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ABSTRACT

Host-pathogen interactions have co-evolved for many years. ! e human immune 
system consists of innate and adaptive immune cells to e# ectively defeat pathogens, 
while on the other hand pathogens have co-evolved to misuse the system for their 
own propagation. C-type lectins are conserved receptors recognizing carbohydrate 
structures on viruses, bacteria, parasites and fungi. C-type lectins such as DC-
SIGN, langerin and dectin-1 are expressed by dendritic cells and macrophages. 
Pathogen recognition by C-type lectins triggers signalling pathways, leading to 
expression of speci" c cytokines, which subsequently instruct adaptive T helper 
immune responses. T helper cell di# erentiation is crucial for initiating the proper 
adaptive immune responses; some pathogens however use these pattern recognition 
receptors to subvert immune responses for survival. ! is review gives an update 
about the role of C-type lectins in HIV-1, mycobacterial and Candida infections, 

and the co-evolution of hosts and pathogens. 

INTRODUCTION

During evolution the mammalian immune system evolved to defeat pathogens at utmost 
e  ̂ ciency. ! erefore the human immune system contains a diversity of specialized innate 
and adaptive immune cells that recognize evolutionary conserved pathogen-associated 
molecular patterns (PAMPs) by means of pattern recognition receptors (PRRs). PRRs 
recognize conserved patterns originating from pathogens such as bacterial cell wall 
structures, viral RNA/DNA, viral envelope structures and fungal structures. Dendritic 
cells (DCs), Langerhans cells (LCs) and macrophages are innate immune cells located 
throughout the body that act as sentinels of the immune system 1. DCs and LCs express 
a variety of PRRs, including Toll like receptors (TLRs), NOD-like receptors (NLRs) and 
C-type lectin receptors (CLRs), through which they capture and internalize invading 
pathogens, and subsequently present pathogenic antigens onto MHC class I and MHC 
class II molecules to CD8+ and CD4+ T cells, respectively 2. 
 Depending on the di= erent PRRs triggered by the PAMPs of the pathogen, 
DCs and LCs initiate signals that induce naive CD4+ T cell di= erentiation into distinct 
T helper cells 3. T helper cells are named and classi" ed according to their cytokine pro" le 
and the type of infection that is combatted. T helper 1 cells (! 1) produce interferon-�  
(IFN-� ), which activates macrophages and cytotoxic T cells to " ght intracellular 
pathogens. ! 2 cells secrete IL-4, IL-5 and IL-13 to activate B cells and humoral 
immune responses against extracellular pathogens such as helminths and bacteria 4. ! e 
IL-17-secreting ! -17 cells mobilize phagocytes and are required for anti-fungal and 
anti-bacterial immunity 5. ! us, pathogen recognition by PRRs on DCs and LCs results 
in cytokine production which is crucial for T helper cell di= erentiation and pathogen 
eradication.
 ! e C-type lectin receptor (CLR) family comprises a large group of PRRs present 
on DCs and LCs that shape the immune response. Here we focus on the molecular
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signalling and the subsequent immunological responses induced by the Ca2+-dependent 
CLRs langerin and DC-SIGN, and the Ca2+-independent CLR dectin-1. Although the 
host’s immune system is optimized for pathogen eradication, pathogens have co-evolved 
and the more successful pathogens developed ways to utilize the immune system for 
their own survival and even propagation. ! is review gives an update on anti-viral, 
-fungal and -bacterial immune responses elicited by CLRs and the (dis-)advantages for 
either the host or the pathogen.

CARBOHYDRATE RECOGNITION BY DC-SIGN, LANGERIN AND DECTIN-1

Originally the term ‘C-type lectin’ referred to proteins with a carbohydrate recognition 
domain (CRD), or C-type lectin like domain (CTLD), which bind carbohydrate 
structures (‘lectin’) in a Ca2+-dependent manner (‘C-type’) 6. ! e mammalian CLR 
family is divided into 17 subgroups (" g 1) based on their phylogenetic relationships and 
domain structures 7-9. However, comparison of CTLD homology revealed that not all 
CTLDs bind carbohydrate structures or are Ca2+-dependent 10. Since Ca2+-dependent 
carbohydrate binding is conserved from sponges to human (" g 1), it is likely to be 
the ancestral function 6. Most C-type lectin family members are adhesion receptors. 
However, type II, V and IV CLRs present on immune cells (" g 1) also function as PRRs 
and induce signalling and immune responses 6. Within the CTLD the highly conserved 
Glu-Pro-Asn (EPN) and Gln-Pro-Asp (QPD) motifs are essential for recognizing 
mannose- and galactose-containing ligands 11.

CTLDs of Langerin vs DC-SIGN
Langerin 12 and DC-SIGN 13, 14 bind ligands in a Ca2+-dependent way, contain EPN 
motifs, and belong to the type-II CLRs, the asialoglycoprotein receptor family with 
one CRD (" g 1) 15, 16. Langerin and DC-SIGN share a highly homologous CTLD 17. 
Interestingly, langerin and DC-SIGN are present on distinct cell types and act di= erently 
despite a broad overlap in ligand recognition. Langerin forms trimers on the cell surface 
of epidermal LCs 18 and recognizes the monosaccharides mannose, fucose, N-acetyl-
glucosamine (GlcNAc) and the oligosaccharides � -glucan and mannan 17, 19, 20. DC-
SIGN on the other hand is expressed as a tetramer on DCs present in skin and mucosa 
and recognizes mannose, fucose, GlcNAc and mannan 16. Langerin trimerization occurs 
via a coiled-coil structure in the extracellular neck-region, which leads to a more " xed 
position compared to the related DC-SIGN tetramers. DC-SIGN oligomerizes via its 
extracellular repeat domains, allowing for more _ exibility in ligand binding via its CRDs 
that are _ exibly linked to the neck region 18. 
Typically, Ca2+-dependent CTLDs have four Ca2+ binding sites, Ca-1 to Ca-4 10, 17. 
Binding of Ca2+ can have large e= ect on the tertiary structure of the receptor and thus 
in_ uence the ligand binding of the receptor 6. Langerin has only the second calcium 
binding site, whereas DC-SIGN has Ca-1 to Ca-3, explaining di= erences in ligand 
a  ̂ nity. Furthermore, Chatwel et al (2008) identi" ed a second carbohydrate-binding 
site in langerin that is Ca2+-independent and not present in DC-SIGN 17. However, the 
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Figure 1: Phylogeny of C-type lectin receptors 
Porifera (sponges) and choano_ agellates form the most distant living branch of the animal kingdom 58 and 
CTLDs have been identi" ed in both types of protozoa 58, 59 indicating CLRs are highly conserved receptors. 
! ere are at least 17 subgroups of mammalian CLRs, which are de" ned by their phylogenetic relationships 
and domain structures 7, 8. CLRs type II, V and VI are expressed on myeloid immune cells. Type II and V 
usually form receptor oligomers on the cell surface (di-, tri- or tetramers). Langerin and DC-SIGN belong 
to the type II CLRs, whereas dectin-1 belongs to the type V - NK receptor group 15. CLR: C-type lectin 
receptor; CTLD: C-type lectin domain; NK: natural killer cell; DC-SIGN: DC-speci" c ICAM3-grabbing 
non-integrin.

importance of this binding site is not clear as Ca2+-independent binding of mannose-
structures by langerin could not be con" rmed by other groups 21. 

CTLD of Dectin-1
Based on CRD homology, dectin-1 is placed in the type V - NK receptor group 15. 
Most of the type V receptors express immuno receptor tyrosine-based inhibitory 
motifs (ITIM) in their cytoplasmic domain however, dectin-1 is exceptional in that 
it contains an activating ITAM-like motif 22. Dectin-1 is present on LCs, DCs and 
macrophages; however, it binds ligands in a Ca2+-independent manner 23. Remarkably, 
the CTLD of dectin-1 does not contain a conserved EPN or QPD motif. Dectin-1 
recognizes � -1,3- and � -1,6-glucan carbohydrate structures 24; the amino acid motif 
Trp-Ile-His (WIH) has been implicated for � -glucan binding by dectin-1 11. Murine 
dectin-1 forms ‘dimers’ upon ligand binding, which are bridged intracellularly by the 
spleen tyrosine kinase SYK 22, 23,25. Although both dectin-1 and langerin recognize � -glucans 19, they do not have a highly homologous CTLD, suggesting that the 
ability to recognize � -glucans evolved convergently. It has recently been described that 
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langerin binds � -glucans through the interaction of a single glucose residue within the 
Ca2+ site 21.

PATHOGEN RECOGNITION, SIGNALLING AND THE IMMUNE RESPONSE

Antigen presentation and co-stimulation provided by DCs or LCs to T cells as well as 
cytokines secreted by DCs of LCs determine CD4+ T helper cell di= erentiation 3. Cytokine 
gene transcription by DCs and LCs depends on the activation of the transcription factor 
NF-� B induced by PRRs like the archetypical Toll like receptors (TLRs) and some 
CLRs. ! e NF-� B family consists of " ve subunits: p65, c-Rel, RelB, p50 and p52. 
Dimers of NF-� B family members are retained within the cytoplasm, but translocate 
into the nucleus upon PRR signalling to initiate or repress transcription. Signalling by 
DC-SIGN alone does not lead to NF-� B translocation into the nucleus; however, DC-
SIGN signalling enhances activation of certain canonical NF-� B subunits 26. In contrast, 
dectin-1 is able to induce both canonical and non-canonical NF-� B-mediated gene 
expression independent of other PRRs 27. 

DC-SIGN in Mycobacterial and HIV infections
DC-SIGN is a multivalent molecule that interacts with a lot of pathogenic patterns as 
well as self-ligands like ICAM-3 on T cells 13, 14. Human immunode" ciency virus (HIV), 
Mycobacterium species 28, Candida species 29, proteins from tick saliva 30, Helicobacter 
pylori 26 and helminth structures are amongst the pathogenic structures bound by DC-
SIGN via mannose or fucose moieties 14, 26. Mannose-induced DC-SIGN triggering 
activates the serine/threonine protein kinase RAF1 which induces phosphorylation of 
NF-� B subunit p65 at serine (Ser) residue 276 (" g 2a). ! e activation of RAF1 by 
DC-SIGN occurs independently of TLR signalling, however, phosphorylation of p65 
requires prior activation of NF-� B, which does depend on TLR signalling 31. Ser276 
phosphorylation of p65 enables binding of histone acetyl transferases CREB-binding 
protein (CBP) and p300, which subsequently acetylate p65 31 (" g 2a). ! is acetylation 
leads to increased DNA binding a  ̂ nity at cytokine genes, as well as prolonged nuclear 
activity and hence enhanced transcription of Il6, Il10, Il12a and Il12b 26, 31. ! us, TLR 
triggering is necessary for NF-� B activation, while the additional information provided 
by the pathogen that leads to DC-SIGN activation modulates the TLR trigger, thereby 
customizing the adaptive immune response to the speci" c pathogen. ! is might explain 
why DC-SIGN recognition of self-ligands, such as adhesion molecules ICAM-2 and 
ICAM-3, does not lead to DC maturation and cytokine production, since there is no 
simultaneous activation of PRRs that induce NF-� B activation.
 Mycobacterium tuberculosis is the causative agent of tuberculosis 32. After the 
initial immune reactive phase, M. tuberculosis infection enters a chronic latent phase 
which suggests that M. tuberculosis is able to suppress cellular immune responses. 
Mycobacteria trigger both TLRs and DC-SIGN on DCs via the cell wall structures and the 
mannosylated lipoarabinomannan (ManLAM), respectively 26, 28. Besides ManLAM, DC-
SIGN also recognizes mycobacterial 	 -glucan and phosphatidylinositol mannosides33, 34. 
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M. tuberculosis induces high levels of IL-6, IL-10 and IL-12p70 secretion by DCs, which 
is dependent on DC-SIGN through the interplay with TLR signaling (" g 2a) 26, 28, 31. 
M. tuberculosis might exploit DC-SIGN signalling to evade host immune surveillance 
by producing the ! 1-repressing cytokine IL-10 as well as the ! 1-promoting cytokine 
IL-12. ! is is resulting in IL-10 producing T cells without a bias towards either ! 1 or 
! 2 di= erentiation and prevents the host from clearing the pathogen 26, 35. ! e exact role 
of DC-SIGN in establishing or retaining the latent phase of tuberculosis has not been 
unravelled yet. However, a cohort study suggested that decreased levels of DC-SIGN are 
associated with increased protection against tuberculosis 36, indicating that mycobacteria 
have co-evolved with the human immune system to evade eradication partly via DC-
SIGN.
 Another striking example of host-pathogen co-evolution is the interaction 
between DC-SIGN and the human immunode" ciency virus (HIV-1). HIV-1 is a 
sexual transmitted disease (STD) and the causative agent of acquired immunode" ciency 
syndrome (AIDS). HIV-1 targets CD4+ T cells by fusion to CD4 and chemokine 
receptors, in particular CCR5 and CXCR4. LCs and DCs are lining mucosal tissues 
and are therefore amongst the " rst cells to encounter the virus. DCs bind HIV-1 via 
DC-SIGN that interacts with the HIV-1 envelope glycoprotein gp120 14. Notably, this 
does not lead to eradication of the virus, but promotes HIV-1 transmission and " nally 
infection of the host; HIV-1 survives capture by DC-SIGN, and thereby is transported 
by DC-SIGN+ DCs towards lymph nodes where the virus is subsequently transmitted 
to CD4+ T cells 14, the primary target cell of HIV-1. Moreover, HIV-1 not only hijacks 
DCs for transport to lymph nodes but also exploits DC-SIGN for productive infection 
of DCs 37. DCs express CD4 and CCR5 which act as co-receptors for HIV-1 (" g 2b). 
Binding results in fusion with the cell membrane, viral uncoating, reverse transcription 
of HIV-1 single stranded (ss) RNA and integration of the resulting double stranded 
DNA into the host genome, where it is subject to transcriptional regulation similar to 
host genes. For the initiation and elongation of its transcription, HIV-1 is dependent 
on host- as well as viral factors. Host transcription factors such as Sp1 and NF-
 B are 
required to initiate HIV-1 transcription by RNA polymerase II (RNAPII) 38. However, 
without the viral transcription-elongation factor Tat, RNAPII will detach from the 
DNA and produce short abortive mRNAs (" g 2b) 37 and hence no de novo synthesis of 
viral proteins can commence. However Tat is not included in the HIV-virion and not 
present during the " rst rounds of transcription initiation. It was recently discovered 
that HIV-1 misuses DC-SIGN signalling for the recruitment of host transcription-
elongation factors leading to the " rst Tat transcripts 37.
 After capture by DC-SIGN on DCs and subsequent internalization, 
HIV-1 triggers both TLR8, via ssRNA, and DC-SIGN, via gp120, resulting in nuclear 
translocation of NF-
 B and RAF1 activation, respectively (" g 2a, b). Phosphorylation of 
NF-
 B subunit p65 at Ser276 recruits the host transcription-elongation factor pTEF-b 
to the HIV-1 transcription complex. pTEF-b phosphorylates RNAPII at Ser2 which 
promotes transcription elongation, hence generating full length HIV-1 transcripts, 
required for synthesis of new virus particles 37. Without DC-SIGN signalling and 
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subsequent p65 phosphorylation, pTEFb is not recruited to the initiation site 
and RNAPII only produces short abortive RNAs (" g 2b). ! erefore DC-SIGN is 
indispensible for infection of DC-SIGN+ DCs by HIV-1. ! is is another example of 
host-pathogen interactions whereby the pathogen has evolved to use the host’s immune 
system for its own bene" t.

Langerin in HIV-1 and fungal infections
In humans, langerin is exclusively expressed by epidermal LCs. Langerin contains an 
intracellular proline-rich signalling motif 12 that might function as a potential docking 
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Figure 2: DC-SIGN signalling modulates TLR signaling
a) DC-SIGN binds ligands such as mycobacteria and HIV-1. DC-SIGN induces RAF1 phosphorylation, 
which modulates TLR induced NF-� B activation. Upon TLR stimulation the canonical NF-� B subunit 
p65 is released from its inhibitor and translocates to the nucleus. Phosphorylated RAF1 induces p65 
phosphorylation at Ser276 which functions as binding site for the histone acetylase CBP. Acetylation of 
p65 induces enhanced and prolonged Il6, Il10 and Il12ab transcription. b) HIV-1 enters the host DC via 
the co-receptors CD4 and CCR5 leading to viral uncoating, reverse transcription and integration into the 
host genome (host DNA: black; viral DNA/RNA: red). HIV-1 needs the viral protein Tat for transcription 
elongation, which is encoded in the integrated viral DNA. Without Tat short abortive mRNAs will be 
produced. By signalling via TLR8 (ssRNA) and DC-SIGN (gp120) HIV-1 recruits host factors to the 
transcription initiation complex inducing the " rst HIV-1 transcripts. TLR8 triggering leads to nuclear 
translocation of p65. DC-SIGN signalling via gp120 induces RAF1 activation and subsequent p65 
phosphorylation at Ser276, which functions as binding site for pTEFb. pTEFb is recruited to the HIV-1 
LTR and phosphorylates RNAPII at Ser2 allowing for transcription elongation and full HIV-1 mRNA 
transcripts. Once Tat is produced, transcription will be more e  ̂ cient and enhanced. CBP: CREB binding 
protein; DC-SIGN: DC-speci" c ICAM3-grabbing non-integrin; MyD88: myeloid di= erentiation primary 
response protein 88; NF-� B: nuclear factor �  B ; I� B� : inhibitor of NF-� B� ; pTEFb: positive transcription 
elongation factor b; RNAPII: RNA polymerase II; TLR: Toll like receptor.
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site for signal transduction proteins 39. However, not much is known about the role of 
langerin signalling in inducing immune responses. Langerin induces the formation of 
intracellularly located Birbeck granules, which are tennis racquet-like shaped organelles. 
! e origin and purpose of Birbeck granules are still poorly understood, however the 
subcellular compartments are linked with endocytosis 40. In the human population, 
single nucleotide polymorphisms (SNPs) have been described in the CTLD of langerin 
that a= ect carbohydrate recognition. A Trp to Arg mutation at AA position 264 leads to 
a lack of Birbeck granule formation 41. However, until now, no clinical associations or 
evolutionary bene" ts or disadvantages have been linked to these SNP. 
 Both langerin 42, 43 and DC-SIGN bind HIV-1 14 via the glycoprotein gp120, 
however, the immunological outcome of this interaction is tremendously di= erent. 
First of all, in stark contrast to DC-SIGN+ DCs, LCs are hardly infected with 
HIV-1 and do not transmit the virus to T cells 43. Secondly, the virus is internalized via 
langerin and subsequently degraded 43. Inhibition of langerin allows infection of LCs, 
which subsequently transmit HIV-1 to T cells 43, strongly suggesting that langerin is an 
important anti-viral immune receptor. It is not clear whether langerin induces signalling 
processes similar to DC-SIGN. ! e antiviral function of langerin indicates that the host 
has evolved this mechanism to prevent HIV-1 infection. 
 ! e protective function of langerin against HIV-1 can be abolished by co-
infections with other sexual transmitted diseases (STD), such as herpes simplex virus 
(HSV) or Candida species 44. HSV-2 causes genital herpes, which leads to ulcerating 
and in_ amed mucosal tissues whereas Candida fungi can cause genital infections that 
can be transmitted sexually. Both HSV-2 and Candida species are able to interact with 
langerin and thereby occupy the receptor, obstructing langerin function and hence 
increasing the risk for HIV-1 infection 43, 45. Additionally, HSV-2 is able to infect LCs, 
which decreases langerin expression and therefore its protective function. Furthermore, 
HSV-2 and Candida infections locally induce the production of TNF, which enhances 
HIV-1 transcription 44. ! us co-infections alter the functionality of langerin and 
abrogate antiviral function of LCs, increasing the risk of aquiring HIV-1 infection and 
transmission of HIV-1 to T cells 43-46. 
 Besides its anti-viral role an anti-fungal role for langerin has recently been 
suggested 19. Since LCs reside in the epidermis these cells are in close contact with 
resident fungal species present on human skin. Resident fungi can protect the skin from 
bacterial infections, however, if the " ne balance is disturbed, the fungi can colonize 
the skin and cause invasive infections. Opportunistic Candida and Cryptococcus species 
are the most common causes of invasive fungal infections in immuno-compromised 
patients47, 48. Langerin recognizes  -glucan and mannan structures derived from  the 
fungus Malassezia furfur and a variety of Candida and Saccharomyces species. Candida 
species were internalized by LCs upon binding to langerin 19, however, it remains uknown 
whether internalisation leads to destruction of the fungus. Interestingly, langerin did 
not bind structures from Cryptococcus species, suggesting no immune recognition by 
LCs. Dectin-1 is expressed on immature LCs although in low levels. It was shown that 
langerin was the major anti-fungal receptor on LCs compared to dectin-1 on LCs 19. 
! us, langerin might have evolved to protect skin from invading fungal infections.
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Figure 3: Dectin-1 signalling induces ! -17 cytokine 
pro" les
Dectin-1 ligand binding induces phosphorylation of 
the tyrosine-based motifs, which subsequently recruits 
SYK. Activation of SYK leads to the formation of the 
CARD9/Bcl-10/Malt1 complex ultimately releasing 
the inhibitor of NF-� B, inducing nuclear translocation 
of the canonical subunits p65 and c-Rel. Next to 
that, SYK activation induces NIK resulting in nuclear 
translocation of the non-canonical NF-

�
B subunit 

RelB. RAF1 activation via dectin-1 phosphorylates p65 
at serine 276 which functions as binding site for the 
histone acetytransferase CBP. Acetylation of p65 leads 
to enhanced and prolonged Il6, Il10, Il12a and Il12b 
transcription. Furthermore, phosphorylated p65 forms 
dimers with RelB, disabling the non-canonical subunit 
from binding to DNA. c-Rel will bind DNA and induce 
Il1b transcription. ! e net e= ect is cytokine production 
skewing naive CD4+ T cells toward T helper 17 cells. Bcl-
10: B cell lymphoma 10; CARD9: caspase recruitment 
domain family, member 9; CBP: CREB-binding protein; 
Dectin-1: DC-associated C-type lectin 1; I

�
B

�
: inhibitor 

of NF-� B� ; MALT-1: mucosa-associated lymphoid 
tissue lymphoma translocation gene 1; NF-� B: nuclear 
factor �  B; NIK: NF-� B inducing kinase; SYK: spleen 
tyrosine kinase.
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Dectin-1 in fungal and mycobacterial infections
Dectin-1 is a unique CLR since it triggers signalling events and cytokine expression 
without requiring involvement of other PRRs. Dectin-1 recognizes fungal � -glucans 
and induces anti-fungal ! -17 responses by activation of NF-� B. In contrast to DC-
SIGN signalling, dectin-1 does not need additional TLR signalling for the activation 
of NF-� B. Dectin-1 has a single tyrosine-based motif in the intracellular domain 25. 
Upon ligand binding, the tyrosine-based motif is phosphorylated and is recognized by 
spleen tyrosin kinase (SYK) via a single Src Homology 2 domain (SH2) (" g 3). Binding 
of the two SH2 domains of SYK to separate dectin-1 molecules supposedly induces the 
formation of a dectin-1 ‘dimer’ 22. SYK-mediated signalling induces the formation of 
a sca= old complex that consists of CARD9, Bcl-10 and Malt-1 49 (" g 3). ! is sca= old 
complex activates the canonical subunits p65 and c-Rel by releasing the NF-� B units 
from its inhibitor I� B �  27, 49 (" g 3). Simultaneously, SYK activates NF-� B-inducing 
kinase (NIK) which subsequently leads to nuclear translocation of the non-canonical 
subunit RelB 27, which suppresses Il12b and Il1b transcription (" g 3).
 Additionally to these NF-� B-activating pathways, dectin-1 activates RAF1, 
which phosphorylates p65 at Ser276, likewise as DC-SIGN signalling (" g 3). RAF1-
mediated phosphorylation leads to acetylation of p65 and prolonged transcription of 
certain cytokines 27 (" g 3). In contrast to DC-SIGN, dectin-1 by itself activates both 
p65 and RelB. Ser276 phosphorylation of p65 in_ uences both p65 and RelB activity: 
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phosphorylated p65 dimerizes with RelB resulting in inactive p65/RelB dimers, 
attenuating the respressive function of RelB. Interestingly, p65 activity is not attenuated 
by p65/RelB dimerization 27: phosphorylation at Ser276 and subsequent acetylation 
of p65 increases Il6, Il10 and Il12a transcription similar as described for DC-SIGN. 
RelB transcriptional suppression of Il12b and Il1b is reversed by capturing RelB in 
inactive p65/RelB dimers (" g 3). Since RelB is inactivated, p65 and c-Rel will bind the 
promoters of Il12b and Il1b, respectively, and will subsequently induce transcription of 
typical ! -17-inducing cytokines (" g 3). 
 ! e net cytokine result of dectin-1 signalling via SYK/CARD9, SYK/NIK and 
RAF1, skews toward ! 1 and ! -17 cells providing anti-fungal immunity. Dectin-1 
signalling is a complex pathway that can be in_ uenced by simultaneous PRR activation. 
Besides activating dectin-1, fungi can simultaneously trigger archetypical TLRs 50 
resulting in di= erent NF-� B subunit activation. Di= erent fungi trigger di= erent 
patterns of PRRs, which lead to tailored immune responses. A " ne balance will " ne 
tune the subsequent cytokine production and immune response elicited upon pathogen 
recognition by dectin-1. 
 Similar to langerin, dectin-1 recognizes Candida species and is involved in 
immune responses against Candida by ! -17 skewing. Notably, an amino acid change 
present in the human population (Tyr238X) results in defective dectin-1 surface 
expression 51. Individuals with homozygous polymorphism have a higher incidence of 
mucocutaneous Candida infections, implying the importance of functional dectin-1 in 
anti-fungal immune responses. 
 Dectin-1 is also implied in anti-mycobacterial immune responses. E= ective 
immune responses against Mycobacterium tuberculosis rely on pathogen recognition by 
PRRs like TLRs and CLRs, but also NOD-like receptors (NLRs) 52. ! e immune system 
has evolved several redundant systems to ensure e= ective eradication of the pathogen. 
M. tuberculosis leads to signalling via TLR2, TLR4 and TLR9, however, mice de" cient 
for those TLRs or the adaptor molecule MyD88, which transduces signalling by these 
TLRs, are still able to elicit anti-mycobacterial immune responses 53. Similarly, NLR 
signalling and the complement system are redundant in M. tuberculosis infection, 54 
since in_ ammatory cytokines were produced upon infecting mice with M. tuberculosis. 
! is underlines the di= erent back-up systems in the human immune systems that have 
evolved to beat pathogens. Recently it has been described that mycobacteria trigger 
CARD9/Bcl-10/Malt1 complexes (" g 3) via interaction with dectin-1 54. Since dectin-1 
is a CLR that can induce NF-� B activation, this explains the redundancy of PRRs like 
TLRs and NLRs. Next to its major anti-fungal function, CARD9 signalling has been 
shown to be indispensible for anti-mycobacterial immune responses 55. In addition, 
the dectin-1 related CLR dectin-2 also activates SYK and CARD9/Bcl-10/Malt-1 
complexes by recognizing mannan structures derived from fungi. It has recently been 
shown that activation of dectin-2 induces Il1b and Il23p19 transcription through c-Rel 
activation 56. ! us, dectin-2 activation by fungi promotes the expression of IL-1 �  and 
IL-23. Upon simultaneous triggering of dectin-1 and -2 this will boost ! -17-mediated 
cellular responses 56. ! is is highlighting the evolutionary _ exibility, redundancy and 
adaptation of the immune system to defeat di= erent pathogens.



2

C-type lectins in Infection and Immunity

29

CONCLUDING REMARKS

Host and pathogen are in a continuous race for survival: pathogens evolve to infect the 
host, whereas the immune system of the host evolves to counteract pathogen survival. 
Innate immune cells sense pathogens and steer the immune response towards anti-
pathogen defense mechanisms. CLRs are conserved PRRs present on innate immune 
cells like DCs, LCs and macrophages. CLRs recognize sugars and remarkably: most 
pathogens contain carbohydrates in their cell-wall, envelopes or membranes for their 
survival in stead of downfall. CLR triggering by carbohydrates induces cytokine 
responses that skew T helper cells toward ! 1, ! 2 or ! -17 cells. In this review we have 
outlined the role of the CLRs DC-SIGN, langerin and dectin-1 in e= ective or defective 
immune responses against HIV-1, Candida species and mycobacteria. 
 ! e immune system utilizes converging signalling pathways that enable a 
broad spectrum of di= erent responses to di= erent pathogens. ! e type of antigen, the 
costimulatory stimulus 2 and the cytokines provided by the antigen presenting cell to 
the naive T cell elicit or prevent the immune response. CLRs recognize a diversity of 
pathogenic patterns through their di= erent CTLDs. Although some CLRs make use of 
similar signalling pathways, the immune response is " ne-tuned to defeat pathogens as 
e  ̂ ciently as possible. Although a RAF1-mediated pathway is triggered by both DC-
SIGN and dectin-1, the immunological outcome is di= erent. DC-SIGN by itself does 
not activate NF-� B whereas dectin-1 triggers p65 as well as RelB and c-Rel. ! e balance 
between p65 and RelB activity and subsequent cytokine production and T helper 
di= erntiation is greatly a= ected by RAF1 signalling 26, 27. ! is exempli" es the _ exibility 
and adaptability of the immune system to di= erent conserved patterns on pathogens.  
 Having a complex innate and adaptive immune system build up of converging 
signalling pathways can be bene" cial for either the host or the pathogen. ! e variety of 
signalling pathways provide pathogens with a diversity of immune escape mechanisms 
since interference can be at any level in the pathway. Mutations in dectin-1 lead to 
defective immune responses and Candida infections 51. In addition, a mutation in the 
proximal signalling molecule CARD9 leads to propagation of Candida infections 57. 
! e more steps involved in inducing immune responses, the more mechanisms can be 
subverted by the pathogen. On the other hand: the more steps involved in inducing 
immune responses, the more redundant systems can function as back-up when a pathogen 
hijacks the host. Mycobacterium tuberculosis triggers NLRs, TLRs, the complement 
system and CLRs like dectin-1, langerin and DC-SIGN 28, 33, 34, 50, 52, 55. Although some 
PRRs such as dectin-1 seem more important to M. tuberculosis infections 55, it is a clear 
strength of our immune system that di= erent PRRs provide redundancy in the immune 
responses to pathogens.  
 Probably the best example of host-pathogen evolution and adaptation is the 
di= erence in outcome of HIV-1 binding to either langerin or DC-SIGN. Langerin on 
LCs has a protective function against HIV-1 infection 43, whereas the highly homologous 
DC-SIGN on DCs is subverted by the virus for viral propagation 37. By binding to
DC-SIGN, HIV-1 hijacks DCs for transport to the lymph nodes to be delivered to the 
target CD4+ T cell. In addition, the immunological signalling pathway triggered by
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HIV-1 via DC-SIGN and TLR8 ought to defeat the virus. Nevertheless, this signalling 
propagates transcription of the indispensable " rst transcripts of the virus. As the Red 
Queen from Alice in Wonderland (Lewis Caroll) said: “It takes all the running you can 
do, to keep in the same place”. ! e one that " rst stops running, either host or pathogen, 
will inevitably be seized by the other.
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