Germinal centres

Highly specialized and dynamic
microenvironments that give
rise to secondary B cell follicles
during an immune response.
They are the main sites of

B cell maturation, leading to
the generation of memory

B cells and plasma cells that
produce high-affinity antibody.

C-type lectin receptors
(CLRs). Receptors that
recognize carbohydrates
expressed by microorganisms,
as well as endogenous
glycoproteins. Some CLRs
function as pattern-recognition
receptors, whereas others
function as adhesion receptors.
The recognition of
microorganisms by CLRs on
antigen-presenting cells leads
to their internalization and
subsequent antigen processing
and presentation. In addition,
some CLRs efficiently induce
signalling pathways to promote
or modulate T helper cell
differentiation.
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C-type lectin receptors in the control
of T helper cell differentiation

Efficient T cell responses require differentiation of CD4*
T cells into different T helper (T,,) cell subsets, depend-
ing on the type of infection. These T, cell subsets each
have specific roles in the defence against pathogens
by helping other innate and adaptive immune cells to
mount effective responses against the infectious agent.
Antigen-presenting cells and in particular dendritic cells
(DCs) orchestrate T, cell differentiation by stimulating
T cell receptors and creating a specialized cytokine
environment. The prime determinant that controls
T, cell differentiation is pathogen recognition by DCs,
which translates the nature of the invading pathogen
into a gene-transcriptional programme that drives the
appropriate T, cell response’.

Several different T, cell subsets have been identified
that each have specific functions in adaptive immunity
(FIG. 1). T;1 and T2 cell responses are important in host
defence against intracellular and extracellular patho-
gens, respectively®®. Interleukin-12p70 (IL-12p70)
drives T,1 cell differentiation via the induction of the
transcription factor T-bet (also known as TBX21)*. The
underlying mechanisms of T,;2 cell differentiation are
not completely understood, but this process is recipro-
cally entwined with T,1 cell differentiation, as inhib-
ition of IL-12p70 secretion from DCs facilitates T ;2 cell
differentiation, whereas induction of the co-stimulatory
molecule OX40L (also known as TNFSF4) primes DCs
towards T};2 cell polarization®®.

T, 17 cell responses are crucial for defence against
fungi’, and the expression of the transcription factor
RORyt, the master regulator of T,;17 cells, is induced
via IL-1B and IL-6 stimulation in humans and via
transforming growth factor-B (TGFp) stimulation in
mice®, whereas IL-23 plays an important part in the
maintenance of T;;17 cell commitment®.

Teunis B. H. Geijtenbeek and Sonja 1. Gringhuis

Abstract | Pathogen recognition by C-type lectin receptors (CLRs) expressed by dendritic cells is
important not only for antigen presentation, but also for the induction of appropriate adaptive
immune responses via T helper (T,) cell differentiation. CLRs act either by themselves or in
cooperation with other receptors, such as other CLRs, Toll-like receptors and interferon receptors,
to induce signalling pathways that trigger specialized cytokine programmes for polarization of

T,, cell differentiation. In this Review, we discuss how triggering of the prototypical CLRs leads to
distinct pathogen-tailored T,, cell responses and how we can harness our expanding knowledge
for vaccine design and the treatment of inflammatory and malignant diseases.

T follicular helper (T},,) cell responses establish pro-
tective long-term humoral immunity against patho-
gens'. Multiple signals act in concert to initiate Ty, cell
differentiation at the time of DC priming; in particular,
IL-6 and IL-21 have important roles in vivo in the gener-
ation and maintenance of Ty, cells and in the formation
of germinal centres in mice'. Recently, it was shown that
IL-27 is crucial for inducing mouse and human Ty, cell
differentiation' "2,

Several other T, cell subsets, such as T,;9 cells and
T,;22 cells™*', help in defence against pathogens, whereas
regulatory T cells are important for limiting immune
responses, thereby preventing autoimmune and other
deleterious immune responses'®.

In this Review, we focus on the induction of T, cell
responses by C-type lectin receptors (CLRs) that func-
tion as pattern-recognition receptors (PRRs) on DCs.
CLRs constitute a large superfamily of proteins that are
defined by the presence of at least one C-type lectin rec-
ognition domain'®. The entire CLR family recognizes a
diverse range of carbohydrate structures, such as man-
nose, fucose, sialic acid and B-glucan, and the exact
carbohydrate (or carbohydrates) recognized by a CLR
dictates which pathogens are bound by that receptor'”.
CLRs are expressed by myeloid cells and in particular by
macrophages and DC subsets, but some CLRs, such as
dectin 1 (also known as CLEC7A), are also expressed by
neutrophils, B cells and keratinocytes'®'. The differen-
tial expression of CLRs by DC subsets dictates how these
subsets react to pathogens and underlies their special-
ized functions; thus, it is not surprising that other CLRs,
such as langerin (also known as CLEC4K) and CLEC9A,
have a restricted expression pattern®-'.

Here, we focus on the current understanding of CLRs
that sense invading pathogens and subsequently induce
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Pattern-recognition
receptors

(PRRs). Receptors that
recognize molecular
patterns often associated
with pathogens, such as
lipopolysaccharides found
in the bacterial cell wall
of Gram-negative
microorganisms. They
also recognize molecular
patterns expressed by
non-pathogenic bacteria.
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Figure 1| Pathogen interactions by DCs dictate T, cell differentiation. T helper 1 cell (T, 1 cell) responses are required
for defence against intracellular pathogens such as fungi, viruses and mycobacteria, and are induced by dendritic cells
(DCs) that secrete interleukin-12p70 (IL-12p70). T-bet is the master regulator of T,,1 cell differentiation and is regulated by
signal transducer and activator of transcription 4 (STAT4), which is induced by IL-12p70.T 2 cell responses defend against
extracellular pathogens by activating eosinophils and basophils and by inducing antibody isotype switching to IgE in

B cells’. T,;2 cells are characterized by the secretion of IL-4, IL-5 and IL-13 and by the expression of the transcription factor

GATA3, which is induced by STAT6 signalling. T, 17 cell responses are crucial in defence against fungi through the
secretion of IL-17A, IL-17F and IL-22, which recruit neutrophils to sites of infection’. The master regulator, RORYt, is
induced by STAT3 signalling via simultaneous IL-1f and IL-6 stimulation (humans) and additionally transforming growth
factor-B (TGF; mice), whereas IL-23 plays an important part in the maintenance of ;17 cell commitment. T follicular
helper cell (T, cell) responses, induced by DC-derived signals such as IL-6 and IL-27, are essential for the establishment of
protective long-term humoral immunity against pathogens via the generation of high-affinity antibodies, which are
induced through the production of IL-21. The autocrine action of IL-21 regulates B cell lymphoma 6 (BCL-6) expression.
BCL-6, induced by STAT3 signalling, acts as the master regulator of T, cell differentiation, including the induction of IL-21
and CXC-chemokine receptor 5 (CXCRS5), which is important for Ty, cellhoming to B cell zones. CCL, CC-chemokine
ligand; GC, germinal centre; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNy, interferon-y; NK cell,
naturalkiller cell; PRR, pattern-recognition receptor; TNF, tumour necrosis factor.

specialized cytokine expression profiles. Specifically, we
integrate knowledge of these pathways with the role of
particular T}, cell responses in infection, and discuss how
we can harness this information in the design of vac-
cines for infectious diseases, autoimmune diseases and
malignant disorders.

CLRs and T,, cell differentiation

CLRs differ from most other PRRs in that pathogen
recognition via high-affinity and high-avidity inter-
actions leads to pathogen uptake and degradation in the
antigen-processing machinery, as well as the activation

of innate signalling pathways that induce or modulate
innate and adaptive immune responses'”. Many CLRs
can sense different classes of pathogen, as well as malig-
nant tumour cells, by their glycosylation pattern — the
so-called carbohydrate fingerprint'. Bacteria, parasites
and fungi have glycosylation structures that are distinct
from host carbohydrates. Interestingly, even though
viruses hijack the glycosylation machinery of host cells,
their glycosylated envelope proteins differ from endo-
genous proteins in the amount and the composition of
glycosylation: structures with a high mannose content
are more prevalent in viral envelope glycoproteins than
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Canonical NF-xB pathway
The classical pathway of
nuclear factor-«B (NF-«xB)
activation that involves
phosphorylation and
degradation of the NF-xB
inhibitor IkBa.

Non-canonical NF-xB
pathway

The pathway of nuclear
factor-«B (NF-kB) activation
that does not involve
degradation of the NF-xB
inhibitor IkBa but relies on
the processing of an NF-xB
precursor protein, p100,
leading to nuclear translocation
of the RELB-p52 NF-xB
heterodimer.

Inflammasomes

Complexes that contain a
sensor molecule, such as
NLRP3 (NOD-, LRR- and pyrin
domain-containing 3), the
adaptor protein ASC and
caspase 1. The term non-
canonical inflammasome
describes an inflammasome-
like complex that does not
conform to the three ‘canonical’
components but, similarly to
canonical inflammasomes,
processes immature pro-
interleukin-1p (pro-IL-1p) to
generate bio-active IL-1p for
secretion. Two non-canonical
inflammasomes have been
described to date: one that
contains mucosa-associated
lymphoid tissue lymphoma
translocation protein 1
(MALTT1), ASC and caspase 8
(termed the non-canonical
caspase 8 inflammasome) and
is triggered by dectin 1
engagement, and a

caspase 11-activating platform
that has not yet been fully
described.

Chromatin remodelling
Alterations that are induced
in chromatin through the
displacement of nucleosomes
by ATP-dependent
multiprotein complexes.

complex and hybrid glycans, which are common on host
cells?>. Malignant host cells also exhibit a distinct acti-
vation and/or expression of glycosyltransferases, often
resulting in tumour-specific glycosylation patterns®.
This makes CLRs well equipped to distinguish between
different pathogens, to recognize tumour cells and to
orchestrate the appropriate adaptive immune responses.

Dectin 1 induces T,1 and T,,17 cell responses

A prototypic CLR is dectin 1, which is crucial for defence
against fungi, as underscored by the finding that indi-
viduals with a defective dectin 1 are more susceptible to
Candida spp. infections®. Although dectin 1-deficient
mice are also less resistant to various fungal infections
than wild-type mice??*, their level of susceptibility
is dependent on the infecting fungal strain, owing to
adaptation of fungal cell wall composition in vivo®. As
shown in mice, dectin 1 is also important for maintain-
ing microbiota homeostasis in the colon by controlling
the growth of resident fungi®.

Dectin 1 recognizes -glucans that are exposed at the
budding scars of pathogenic and opportunistic fungi
(TABLE 1). It is expressed by Langerhans cells (LCs) and
by different myeloid DCs, including inflammatory DCs,
CD1c* DCs and CD141* DCs, which places this receptor
in an ideal position to detect invasive fungi'’. LCs are
important for the induction of T;;17 cell responses to
cutaneous fungal infections'”?, whereas subepithelial
DCs induce both T};17 and T ;1 cell responses*~*', which
are important for defence against systemic invasive
fungal infections®.

Dectin 1-mediated signalling is activated only by
particulate B-glucans, which cluster the receptor in
synapse-like structures™. Early studies showed that dec-
tin 1 collaborates with signalling by Toll-like receptor 2
(TLR2) to enhance cytokine responses in macrophages™.
However, dectin 1 is now known to also have a direct
role in adaptive immunity by triggering several distinct
signalling pathways that cooperate to shape T, cell
responses in response to fungal infections®***+%,

Ligand binding by dectin 1 and subsequent receptor
clustering triggers phosphorylation of the immuno-
receptor tyrosine-based activation motif (ITAM)-like
sequence within the cytoplasmic domains of the dec-
tin 1 receptors, leading to the consecutive recruitment
of SHP2 (also known as PTPN11) and the tyrosine
kinase SYK, followed by the formation of the CARD9-
BCL-10-MALT1 (caspase recruitment domain-contain-
ing protein 9-B cell lymphoma 10-mucosa-associated
lymphoid tissue lymphoma translocation protein 1)
scaffold complex®*'*4- (FIGC. 2). This scaffold initiates a
signalling cascade that leads to activation of both the
canonical NF-kB pathway (nuclear factor-kB pathway)
and the non-canonical NF-xB pathway; that is, the acti-
vation of canonical p65-p50, canonical REL-p50 and
non-canonical RELB-p52 transcriptional complexes™.

In human DCs, p65-p50 and REL-p50 complexes
trigger expression of the genes encoding IL-6 and the
IL-23 subunit p19 (IL-23p19), which are necessary for
T,17 cell-mediated immune responses™. Expression of
IL-1p and the IL-12p40 subunit (encoded by IL12B) is
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equally essential to T;;17 cell induction, but requires dec-
tin 1-mediated activation of a second, SYK-independent
pathway through the serine/threonine kinase RAF1 in
human DCs*. RAFI activation overcomes the repressive
effects of RELB-p52 complexes on IL1B and IL12B tran-
scription by inducing the phosphorylation and acetyla-
tion of SYK-induced p65 at Ser276 (REF. 37), which leads
to the formation of an inactive RELB-p65 dimer that
is unable to bind the DNA and allows transcriptional
activation of IL1B and IL12B by REL-p50 and p65-p50,
respectively, in human DCs*. Furthermore, acetylated
P65 has an enhanced transcription rate and is protected
from degradation, further increasing transcription
of the pro-inflammatory genes* (FIG. 2). Cooperation
between the distinct SYK- and RAF1-dependent sig-
nalling pathways induced via fungal recognition by
dectin 1 results in a cytokine environment that directs
T,;17 cell differentiation™.

As aberrant T ;17 cell responses are associated with
pathogenic hyperinflammatory disorders’, it is impor-
tant that T;17 cell differentiation is tightly controlled.
One way to achieve this is through tight regulation of
IL-1p production. Transcription of IL1B is regulated by
controlling the activation of different NF-kB complexes
(as described above), but also through autocrine type I
IFN receptor (IFNAR) signalling (FIC. 2). The recogni-
tion of Candida albicans B-glucans by dectin 1 triggers
SYK-dependent interferon-regulatory factor 5 (IRF5)
activation and the subsequent expression of interferon-f8
(IFNP)*, which results in the downregulation of IL-1
expression and the induction of IL-27 that together
downregulate T;17 cell responses®*.

A second means of controlling T};17 cell differenti-
ation is to regulate the generation of mature IL-1p, as
immature pro-IL-1p protein requires enzymatic process-
ing to generate biologically active IL-1p for secretion®'.
Many pathogens, including fungi, activate cytosolic
sensors, such as NLRP3 (NOD-, LRR- and pyrin
domain-containing 3), to trigger the activation of canon-
ical caspase 1 inflammasomes that cleave pro-IL-1p*.
Several studies have shown that some fungi trigger the
canonical caspase 1 inflammasome via dectin 1 and that
this induction is dependent on fungal internalization,
the production of radical oxygen species and potassium
efflux*~*. Interestingly, dectin 1-mediated signalling
also controls the processing of pro-IL-1f through activa-
tion of the non-canonical caspase 8 inflammasome**4-*¢
(FIC. 2). The caspase 8 inflammasome is directly acti-
vated by the dectin 1 signalling pathway in response to
B-glucans, independently of pathogen internalization*.
Thus, dectin 1 triggering immediately couples the sens-
ing of pathogens with activation of the non-canonical
caspase 8 inflammasome, whereas some fungi also trig-
ger the caspase 1 inflammasome via dectin 1-mediated
uptake; however, it is unclear why only certain fungi
trigger the canonical inflammasome.

Cooperative SYK and RAF1 signalling following
dectin 1 triggering also leads to antifungal Tyl cell
responses that are dependent on IL-12p70 (REF. 30)
(FIC. 2). Transcription of IL12A, encoding the IL-12p35
subunit, depends on chromatin remodelling to allow the
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Table 1| CLRs, pathogen recognition and T, cell responses

Host

DC-SIGN

Human

Mouse
Dectin 1

Human

Mouse

Dectin 2

Human

Mouse

Pathogen

Candida albicans

Fasciola hepatica

Helicobacter pylori

HIV-1
Mycobacterium tuberculosis

Schistosoma mansoni

Tissue ligands

Aspergillus fumigatus

C. albicans

Candida lusitaniae

Candida nivariensis

Candida parapsilosis
Fonsecaea monophora
Histoplasma capsulatum

A. fumigatus

C. albicans

Coccidioides immitis
Coccidioides posadasii

H. capsulatum
Paracoccidioides brasiliensis

Trichosporon asahii

C. albicans
C. nivariensis
Blastomyces dermatitidis

C. albicans

C. posadasii

Dermatophagoides farinae
and Dermatophagoides
pteronyssinus allergens

Fonsecaea pedrosoi
H. capsulatum

M. tuberculosis,
Mycobacterium bovis BCG,
Mycobacterium intracellulare,
Mycobacterium gordonae

Glycan PAMP

Mannan

LDNF (SP)
Le"™ LPS

gp120
ManLAM
LeX (SEA)

LeX

B-1,3-glucan
B-1,3-glucan

B-1,3-glucan
B-1,3-glucan

B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan

a-1,2-mannose
a-1,2-mannose
a-1,2-mannose

a-1,2-mannose

a-1,2-mannose

ND

a-1,2-mannose
a-1,2-mannose

ManLAM

T, cell-polarizing
cytokines

tL-12,1IL-6, TIL-1B,
T1L-23

TIL-27
LIL-12,41L-6, 4 1L-23

TIL-12,TIL-6
TIL-12, TIL-6

LIL-12,41L-6, 4 1L-23;
TIL-27

TIL-10

TIL-23

TIL-12, TIL-6, TIL-23,
TIL-1B

TIL-12, TIL-6, TIL-23,
TIL-1B

TIL-12, TIL-6, TIL-23,
TIL-1B

IL-6,TIL-1B
HIL-12

tIL-23

TIL-23
TIL-12,T1L-23,TIL-6
TIL-12, TIL-6, TIL-1B
ND

ND

ND

tIL-23

TIL-23, TIL-1p
TL-23,TIL-1p
ND

TIL-12, TIL-6, T IL-23,
TIL-1B

ND
TIL-23,TIL-6

ND
ND
TIL-12p40, T1L-6

Adaptive
response

TT,1and T, 17 cells

TT,,andT,2 cells
TT,2cells

ND
ND
TT,2and T, cells

T, cells
TT,17 cells
1T, 1and T,17 cells

TT,17 cells
17,17 cells

17,17 cells
TT,1cells

TT,17 cells

TT,17 cells

TT,17 cells
TT,1and T,17 cells
TT,17 cells

TT,17 cells

TT,17 cells

17,17 cells

TT,17 cells
TT,17 cells
TT,17 cells
1T, 1and T,17 cells

TT,17 cells
TT,2and T, 17 cells

TT,17 cells
TT,17 cells
TT,17 cells

Refs

30

11,57

54,57,
59,91

54
54
11,57

64

121

30,44,49,
77,122

44,77

44,77

122

49
121
123

31
124
125
125
126
127

77
77
125

68-70,
128

125

7375,
129

78
125
67
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Pathogen-associated
molecular patterns
(PAMPs). Small conserved
molecular motifs found on
microorganisms, such as
lipopolysaccharide (LPS),
carbohydrate moieties,
double-stranded RNA and
unmethylated DNA motifs.

RAF1 signalosome

A complex containing the
serine/threonine kinase RAF1,
CNKT1 and KSR1. Mannose
signalling activates RAF1 in this
complex, triggering a
downstream signalling cascade
thatinduces T helper 1 (T, 1)
and T, 17 cell differentiation.
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Table 1 (cont.)| CLRs, pathogen recognition and T, cell responses

Host Pathogen Glycan PAMP
MINCLE
Human Fonsecaea compacta ND
F. monophora ND
F. pedrosoi ND
Cladophialophora carrionii ND
Mouse F. pedrosoi ND
Malassezia pachydermatis Glucosyland
and Malassezia furfur mannosyl
glycolipids
M. bovis BCG Mycobacterial
cord factor
M. tuberculosis Mycobacterial
cord factor

T, cell-polarizing Adaptive Refs

cytokines response

JIL-12 IT 1cells; 49
T2 cells

JIL-12; T 1 cells; 39,49

TIL-1p TT,2and T,17 cells

LIL-12 1T, 1 cells; 49
TT,2cells

JIL-12 1T, 1 cells; 49
TT,2cells

ND 17,17 cells 78

TIL-6 Neutrophil 66,81
infiltration

ND TT,1cells 106

TIL-6,TIL-1B,71L-23,  TT,landT 17 cells 82,8687,

TIL-12 91,130

BCG, bacille Calmette-Guérin; CLR, C-type lectin receptor; DC-SIGN, DC-specific [CAM3-grabbing non-integrin; IL, interleukin;
LDNF, fucosylated N,N’-diacetyllactosamine; Le, Lewis antigen; ManLAM, mannose-capped lipoarabinomannan; MINCLE,
macrophage-inducible C-type lectin receptor; ND, not determined; PAMP, pathogen-associated molecular pattern; SEA, soluble
egg antigen; SP, soluble products; T, cell, T follicular helper cell; T,,cell, T helper cell; T cell, regulatory T cell.

binding of transcriptional activators such as NF-kB*.
Fungal recognition by dectin 1 activates IRF1 via SYK-
dependent signalling, and this promotes nucleosome
remodelling at the IL12A promoter®. Moreover, the
transcription of ILI2A and IL12B is prolonged by
RAF1-induced phosphorylation and acetylation of
P65 (REF. 30) (FIC. 2). Inhibition of RAF1 signalling® or
of IRF1 activation® shifts dectin 1-triggered T;1 cell
responses towards T2 cell responses, which are detri-
mental for antifungal immunity®. Furthermore, in
human neonatal DCs, dectin 1 signalling via SYK and
RAF1 induces T};1 cell responses by facilitating IL12A
expression®’; in mouse DCs, dectin 1 signalling leads
to reduced expression of OX40L, thereby shifting the
response away from T};2 cell differentiation®.

RAFI activation by dectin 1 also induces epigenetic
reprogramming in monocytes, thereby enhancing innate
antifungal immunity by monocytes upon a second expo-
sure to the pathogen®, and it is conceivable that this
process is important in reinforcing adaptive immunity.
Collectively, these observations show that the coopera-
tion between signalling pathways induced by dectin 1 is
essential for shaping antifungal T, cell responses.

Glycan-specific T,, cell responses by DC-SIGN

DC-SIGN (DC-specific ICAM3-grabbing non-integrin;
also known as CD209) is expressed by subepithelial DC
subsets, including CD1c¢* DCs and inflammatory DCs,
as well as certain macrophage subsets, and is the most
extensively studied CLR" (TABLE 1). Although activation
of DC-SIGN by carbohydrates does not induce cytokine
expression, it modulates signalling pathways that are

induced by other PRRs. Many intracellular pathogens,
such as mycobacteria, viruses and fungi, bind DC-SIGN
via mannose-containing structures, and DC-SIGN also
recognizes extracellular pathogens, such as parasites
and Helicobacter pylori, via fucose-containing pathogen-
associated molecular patterns (PAMPs)Y. In addition to
triggering DC-SIGN, these pathogens simultaneously
trigger other PRRs, including TLRs and/or cytosolic
receptors, and it is the cooperation between these sig-
nalling pathways that promotes protective T};1 and
T, 17 cell responses to intracellular pathogens or T};2
and Ty, cell responses to extracellular pathogens (FIC. 3).

DC-SIGN-mannose interactions direct Tyl and
T,17 cell responses. DC-SIGN recognizes a diverse
array of mannose PAMPs: Mycobacterium tuberculosis
and Mycobacterium leprae express mannose-capped
lipoarabinomannan (ManLAM) structures; many
different viruses, including HIV-1, Ebola virus and
hepatitis C virus, have envelope glycoproteins that
contain high-mannose structures; and the cell wall of
many different fungi contains the polycarbohydrate
mannan'’ (TABLE 1). These PAMPs also trigger PRRs
such as TLR2, TLR4 and dectin 1, thereby activating
p65-p50 transcriptional complexes and, consequently,
a cytokine expression programme that results in the
transcription of pro-inflammatory cytokines such as
IL-12p35, IL-12p40 and IL-6 (REFS 30,37,54). DC-SIGN
constitutively binds to RAF1 as part of the so-called
RAF1 signalosome. Simultaneous activation of DC-SIGN
and other PRRs results in the activation of RAF1
(REFS 30,54,55) and the subsequent phosphorylation and
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Figure 2 | Dectin 1 signalling in the induction of antifungal T, cell
responses. The recognition of fungal p-glucans such as those of Candida
albicans by dectin 1 induces phosphorylation (P) of its immunoreceptor
tyrosine-based activation motif (ITAM)-like sequence by an unidentified
SRC kinase (not shown). Subsequently, SHP2 binds to the ITAM-like
sequence via its N-SH2 domain, and phosphorylation of the ITAM-
like sequence of SHP2 by either a SRC kinase or the tyrosine kinase SYK
facilitates the recruitment of SYK to the receptor complex?®. Dimerization of
dectin 1 brings two SYK molecules together, leading to trans-activation
of SYK, which induces the assembly of a CARD9-BCL-10-MALT1 (caspase
recruitment domain-containing protein 9-B cell lymphoma 10-
mucosa-associated lymphoid tissue lymphoma translocation protein 1)
complex****; in mice, this process has been shown to involve SYK-mediated
phosphorylation of CARD9 by protein kinase C8 (PKCS; not shown)!*® but is
otherwise not well defined. The CARD9-BCL-10-MALT1 scaffold mediates
the activation of the canonical nuclear factor-kB (NF-kB) pathway via [xB
kinase subunit-B (IKKB)-mediated degradation of NF-kB inhibitor-a (IkBa),
leading to the nuclear translocation of canonical p65-p50 and REL—-p50
complexes®*3*3* Dectin 1 triggering also activates the non-canonical NF-xB
pathway, which is dependent on SYK activation, leading to NF-kB-inducing
kinase (NIK)- and IKKa-mediated phosphorylation and proteasomal
processing of NF-kB subunit p100, resulting in nuclear translocation of the
non-canonical RELB-p52 complexes***!**, Simultaneous activation of RAF1
by dectin 1 leads to phosphorylation and acetylation (a) of p65, which

Nucleus

T,1and T,17 cell polarization

enhances its transcription rate and its stability. Furthermore,
phosphorylated p65 interacts with RELB, forming transcriptionally inactive
RELB—p65 dimers. As RELB-p52 complexes interfere with transcription
initiation of IL1B and IL12B (encoding interleukin-1p (IL-1f) and the IL-12
subunit p40 (IL-12p40), respectively), this allows for p65-p50 and REL-p50
toinduce expression of [L-12p40 and pro-IL-1B, as well as IL-6, IL-12p35 and
IL-23p19 (REF. 30). SYK-dependent signalling also induces nuclear
translocation of interferon-regulatory factor 1 (IRF1), which is crucial for
nucleosome remodelling at the IL12A (encoding IL-12p35) promoter to
enable p65-p50 binding for transcription activation*. SYK-mediated
activation of TEC kinase is involved in the formation and activation of a
non-canonical caspase 8 inflammasome containing the adaptor protein
ASC, CARD9, BCL-10, MALT1 and caspase 8, which mediates the processing
of pro-IL-1p into bioactive IL-13*. The cooperation between SYK- and
RAF1-mediated signalling pathways leads to expression of a cytokine
profile that promotes antifungal T helper 1 (T,,1) and T,,17 cell differentiation.
SYK-dependent signalling also induces activation of IRF5, which promotes
the expression of interferon-p (IFN)**?%; autocrine type | IFN receptor
(IFNAR) signalling then attenuates expression of T, 17-polarizing IL-1p while
enhancing expression of T,;17-suppressing IL-27p28 via transcriptional
modulation of IL27A%*. This signalling pathway dampens T,17 cell
differentiation®, possibly to prevent pathogenic hyperinflammation caused
by T,,17 cells. NEMO, NF-kB essential modulator. Dotted lines denote
indirect effects.
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Fucose signalosome

A complex containing IkB
kinase subunit-e (IKKe) and the
de-ubiquitinase CYLD. This
complex forms when fucose
signalling through DC-SIGN
leads to the disassociation of
the RAF1 signalosome and the
recruitment of IKKe and CYLD
to LSP1. The resultant
signalling cascade induces

T helper 2 (T,,2) and T follicular
helper (T, cell differentiation.

acetylation of NF-kB subunit p65 at Ser276 (REF. 37); this
enhances TLR-induced transcription of IL12A, IL12B
and IL6 (REF. 37), and the resultant increased produc-
tion of active IL-12p70 promotes T},1 cell responses™
(FIG. 3a). Although IL1B is not directly induced by p65,
the phosphorylation of p65 at Ser276 by RAF1 (triggered
by DC-SIGN and also by dectin 1 in response to C. albi-
cans) sequesters RELB into inactive RELB-p65 dimers,
thus preventing RELB-p52-mediated inhibition of ILIB
transcription®. This is important in fungal infections
for which the activation of RAF1 by both dectin 1 and
DC-SIGN promotes both T;;1 and T;;17 cell responses
through the upregulation of IL-6, IL-1f and IL-23
(REFS 30,54) (FIC. 3a). Little is known about the signal-
ling by mouse homologues of DC-SIGN, but it has been
shown that in mice infected with M. tuberculosis, trigger-
ing of the DC-SIGN homologue SIGNR3 (also known
as CD209D) similarly activates RAF1, and SIGNR3
signalling cooperates with TLR2 signalling to induce
pro-inflammatory cytokine expression and protective
immunity®®. Thus, mannose signalling by DC-SIGN
activates a pro-inflammatory cytokine programme via
RAF1 activation.

DC-SIGN-fucose interactions direct T,2 and Ty, cell
responses. In contrast with mannose PAMPs, the rec-
ognition of fucose PAMPs by DC-SIGN elicits adap-
tive T2 and T}, cell responses, resulting in humoral
immunity'". These differences in adaptive immune
programming probably reflect differences in mannose
and fucose binding to the carbohydrate recognition
domain of DC-SIGN. Fucose binding induces con-
formational changes that lead to the displacement of
the RAF1 signalosome from DC-SIGN, enabling the
assembly of a different signalling complex termed
the fucose signalosome®” (FIC. 3b). DC-SIGN recognizes a
wide range of fucose PAMPs, including Lewis X anti-
gen (Le¥) from Schistosoma mansoni, fucosylated N,N’-
diacetyllactosamine (LDNF) antigens from Fasciola
hepatica and Le? from H. pylori'”. H. pylori can switch
on and off the expression of Lewis antigens on lipopoly-
saccharide (LPS), and it therefore expresses LPS with
or without Le?; interestingly, Le** LPS, in contrast with
Le’~ LPS, induces T2 cell responses via DC-SIGN
signalling® (TABLE 1).

Assembly of the fucose signalosome, which
consists of the serine/threonine kinase IkB kinase
subunit-¢ (IKKe) and the de-ubiquitinase CYLD, leads
to the activation and nuclear translocation of the atypical
NF-kB family member, BCL-3 (REF. 57) (FIG. 3b). BCL-3
is unable to modulate transcription by itself; however
it forms a complex with p50-p50 dimers, which have a
high affinity for DNA, and replaces TLR- or RIG-I-like
receptor (RLR)-induced p65-p50 transcriptional com-
plexes from promoter regions®. The effects of BCL-3-
p50-p50 complexes on transcription depend on the
context of the entire promoter®“% Binding of BCL-3-
p50-p50 to either the ILI2A or IL12B promoter represses
transcription and thus represses IL-12p70 expression,
which skews T, cell responses away from a T};1 and
towards a T},2 cell profile”. T};2 cell responses are further
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enhanced by the BCL-3-p50-p50-mediated expression
of two T2 cell-attracting chemokines, CC-chemokine
ligand 17 (CCL17) and CCL22 (REF. 57). Indeed, spe-
cific fucose PAMPs from S. mansoni, F. hepatica and
H. pylori have been shown to induce T,;2 cell responses
in a BCL-3-dependent manner?. S. mansoni-derived
PAMPs also induce OX40L expression (a marker for
DCs primed for T2 cell differentiation), possibly via
DC-SIGN®.

Fucose-specific DC-SIGN signalling also leads
to the expression of IL-27 (REF. 11), which promotes
Ty cell differentiation (FIG. 3b). Notably, the expression
of this cytokine is independent of BCL-3 activation, but
depends on crosstalk with IFNAR signalling triggered
by IFNP induced via other PRRs!". Furthermore, IKKe
in the fucose signalosome cooperates with IFNAR sig-
nalling to induce formation of the IFN-stimulated gene
factor 3 (ISGF3) transcriptional complex'!, which pos-
itively regulates the expression of IL-27. Simultaneous
induction of both T,;2 and Ty cell responses by para-
sitic fucose-containing PAMPs via DC-SIGN leads to
robust protective long-term humoral immunity. When
T, cells were induced to differentiate in vitro by human
DCs primed with fucose PAMPs, these T}, cells provided
cognate help to B cells and induced class switching, the
production of IgG and prolonged survival'’.

Moreover, fucose-specific signalling might also
be important in immune tolerance, as DC-SIGN*
macrophages® strongly upregulate IL-10 expression in
response to fucose ligands, resulting in the induction of
regulatory T cells (TABLE 1). The induction of immunity
or tolerance in response to fucose-specific PAMPs might
be dependent on the DC or macrophage subset, or on
the co-ligation of different PRRs.

Dectin 2 promotes T,17 and T,,2 cell responses
Unlike dectin 1 and DC-SIGN, dectin 2 is unable to
signal by itself, instead associating with the signalling
adaptor Fc receptor common y-chain (FcRy), which
induces signalling via its ITAM®. Dectin 2 is expressed
by various myeloid cell populations, including macro-
phages and several DC subsets, where it interacts
with a-1,2-mannose structures on fungi®® and with
mycobacterial ManLAM® (TABLE 1).

In mice, triggering of dectin 2 on DCs by
a-mannoses from C. albicans hyphae leads to SYK- and
CARDY9-BCLI-10-MALT1-dependent NF-kB acti-
vation®®*’. Mouse dectin 2 activates p65-containing
NF-kB complexes (although other subunits were
not directly studied®) and induces the expression of
cytokines, such as IL-6, IL-23, IL-12 and IL-1B*7,
resulting in the induction of T};17 cell responses®”°
(FIC. 4a). Furthermore, dectin 2-FcRy complexes are
thought to form functional complexes with the related
CLR macrophage C-type lectin (MCL) in mice”'.
Mouse dectin 2 also induces the expression of pro-
inflammatory cytokines, such as tumour necrosis fac-
tor (TNF), IL-6 and IL-23, as well as anti-inflammatory
cytokines IL-10 and IL-2, in response to mycobacterial
ManLAM, thereby promoting T};17 cell responses®’.
Interestingly, recognition of S. mansoni PAMPs by
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Leukotriene

A class of eicosanoids derived
from the metabolism of
arachidonic acid by the action
of leukocyte 5-lipoxygenase
and other enzymes. They have
a conjugated triene
double-bond structure and
various pro-inflammatory
activities, including leukocyte
activation (by leukotriene B,)
and bronchoconstriction

(by leukotriene C, and
leukotriene D).

mouse dectin 2 fails to induce II1b transcription; how-
ever, it does result in the SYK-dependent production
of reactive oxygen species and potassium efflux, which
activate the NLRP3-caspase 1 inflammasome to pro-
cess immature pro-IL-13 produced in response to
triggering of other PRRs, thereby enhancing T,17 cell
responses’”. Furthermore, dectin 2 signalling in mouse
cells indirectly enhances dectin 1-dependent T,;1 cell
responses in response to fungal PAMPs, but it remains
to be determined which cytokines are involved in this

a Mannose Mycobacterium

DC-SIGN

’ C. albicans

effect®”*. Mouse dectin 2 has also been shown to inter-
act with glycans on allergens from Aspergillus fumiga-
tus and the house dust mites Dermatophagoides farinae
and Dermatophagoides pteronyssinus, thereby induc-
ing signals that skew T}, cell differentiation towards
T2 cell responses”~” (TABLE 1). Recognition of D. fari-
nae allergens by dectin 2 leads to SYK-dependent cys-
teinyl leukotriene production’”, which can counteract
the induction of IL-12 expression’®, thereby inducing
T2 cell responses’™ (FIG. 4a). Notably, sensitization of
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dectin 2-deficient mice with D. farinae allergens did
not induce eosinophilic and neutrophilic pulmonary
inflammation or T},2 cell responses in lymph nodes and
lungs”. Thus, dectin 2-mediated control of T,; cell dif-
ferentiation in mice varies with pathogen species and
ligand, and this variation might be harnessed to direct
immunological responses during vaccine design.
Recognition of fungal pathogens by human dectin 2
also triggers signalling via FcRy: like dectin 1 and mouse
dectin 2, human dectin 2 induces a SYK-dependent
CARDY-BCL-10-MALT1 scaffolding formation; how-
ever, unlike mouse dectin 2, human dectin 2 activates
only REL-p50 transcriptional complexes” (FIC. 4b).
Therefore, human dectin 2 is not able to induce T}, cell
responses by itself, as it only induces the expression
of REL-controlled interleukins, such as IL-23p19 and
IL-1B, and thereby can only enhance T ;17 cell responses
that have been induced by other PRRs, such as dectin 1
(REFS 69,70,77,78). Human dectin 2 has also been shown
to induce pro-inflammatory cytokines such as IL-1p and
TNF in DCs in response to Mycobacterium bovis bacille
Calmette—Guérin (BCG), but whether dectin 2 could
induce these cytokines on its own was not investigated,
and how this affects T}, cell differentiation was not deter-
mined®. The observed differences between mouse and
human dectin 2 signalling might reflect differences in

<« Figure 3| Carbohydrate-specific immunity by DC-SIGN signalling. Inimmature

dendritic cells (DCs), the cytoplasmic tail of DC-SIGN (DC-specific ICAM3-grabbing
non-integrin) is bound by the adaptor protein LSP1 and the so-called RAF1 signalosome,
consisting of CNK1, KSR1 and RAF1 (REF. 54). a| Following recognition of mannose-
containing pathogens (such as Candida albicans or mycobacteria) by DC-SIGN, various
proteins are recruited to the signalosome that regulate the activation of RAF1. GTPase
leukaemia-associated RHO guanine nucleotide exchange factor (LARG) activates the
GTPases RAS and RHOA?7**111 Binding of GTP-RAS to RAF1 initiates RAF1 activation

by releasing intramolecular autoinhibition. Next, GTP-RHOA activates PAK1, which
phosphorylates (P) RAF1 at Ser338. RAF1 s fully activated by Tyr340/341
phosphorylation through an unidentified SRC kinase*’. The pathway downstream of
RAF1 has yet to be fully delineated (indicated by a dashed arrow), but results in the
phosphorylation at Ser276 and acetylation (a) of nuclear factor-kB (NF-kB) subunit p65
(REF. 37). p65—p50 complexes are activated by simultaneous ligation of Toll-like receptors
(TLRs). Acetylated p65 has an enhanced transcription rate and is more stable, which
increases the expression of its target genes, promoting T helper 1 (T;1) and T, 17 cell
differentiation. b | Following recognition of fucose-containing pathogens, such as
parasites and Helicobacter pylori, the RAF1 signalosome is displaced. LSP1 remains
bound to DC-SIGN and becomes phosphorylated on Ser252 by MK2, which is activated
by a simultaneously triggered pattern-recognition receptor (PRR). Phosphorylated LSP1
enables the assembly of a fucose-specific signalosome, consisting of [kB kinase
subunit-¢ (IKKe) and the de-ubiquitinase CYLD. CYLD continuously de-ubiquitylates

B cell lymphoma 3 (BCL-3), preventing its nuclear accumulation. IKKe activation via
fucose signalling leads to phosphorylation and deactivation of CYLD, which allows
nuclear translocation of ubiquitylated BCL-3. Nuclear BCL-3 can positively and
negatively regulate NF-kB complexes, and overall this pathway results in the modulation
of TLR-induced cytokine and chemokine expression profiles to promote T2 cell
responses®’. IKKe also phosphorylates the transcription factor signal transducer and
activator of transcription 1 (STAT1) on Ser708 and Ser727 (REF. 11). Following the
induction of type | interferon receptor (IFNAR) signalling by TLR-induced interferon-3
(IFNB), JAK1-mediated phosphorylation of STAT1 at Tyr701 leads to STAT1-STAT2
dimerization, the formation of the IFN-stimulated gene factor 3 (ISGF3) complex with
IFN-regulatory factor 9 (IRF9) and its translocation into the nucleus. This complex
enhances the expression of interleukin-27 p28 subunit (IL-27p28), which is crucial for
IL-27-mediated T follicular helper cell (T, cell) differentiation’. CCL, CC-chemokine
ligand; LPS, lipopolysaccharide.
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species, DC subsets (bone marrow-derived DCs versus
monocyte-derived DCs) or cooperation with other CLRs
such as MCL.

MINCLE modulates T,,1 and T,,17 cell responses
Macrophage-inducible C-type lectin receptor (MINCLE;
also known as CLEC4E) was first identified as a sensor
of cell death”, and a recent study showed that by sensing
necroptosis, MINCLE suppresses antitumor immunity
and thereby enables pancreatic ductal adenocarcinoma
in mice®. However, it is now evident that MINCLE,
which is expressed by various immune cells (including
DCs, macrophages and neutrophils) is also involved in
the induction of immunity to pathogens, such as fungi
and M. tuberculosis**7>852. MINCLE has specificity for
a-mannosyl structures and recognizes Malassezia spp.
through glycolipids that contain a-mannosyl and
glucosyl structures®, whereas a specific mycobacterial
glycolipid known as mycobacterial cord factor (also
known as TDM) is bound via its trehalose structure®’
(TABLE 1). Interestingly, the function of MINCLE seems to
be partially dependent on MCL, as this CLR controls the
expression of MINCLE through the formation of hetero-
complexes that stabilize MINCLE at the surface® .
A recent study suggests that MINCLE can act inde-
pendently of MCL¥, but its function can be modulated
by MCL co-expression®. MCL-mediated stabilization
increases expression of MINCLE and thereby influ-
ences its signalling to different pathogens. Expression
of MINCLE on mouse immature DCs is low, but it is
upregulated by various stimuli, including the activation
of MCL, whereas human immature DCs express high
levels of both MINCLE and MCL**¢, suggesting that
cells expressing low levels of MINCLE might be more
dependent on MCL co-ligation.

Pathogen recognition by MINCLE can lead to a vari-
ety of immune responses, and it is not yet clear what
underlies these differences. Like dectin 2, MINCLE
associates with FcRy for signalling”, but triggering of
this CLR can result in the activation of different sig-
nalling pathways, which seem to depend partly on the
ligand or DC subset involved. In mice, the recognition
of mycobacterial cord factor by MINCLE together with
MCL induces signalling, via FcRy, that results in SYK-
dependent CARD9-BCL-10-MALT1 scaffold forma-
tion, subsequent NF-kB activation and the expression
of cytokines that lead to protective T} 1 cell-mediated
immunity®>* (FIC. 5a). By contrast, in human DCs,
MINCLE-FcRy signalling induced by Fonsecaea spp.
or mycobacterial cord factor results in SYK-dependent
CARDY9-BCL-10-MALT1 scaffold formation, but
not NF-xB activation nor cytokine gene expression®.
Instead, MINCLE triggering leads to phosphoinosi-
tide 3-kinase (PI3K)- and AKT-dependent activation
of the E3 ubiquitin ligase MDM2 (REF. 49); the action of
this enzyme targets nuclear IRF1 for proteasomal degra-
dation, thereby suppressing the production of IL-12p70
and skewing T, cell differentiation towards T ;2 cell
responses® (FIG. 5b), which have adverse effects on
defence against fungal infections™. Indeed, a high fungal
load in lesions from patients with chromoblastomycosis
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Figure 4 | Dectin 2 signalling in antifungal and allergic responses. Dectin 2 requires an association with the Fc
receptor common y-chain (FcRy), a membrane-associated adaptor protein that contains traditional immunoreceptor
tyrosine-based activation motifs (ITAMs), to induce intracellular signalling. a| Ligand recognition by mouse dectin 2
results in phosphorylation (P) of FcRy ITAMs, which bind SHP2. Phosphorylation of the ITAMs by SHP2 facilitates the
binding and activation of SYK and assembly of the CARD9-BCL-10-MALT1 (caspase recruitment domain-

containing protein 9-B cell lymphoma 10-mucosa-associated lymphoid tissue lymphoma translocation protein 1)
scaffold. Downstream signalling leads to the activation of nuclear factor-kB (NF-kB) p65-containing complexes, which in
turn results in the expression of the T helper 17 (T;17)-polarizing cytokines pro-interleukin-1f (pro-IL-1p), IL-6 and IL-23
(REFS 67-70). By contrast, in a SYK-dependent manner, dectin 2 recognition of allergens leads to the generation of
cysteinyl leukotrienes (Cys-LTs), which skews T, cell differentiation towards pathogenic T,;2 cell responses’’*, possibly
by blocking the expression of IL-12 induced by other pattern-recognition receptors (PRRs) such as Toll-like receptors
(TLRs)®. b | In humans, activation of dectin 2 by fungi leads to FcRy signalling via SHP2-SYK and the CARD9-BCL-10—
MALT1 scaffold®**””. Engagement of dectin 2 alone leads to REL-p50 activation, which enhances the expression of
pro-IL-1p and the IL-23 p19 subunit (IL23p19)”". Human dectin 2 can therefore only enhance T,17 cell responses that
have been induced by another PRR such as dectin 1. A. fumigatus, Aspergillus fumigatus; C. albicans, Candida albicans;
D. farinae, Dermatophagoides farinae; D. pteronyssinus, Dermatophagoides pteronyssinus; lkBa, NF-kB inhibitor-a;

LPS, lipopolysaccharide.

is characterized by the presence of T,;2 cells®. Thus,
Fonsecaea spp. escape T,;1 cell-mediated immunity via
MINCLE. Interestingly, in a mouse model of chromo-
blastomycosis, co-stimulation of TLRs, such as TLR2,
TLR4 and TLR?7, leads to strong TNF responses and
promotes an efficient MINCLE-dependent protective
immunity against Fonsecaea pedrosoi®. These data
suggest that Fonsecaea spp. target MINCLE to suppress
antifungal responses, which can be altered by co-ligation
with TLRs.

MINCLE also affects T;;17 cell-mediated immu-
nity, seemingly in a pathogen-dependent manner,
but host species differences might also be involved.
Mouse MINCLE induces T};17 cell-mediated immu-
nity to mycobacterial cord factor by enhancing expres-
sion of the T,;17 cell-promoting factors IL-6, IL-23
and pro-IL-1B*% (FIG. 5a), and by activation of the
NLRP3 inflammasome, thereby converting pro-IL-1f
to bioactive IL-1B°". However, triggering of MINCLE
in mice during E pedrosoi infection in vivo suppresses
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Figure 5| MINCLE signalling in mouse and human immune responses. Macrophage-inducible C-type lectin receptor
(MINCLE) associates with the Fc receptor common y-chain (FcRy) to induce intracellular signalling™. a | In mice, the
expression of MINCLE is upregulated on activated myeloid cells, and it associates with macrophage C-type lectin (MCL)
afterinitial binding of mycobacteria, mycobacterial cord factor or its synthetic analogue, TDB (not shown)®*-#¢. MCL also
associates with FcRy*. It remains undefined how proximal MINCLE -MCL signalling proceeds, but it is likely that SHP2 and
SYK are consecutively recruited to the immunoreceptor tyrosine-based activation motifs (ITAMs) of the associated FcRy.
MINCLE -MCL recognition of mycobacterial cord factor results in the SYK-dependent formation of the CARD9-BCL-10-
MALT1 (caspase recruitment domain-containing protein 9-B cell lymphoma 10-mucosa-associated lymphoid tissue
lymphoma translocation protein 1) scaffold, which activates nuclear factor-kB (NF-kB) transcriptional complexes (the
precise composition of which has not been described) and thus induces expression of cytokines that promote T helper 1
(T, 1) and T,;17 cell responses®#%91 b | It is not yet clear whether MCL is involved in signalling by human MINCLE. In DCs,
both MINCLE and MCL are highly expressed, suggesting that MCL might be required less for the induction of MINCLE
expression in humans than in mice*#¢. In humans, MINCLE has been shown to operate independently of MCL and to signal
through FcRy. SYK activation on recognition of pathogenic Fonsecaea spp. leads to CARD9-BCL-10-MALT1 scaffold
formation, but not NF-kB activation®. Instead, a signalling cascade via phosphoinositide 3-kinase (PI3K) is initiated;
however, how the CARD9-BCL-10-MALT1 scaffold is linked to PI3K activation remains elusive*. PI3K activation leads to
activation of AKT via phosphorylation (P) of Thr308 and Ser473. AKT in the cytoplasm directly phosphorylates the

E3 ubiquitin ligase MDM2 at Ser166, which promotes MDM2 translocation to the nucleus***?°, Within the nucleus,
MDM2 associates with dectin 1-induced interferon-regulatory factor 1 (IRF1), which activates the ubiquitin ligase activity
of MDM2 and thereby targets IRF1 for proteasomal degradation. This completely blocks the transcriptional activation of
IL12A (encoding interleukin-12 subunit p35 (IL-12p35)) via dectin 1 or Toll-like receptor 4 (TLR4), hence skewing T, cell
differentiation towards pro-fungal T2 cell responses*. lkBa, NF-kB inhibitor-a; LPS, lipopolysaccharide.

dectin 2-mediated T ;17 cell differentiation, although responses. MINCLE -induced activation of MDM2
the underlying mechanism remains elusive’. By con-  also leads to the degradation of IRF5, which is the tran-
trast, human MINCLE-mediated signalling seems to  scriptional activator of IFNB*. As described above,
promote T,;17 cell responses by attenuating type I IFN  IFNp affects both IL-1p and IL-27 expression, and
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hence reduced IFN levels increase the expression of
T,17 cell-polarizing IL-1p and reduce the expression
of T,;17 cell-dampening IL-27, with a net effect of
increased T;17 cell-mediated immunity?.

Recently, it was shown that human MINCLE, but not
mouse MINCLE nor other CLRs such as MCL, recog-
nizes cholesterol crystals and induces innate immune
responses’®. It has been suggested that another chol-
esterol sensor (or sensors) might also be involved, as
not all innate immune responses were dependent on
MINCLE?. Furthermore, co-ligation of LPS with chol-
esterol crystals enhances IL-1p expression®’, suggesting
that MINCLE can also cooperate with TLRs, and this
cooperation with other PRRs might account for the
observed differences in immune responses between host
species and between infecting pathogens.

These data suggest that MINCLE has diverse roles in
inducing immunity to pathogens as well as endogenous
compounds. Pathogenic fungi such as Fonsecaea spp.
seem to target MINCLE to modulate or suppress immu-
nity induced by other CLRs**7. An important factor in
MINCLE function is its formation of a complex with
MCL, thus stabilizing MINCLE expression at the cell
surface; this might lead to the specific induction of
NF-kB and subsequent pro-inflammatory cytokine
responses®*®. Further research is required to delineate
the signalling pathways induced by MINCLE and how
MCL or other PRRs can affect its function in inducing
or suppressing immunity.

Diversification with common signalling scaffolds
Although many CLRs that function as PRRs signal via
SYK-mediated CARD9-BCL-10-MALT1 scaffolds, the
activation of different CLRs often has distinct immuno-
logical outcomes, as discussed above. One intriguing
question is how these receptors induce distinct signalling
pathways through a common signalling scaffold.
Dectin 1 signalling differs vastly from FcRy-
mediated dectin 2 and MINCLE signalling, as it also
triggers LSP1-RAF1-dependent signalling (S.I.G. and
T.B.H.G., unpublished observations). Although research
to date has mainly focused on RAF1 activation and its
effect on NF-kB activation, LSP1 (either dependently
or independently of RAF1) could have various effects
on other signalling pathways downstream of SYK and
CARD9-BCL-10-MALT1, which would distinguish
dectin 1 signalling from dectin 2-FcRy and MINCLE-
FcRy signalling. For example, human dectin 1 mediates
the recruitment of TNF receptor-associated factor 2
(TRAF2) and TRAF6 to the CARD9-BCL-10-MALT1
scaffold, whereas human dectin 2 recruits only TRAF2
(S.I.G. and T.B.H.G., unpublished observations). This
difference might be associated with LSP1-mediated sig-
nalling downstream of dectin 1, and may explain why
triggering of dectin 1 leads to the activation of both clas-
sical p65-p50 and REL-p50 NF-kB complexes, whereas
dectin 2 activates only REL-p50 complexes. However,
further research is needed to confirm this hypothesis.
Differences in the complexes formed by different
CLRs might also influence downstream signalling.
Whereas dectin 1 is thought to form dimers®, dectin 2

and MINCLE are coupled to FcRy and are also capable
of forming functional complexes with other receptors,
such as MCL, which might affect their ability to form
proximal signalling complexes. For example, MINCLE-
MCL complexes were shown to induce NF-«B activa-
tion via the CARD9-BCL-10-MALT1 complex, whereas
MINCLE alone induces the CARD9-BCL-10-MALT1
scaffold, but does not activate NF-kB; the conformation
of the scaffold in this case might be inefficient in activat-
ing the TRAF- TAK (TGEFp-activated kinase) complexes
necessary for classical NF-kB activation, but sufficient
to activate PI3K. Similarly, dimerization of dectin 2
with MCL”" might allow FcRy dimerization and, sub-
sequently, efficient CARD9-BCL-10-MALT1 scaffold
formation and downstream NF-kB activation. Deeper
insights into the molecular regulation of the CARD9-
BCL-10-MALT]1 scaffold and downstream signalling
complexes will hopefully provide clarification to these
intriguing aspects of CLR functions.

Other CLRs in T,, cell differentiation

Several other CLRs have also been shown to induce
or inhibit adaptive immunity, but the underlying
mechanisms are unknown. For example, the human
mannose receptor contributes to antifungal T;;17 cell-
mediated immunity®, whereas the recognition of dif-
ferent allergens by this mannose receptor results in the
downregulation of TLR-induced IL-12p70 expression,
thereby favouring T2 cell responses®. MGL (also
known as CLEC10A) engagement enhances TLR-
induced IL-10 expression, resulting in the induction of
regulatory T cells®**. CLEC9A in mice is involved in
the induction of antigen-specific Ty, cells”’; however,
this receptor seems to be more important for antigen
cross-presentation than for the production of pro-
inflammatory cytokines®*’, suggesting that cooperation
between CLEC9A and other receptors might underlie
the observed effects on T, cell responses. Over the next
few years, it will become clear whether the engagement
of specific CLRs is also involved in the induction of other
specialized T, cell subsets, such as T};9 and T ;22 cells.

Harnessing CLRs for vaccine design

There is an urgent need for vaccines that protect against
infections such as HIV-1 and malaria or against emer-
ging threats such as Ebola virus, as well as against
cancer. Although most successful vaccines confer pro-
tection through neutralizing antibodies, it is becoming
clear that cell-mediated immunity is equally impor-
tant. CLRs have long been studied as vaccine targets to
improve antigen presentation'®. Targeting of the CLR
DEC205 (also known as LY75) via an antibody linked
to an antigen induces antigen-specific CD4* and CD8*
T cells''. The presence or absence of adjuvants (such
as TLR ligands or CD40L) determines whether these
antigen-specific responses induce immunity or toler-
ance, respectively'®"'%2, In these studies, the main focus
has been on the antigen presentation ability of CLRs and
not their ability to induce immunity. However, there
is a large diversity in the possible immune responses
induced by CLRs, which depend on the type of CLR and

444|)ULY 2016 | VOLUME 16

www.nature.com/nri

© 2016 Macmillan Publishers Limited. All rights reserved.



Antigen-linked
CLR antibody

Antigen

signalling

Glycosylated
antigen

1

Glycosylated particle
with antigen and TLR ligand

Y

Dendritic
cell

Activated
T, cell
.. o
20§ o
©6
Cytokines

Figure 6 | CLR signalling in vaccine development. C-type lectin receptor (CLR)
targeting not only enhances antigen presentation but also may offer an approach

to target specific T helper cell (T, cell)-mediated responses to vaccines against a
pathogen or disease of choice. Different methods of targeting CLRs have been studied,
including antigen-linked antibodies, glycosylated antigens, and glycosylated particles
containing both antigens and possible adjuvants such as Toll-like receptor (TLR) ligands.
PRR, pattern-recognition receptor; TCR, T cell receptor.

DC subset, the nature of the carbohydrate ligand, and
importantly, the co-ligation with another receptor (or
receptors), such as another PRR. This diversity makes
CLRs ideal vaccine targets for immune modulation.

There are several possible means of triggering CLRs
and inducing specific immunity, such as attenuated or
dead pathogens, carbohydrate ligands or particles con-
taining both carbohydrate ligands and adjuvants (FIC. 6).
As discussed above, the recognition of pathogens by
CLRs leads to specific immune responses (TABLE 1).
However, because pathogens trigger different CLRs
on distinct DC and macrophage subsets, it is difficult
to predict the type of immune response that will be
elicited. Although whole pathogens that trigger CLRs,
such as M. bovis BCG and live attenuated viruses, have
been used successfully in the design of vaccines'™, the
wide variety of possible CLR-PRR crosstalk in such an
approach predicts that this strategy will probably not be
successful for more complex pathogens or tumours.

An alternative might be the use of single carbohydrate
structures or microbial glycoproteins or glycolipids.
B-glucans are good candidates, as they are specifically
recognized by dectin 1 and induce protective T,,1 and
T,17 cell immunity to C. albicans infections?3*"3,
Furthermore, -glucans have been successfully used to

REVIEWS

enhance antitumor responses, confirming their poten-
tial in this capacity'®. Mycobacterial cord factor appears
to be a specific ligand for MINCLE-MCL and has suc-
cessfully been used in mice for vaccinations against
mycobacterial infections®”'%. Moreover, viral envelope
glycoproteins allow the targeting of several CLRs, such as
DC-SIGN, langerin, DC immunoreceptor (DCIR; also
known as CLEC4A) and mannose receptor, and when
used in combination with TLR ligands, these glyco-
proteins have been shown to modulate innate signalling
that shapes immunity*”**'”. Helminth parasites express
a large variety of glycoproteins, glycolipids and carbo-
hydrates that are recognized by CLRs such as DC-SIGN,
mannose receptor and MGL, and that can induce spe-
cific immune responses'®®!*, Their interaction with
CLRs can explain the beneficial use of helminth eggs in
anti-inflammatory treatment of Crohn disease'™.

A drawback of using single carbohydrate structures
is that many CLRs have overlapping binding specifici-
ties'’, which does not allow for specific CLR targeting
and may potentially induce distinct and even contrasting
immune responses. By contrast, antibodies against CLRs
are by definition specific and therefore useful in target-
ing CLRs. Their use has been extensively investigated
for enhancing antigen presentation, but their ability to
trigger CLR signalling has been only marginally investi-
gated. A few soluble antibodies are known to induce CLR
signalling: the CLEC9A-trageting antibody 24/04-10B4
has been shown to induce Ty cell responses”, and the
polyclonal DC-SIGN-targeting antibody H-200 triggers
signalling similar to that of mannose ligands'''. The
high specificity of antibodies underscores their possible
application in triggering CLRs.

Recent studies have shown that broadly neutraliz-
ing antibodies against HIV-1 can be protective against
HIV-1 infection'’?, but it is thought that many rounds
of Ty, cell-mediated selection of B cells in germinal
centres are necessary to form these broadly neutralizing
antibodies'". Therefore, vaccines that induce efficient
T, cell responses might elicit these broadly neutralizing
antibodies. Interestingly, in contrast to other PRRs, some
CLRs, such as DC-SIGN and CLEC9A, have been shown
to specifically elicit Ty, cell responses'>”. Thus, CLR tar-
geting might also present an important opportunity to
induce strong antibody responses against HIV-1.

Tumour research has focused on targeting CLRs
for enhancing antigen presentation and, in particu-
lar, cross-presentation for CD8" T cell activation'*!%>,
with little focus on targeting CLRs for their immuno-
modulatory traits. Interestingly, tumours exhibit aber-
rant glycosylation; for example, certain tumours express
fucose-containing antigens or sialic acids that suppress
immunity"'*"". Thus, a vaccine aimed at counteracting
the immunosuppressive tumour environment might
offer an effective strategy. For instance, the induc-
tion of T,;1 cell responses in combination with cross-
presentation might be achieved by the use of liposomes
carrying TLR ligands and/or adjuvants along with ago-
nist antibodies or carbohydrates specific for CLRs that
induce T;1 cell responses. Indeed, targeting of dectin 1
to enhance ovalbumin (OVA)-specific T};1 and T ;17 cell
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responses has been effective against an OVA-expressing
tumour in mice'®. Further research will show whether
both the antigen presentation capacities of CLRs and
their immunomodulatory functions can be harnessed
to combat tumours and infectious diseases.

Using CLR-targeted vaccines in combination with
other vaccine platforms, such as nanoparticles or DNA
vaccines, could further improve vaccine development.
CLR targeting allows for the induction of specific adap-
tive immunity, so the use of CLR-targeting molecules as
adjuvants can increase the effectiveness of other vaccines,
such as DNA vaccines, that enhance antigen presentation.
Moreover, other vaccination strategies can be modulated
to target CLRs. An interesting possibility would be to
modulate the glycosylation of viral-vector-based vaccines
or attenuated viruses such that the glycoproteins interact
with specific CLRs and/or are excluded from binding
to other CLRs, and in this way to both shape adaptive
immunity and enhance antigen uptake and presentation.

Thus, despite or perhaps because of the complexity
of CLR signalling, CLR targeting provides a plethora of
possibilities in vaccine design rationale, in a similar
manner to how successful pathogens and tumours have
ingeniously evolved to escape immunity.

Concluding remarks

Together, CLRs induce a breadth of T;; cell responses
that allows for a level of adaptive immune diversifica-
tion not seen with other PRRs. Recent progress from
research on CLR signalling and how this tailors efficient
protective immunity to pathogens has been very impor-
tant for allowing a more rational consideration of the
glycoprotein- or carbohydrate-conjugated antigens and
adjuvants used in developing vaccines. CLRs have been
extensively studied as targets to enhance antigen pres-
entation and the induction of antigen-specific T cells, but
now the ability of CLRs to shape adaptive immunity to
pathogens should be exploited in vaccination strategies.
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