses.

Furthermore, the role of CLRs in the genesis of experimental cerebral malaria (ECM)
was investigated. Cerebral malaria (CM) is the most severe complication of malaria. The
murine Plasmodium berghei ANKA (PbA) infection model has helped identify crucial players
in the pathogenesis of CM. Here it is shown that the CLR dendritic cell immunoreceptor
(DCIR) is critical for the development of CM. While PbA infection led to 80% CM in wild-
type C57BL/6 mice, DCIR-deficient mice were highly protected with only 15% CM
development. In accordance with the reduced CM incidence in DCIR™ mice, CD8" T cell
sequestration was markedly reduced in brains of PbA-infected DCIR” mice that was
accompanied by reduced brain inflammation. Reduced T cell sequestration in the brain was
caused by decreased TNF-a levels in sera as well as a modulated activation of CD4" and
CD8" T cells in spleen of PbA-infected DCIR™ mice. This study indicates that DCIR is
critically involved in CM induction, thus highlighting the importance of this CLR in innate

immunity during malaria infection.
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Zusammenfassung

Unter C-Typ Lektin-Rezeptoren (CLRs) versteht man eine Familie von
Mustererkennungsrezeptoren welche - oftmals calciumabhéangig - Strukturen auf Pathogenen
und Selbstantigenen erkennen. Aufgrund ihrer Expression auf dendritischen Zellen kénnen sie
sowohl fur die Induktion einer antigenspezifischen Immunitét, als auch fir die Ausbildung
von immunologischer Toleranz eingesetzt werden. Es wurde eine Plattform entwickelt um
neue CLR-Kohlenhydratliganden zu identifizieren und fir das Targeting von CLRs zu
verwenden. 1,3-Laktosamin und das Tumorantigen Gb5 wurden als neue Liganden fir MGL1
und Clecl2b anhand eines Screenings synthetischer Kohlenhydrate mittels Glykan-Array
identifiziert. Diese Strukturen wurden mit dem Modellantigen Ovalbumin (OVA) konjugiert,
wobei jedes Konjugat hinsichtlich seiner Eignung zur Modellierung der Immunantwort
getestet wurde. Sowohl in vitro- als auch in vivo-Studien zeigten, dass die
Kohlenhydratmodifikation von OVA eine Tyl-Antwort auslost und die humorale Antwort
inhibiert. Diese Daten erdffnen eine vielversprechende neue Strategie zur Evaluation von
CLR-Kohlenhydratliganden als Adjuvanzien, welche nicht nur zellspezifisch wirken, sondern
ebenfalls die Immunantwort stimulieren.

Des Weiteren wurde die Rolle von CLRs in der Entwicklung der experimentellen zerebralen
Malaria (ECM) untersucht. Zerebrale Malaria (CM) stellt die schwerwiegendste Komplikation
der Malaria dar. Das murine Plasmodium berghei ANKA (PbA)-Infektionsmodell hat
malgeblich zur Identifizierung an der Pathogenese beteiligter Zelltypen und Proteine
beigetragen. Im Rahmen der vorliegenden Arbeit konnte gezeigt werden, dass der C-Typ
Lektin-Rezeptor ,,dendritic cell immunoreceptor* (DCIR) kritisch an der Entwicklung der CM
beteiligt ist. Wéhrend eine Infektion mit PbA zu 80% CM in Wildtyp-C57BL/6-Mdusen
fihrte, waren DCIR-defiziente Mduse mit nur 15% CM hochgradig geschutzt. Analog zur
reduzierten CM-Inzidenz in DCIR”-Mausen lag eine auffallend inhibierte Sequestration von
CD8" T-Zellen bei gleichzeitig verminderter Inflammation im Gehirn PbA-infizierter Méuse
vor. Die verminderte Sequestration von CD8" T-Zellen wurde sowohl durch eine geringere
Konzentration von TNF-a im Serum, als auch eine modulierte Aktivierung von CD4" und
CD8" T-Zellen in der Milz PbA-infizierter DCIR”-Mause hervorgerufen. Diese
Untersuchungen zeigen, dass DCIR kritisch an der Entstehung der CM beteiligt ist und heben
somit die Bedeutung dieses C-Typ Lektin-Rezeptors fur die innate Immunantwort wahrend

der Malariainfektion hervor.
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