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Mincle is a C-type lectin and potent driver of inflammation. Given Mincle’s ability to recognise a
complex repertoire of endogenous and exogenous ligands, a network of regulatory mechanisms that
precisely control Mincle activation is required to prevent excessive inflammatory responses. Here we
discuss the mechanisms that govern Mincle-dependent cellular activation and the gaps in our current
knowledge. Understanding the key mechanisms regulating Mincle activation could pave the way for
the rational design of targeted immunotherapies and vaccines adjuvants.

Mincle (Macrophage-inducible C-type lectin; CLEC4E) is an immune
receptor that plays a crucial role in the innate immune system, as it can
recognise and respond to pathogens and damaged host cells or their
components'~. Despite Mincle gaining increasing attention for its roles in
immune responses, our understanding and appreciation of the mechanisms
that regulate Mincle activation are incomplete. This is important knowledge
given that Mincle activation is crucial for fine-tuning immune responses and
understanding pathogenesis of diseases linked to Mincle dysregulation.
Furthermore, the discovery of Mincle as the receptor mediating the adjuvant
effect of Freund’s Adjuvant*” in 2009°* and its identification as a key target
in vaccine adjuvant development has sparked the generation of a broad
range of Mincle ligands and formulations as vaccine adjuvants™ . Under-
standing the key mechanisms regulating Mincle activation could pave the
way for the rational design of targeted immunotherapies and vaccines.
Like other C-type lectin receptors, Mincle has an extracellular carbo-
hydrate recognition domain (CRD) that senses endogenous and exogenous
ligands (Fig. 1A). However, Mincle stands out among the C-type lectin
receptors by the complex repertoire of ligands it can detect. A recent study
suggests that this broad specificity was acquired through evolution; Mincle
being originally a self-recognising receptor that evolved to detect pathogen-
associated molecular patterns (PAMPs)". Mincle possesses an extended
carbohydrate binding site composed of a conventional EPN motif at resi-
dues 169-172, a secondary carbohydrate binding site and two hydrophobic
grooves adjacent to the primary binding site. Three of these four binding
sites need to be occupied for effective recognition of the ligand'*"”. Mincle’s
extended carbohydrate binding site can accommodate a range of glycolipids
from bacteria and fungi including mycobacteria™'*'®, Streptococcus pyo-
genes, Streptococcus pneumoniae'”', Staphylococcus aureus", Lactobacillus
plantarum™, Malassezia furfur’ and Cryptococcus neoformans™. Further-
more, human, but not murine, Mincle has a cholesterol recognition amino
acid consensus (CRAC) motif allowing the detection of host and bacterial-
derived cholesterol and cholesterol derivatives™ . Additionally, proteins

can also be detected by Mincle through an unknown ENP-independent
mechanism, as demonstrated by a small protein called SAP130 that is
secreted upon necrosis of mammalian cells**” (for an extended review
about recognition of Mincle ligands, see Braganza et al. 20187).

Given that Mincle recognises a diverse range of endogenous and
exogenous ligands and is a potent driver of inflammation, a network of
regulatory mechanisms that precisely control the binding of Mincle to its
ligands and the subsequent signalling cascades is required to prevent
excessive inflammatory responses. In this review, we discuss what is known
about Mincle regulation: where and when it is expressed, how it binds its
ligands, and the factors involved in modulating its signalling (Box 1). We
highlight what remains unknown and how these gaps might be addressed to
provide a more comprehensive understanding of the multi-faceted ways in
which Mincle regulation contributes to health and disease.

Regulation of Mincle expression

Control of cellular Mincle expression is the first regulatory mechanism
(Fig. 1B). Mincle is absent from most cell types and generally expressed
on myeloid immune cells in both humans and mice, particularly
macrophages'”'*”***, dendritic cells (bone marrow-derived)”**”, and
neutrophils'®***>. However, Mincle expression is typically very low on
non-stimulated myeloid immune cells. Higher Mincle expression is
induced in cells upon immune stimulation, likely occurring to promote
Mincle detection of pathogens and activate downstream signalling
pathways. Thus, basal Mincle expression is kept at a minimum and
increases in the presence of danger signals through the influx of myeloid
immune cells and upregulation of Mincle expression.

The inducible nature of Mincle was first demonstrated by Matsumoto
et al. in 1999, who showed that Mincle transcript and protein expression
were upregulated by several inflammatory stimuli including IFN-y, IL-6,
TNF-q, and LPS™. In contrast, the Th2 cytokines IL-4 and IL-13 have been
shown to induce downregulation of Mincle expression in monocytes,
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macrophages, dendritic cells, and neutrophils'>*"**. This work highlights
that Mincle expression may be restricted in non-inflammatory environ-
ments and upregulated in inflammatory environments”*. Tight control of
Mincle expression by a subset of immune cells and under specific conditions
has fueled the identification of the molecular mechanisms driving its
expression, including downregulation of Mincle mRNA via miRNA

repression, upregulation via activation of transcription factors and trans-
location of Mincle protein to the cell surface by the formation of dimers with
other immune receptors.

Repression of Mincle expression can be mediated by microRNAs
(miRNAs) that bind to messenger RNA (mRNA) resulting in mRNA
degradation and inhibition of translation. Indeed, a miRNA called

Communications Biology | (2026)9:217


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09493-8

Mini review

Fig. 1 | Ligand binding sites and regulation of Mincle expression. A Mincle
interacts with a diverse range of ligands including, glycolipids, proteins, and cho-
lesterol. These interactions are mediated by different regions of the Mincle ecto-
domain, modelled here with PyMOL Version 3.1.6.1 (PBD: 3wh2). For example,
glycolipids (M. tuberculosis TDM and S. pyogenes MDGD) interact through asso-
ciations with a conserved EPN sequence and proximal hydrophobic regions in the
CRD, whereas cholesterol crystals bind to the CRAC motif. For other ligands, like
Sap130, the binding site remains unknown*****’. B Mincle expression is limited to a
small subset of cells, including macrophages. Its expression on the cell surface is
inducible and positively regulated by several factors. Sensing of pathogen molecular
patterns (PAMPs) by pattern recognition receptors (PRR)(1) induces the translo-
cation of transcription factors NF- kB and C/EBP into the cell nucleus (2). This

drives the transcription (3) and translation of Mincle mRNA (4). Mincle can then be
translocated to the cell surface (5) as a monomer (A), homodimer (B), or hetero-
dimer with MCL (C). Mincle expression is also negatively regulated by microRNAs
(6-7) and Th2-type cytokines (8). MicroRNAs, miR-219¢-3p and miR-22-5p, bind
the 3’ UTR of Mincle mRNA to block translation (6) and lead to its degradation (7).
Similarly, Th2-type cytokines have been shown to downregulate Mincle expression
in a STAT6-dependent manner (8), restricting its expression to pro-inflammatory
states. TDM trehalose-6,6'-dimycolate, MDGD monoglucosyldiacylglycerol, CRD
carbohydrate recognition domain, CRAC cholesterol recognition amino acid con-
sensus, NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells, C/EBf
CCAAT/enhancer binding protein 3, MCL macrophage C-type lectin, STAT6 signal
transducer and activator of transcription 6.

miR-219¢-3p interferes with translation of Mincle mRNA transcripts to
prevent Mincle expression in macrophages in the absence of danger signals™.
Similarly, miR-22-5p miRNA represses translation of Mincle mRNA tran-
scripts and cellular Mincle levels”. Both miRNAs bind to the 3’ UTR of
Mincle transcripts. This highlights an important role for miRNA-mediated
repression in regulating Mincle-mediated cellular activation and immune
responses. It also indicates that the downregulation of Mincle-targeting
miRNAs, under immune stimulation, provides a mechanism to increase
Mincle expression and amplify Mincle-dependent immune responses™.

Inducible Mincle expression is driven through activation of pattern
recognition receptors (PRRs), their signalling pathways, and downstream
transcription factors. The best-defined trigger is the TLR4 ligand LPS, which
induces a MyD88-dependent upregulation of Mincle expression™. Schoe-
nen et al. have shown that LPS-induced Mincle expression promotes acti-
vation of the early growth response transcription factor C/EBPR”.
Importantly, this regulation of expression was demonstrated to regulate
Mincle-dependent functions, as C/EBPP deficient macrophages and den-
dritic cells did not upregulate Mincle and were unable to mount a response
against a Mincle agonist, the mycobacterial cell wall component trehalose-
6,6'-dimycolate (TDM)”. Thus, C/EBP likely provides a major mechanism
to upregulate Mincle-dependent immune sensing and functions following
initial priming of cells by the sensing of PAMPs and/or DAMPs.

Finally, Mincle expression can be regulated by an alternative C-type
lectin receptor called macrophage C-type lectin (MCL; CLEC4D). MCL is
structurally very similar to Mincle, detects TDM and signals through
FcRy", but it is constitutively expressed on most myeloid cells*.
Importantly, MCL was shown to form heterodimers with Mincle and to
facilitate Mincle translocation to the cell surface, thereby positively reg-
ulating Mincle expression***.

Ligand binding and activation of the signalling
pathways
Whilst expression of Mincle controls cell surface availability, the functional
activation of Mincle is dependent on the specific recognition of its ligands.
Like most lectins, Mincle monomers form relatively low-affinity interac-
tions with their ligands. It can be hypothesied that this phenomenon pro-
vides a mechanism that prevents Mincle induced activation and
inflammation in environments with a low abundance of ligands.
Increasing ligand affinity through receptor oligomerisation is a widely
shared feature among C-type lectin receptors. Mincle has been shown to
form homodimers, both in solution and in cells***’. These dimers are sta-
bilised by a disulfide bond in the neck region of Mincle and are detected at
steady state, in the absence of ligand"’. Mincle also forms heterodimers with
MCL but how these heterodimers are formed is unclear**. Since Mincle
homo- and hetero dimerisation is observed in the absence of ligands,
dimerisation is unlikely to directly drive activation of downstream signalling
pathways but rather (i) promote Mincle expression, as previously
discussed**, or (ii) enhance the affinity of Mincle for large glycolipids,
driving Mincle specificity””. Indeed, very long fatty acids such as the 90
carbon-long mycolic acids of TDM cannot be accommodated in the
hydrophobic pockets of a Mincle monomer"”. Since the capacity of MCL to
interact with several Mincle ligands is unknown, it is unclear whether the

preferential formation of homo- or heterodimers could bias the sensitivity of
Mincle towards a specific subset of ligands.

Interestingly, we and others have observed that Mincle binding does not
directly correlate with signalling'>""*, suggesting that other parameters such
as multivalency and ligand presentation play a key role in Mincle activation.
Although never formally demonstrated, higher order oligomerisation of
Mincle seems to be required to cluster Mincle dimers on the cell surface and
activate cellular signalling. Indeed, Mincle ligands are typically tested for cell
activity when immobilised*”*””. A water-soluble trehalose dibehenate (TDB)
analogue induced strong Mincle signalling in a reporter cell line but mod-
erate cytokine production from granulocyte-macrophage colony-stimulating
factor (GM-CSF) treated mouse bone marrow cells. Notably, the analogue
failed to promote phagocytosis (an important second signal for inflamma-
some activation) or an IL-1B response. Dynamic light scattering analysis
showed that at concentrations above 1 uM, TDB formed micelles, whereas
the analogue did not, providing support for the ligand multivalency
hypothesis in Mincle-mediated phagocytosis”. Beyond increasing the affinity
of the ligand, we and others have hypothesised that multivalency is required
for signal transduction’”. The ‘phagocytic synapse’ theory, demonstrated for
Dectin-1 signalling®, is an attractive mechanism considering the similarity
between Mincle and Dectin-1 signalling pathways’. Upon interaction with
particulate ligands, Dectin-1 clusters at the contact site, leading to the for-
mation of a ‘phagocytic synapse’ which is analogous to the ‘immune synapse’
assembled between T-cells and antigen-presenting cells (APCs). Dectin-1
clustering expels the regulatory phosphatases CD45 and CD148 to the
periphery of the synapse, creating a ‘bullseye’ pattern. Exclusion of CD45 and
CD148 does not occur in response to the binding of soluble ligands because
they do not trigger adequate receptor clustering to isolate the phosphatases™.
Whether this mechanism underlies the multivalent ligand presentation
requirement of Mincle remains to be investigated.

Furthermore, modes of multivalent presentation influence Mincle-
mediated immune responses. Stocker et al. compared micellar, plate-coated,
and bead-coated trehalose esters and observed a significant effect on the
mode of presentation. Plate coated ligands induced stronger IL-6 and IL-1p
production from bone marrow-derived macrophages than the micellar
formulations, and increasing the diameter of the beads coated with TDB
enhanced cytokine production. This may suggest a key role of phagocytosis
in promoting Mincle signalling. Interestingly, not all trehalose esters were
equally sensitive to the mode of presentation®. Finally, higher particle
coating density also increased Mincle activation, as demonstrated with
aminopropyl silica nanoparticles (A-SNPs) coated with brartemicin-
derived trehalose glycolipid (UM-1098)""".

Overall, the chemical structure and multivalent presentation of Mincle
ligands strongly impact their ability to activate downstream signalling
pathways. Yet, our understanding of the mechanisms underlying the
requirement for multivalent presentation and how ligand density and 3D
presentation modulates downstream signalling remains superficial. This
gap needs to be filled to accelerate the development of new Mincle agonists.

Mincle signalling via ITAM and ITAMi
Emerging evidence indicates that detection of Mincle ligands can trigger
both activating and inhibitory ITAM-dependent signalling pathways.
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Fig. 2 | Regulation of Mincle signalling. A Mincle associates with FcRy, which
encodes an immunoreceptor tyrosine-based activation motif (ITAM) domain in its
cytoplasmic tail, to signal. In classical ITAM mediated signalling, crosslinking of
Mincle with its ligand (e.g., mycobacterial TDM or SAP130) leads to the phos-
phorylation of ITAM tyrosine residues, recruitment tyrosine protein kinase Syk,
formation of the CARD9/MALT1/BCLI10 signalling complex, and transcription of
pro-inflammatory cytokines. B Mincle has also been shown to transmit inhibitory
ITAM signals (ITAMi), including following binding to an unknown, soluble
Leishmania ligand. Mincle-mediated ITAMi signalling dampens pro-inflammatory
ITAM signalling and contributes to parasite immune evasion. C Mincle signalling
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can also be negatively regulated by ITIM-bearing inhibitory receptors, such as
SIRPa. Crosslinking of inhibitory receptors leads to the recruitment of phosphatases,
such as SHP-1, that de-phosphorylate downstream signalling molecules involved in
classical ITAM-mediated pro-inflammatory cytokine responses, thereby dampen-
ing Mincle-mediated signalling. FcRy Fc receptor gamma chain, TDM trehalose-
6,6'-dimycolate, SAP130 Sin3A associated protein 130, Syk spleen tyrosine kinase,
CARD? caspase recruitment domain-containing protein 9, MALT1 mucosa-
associated lymphoid tissue lymphoma translocation protein 1, BCL10 B-cell lym-
phoma/leukemia 10, SIRPa, signal regulatory protein alpha.

Classically, following binding of its ligand, Mincle associates with the Fc
receptor gamma chain (FcRy) and potentiates a well-defined signalling
cascade that drives the production of proinflammatory cytokines”. Briefly,
the cytoplasmic tail of FcRy has two immunoreceptor tyrosine-based acti-
vation motifs (ITAMs) that each encode a conserved 4 amino acid sequence
that includes a tyrosine residue (Fig. 2A). Crosslinking of Mincle leads to the
recruitment of Src family kinases and phosphorylation of the ITAM tyrosine
residues’”, which serve as important docking sites for spleen tyrosine
kinase (Syk). Syk further phosphorylates downstream signalling molecules
and leads to the formation of a CARD9/MALT1/BCL10 complex and
translocation of the transcription factor NF-kB into the cell nucleus. This
drives the transcription of pro-inflammatory cytokine-encoding genes such
as TNFa, IL-6, and IL-23 and contributes to a range of effector functions
including ROS production, potassium efflux, NLRP3 inflammasome acti-
vation, and Th1 and Th17 polarization™".

However, ITAM domains have also been revealed to be able to transmit
inhibitory signals, subsequently called inhibitory ITAMs (ITAMi; Fig. 2B).
Since the ITAMs in FcRy can transmit inhibitory signals, this raises the
prospect that Mincle-induced ITAMi signalling may regulate Mincle-
induced cellular activation. This has been observed in dendritic cells fol-
lowing exposure to Leishmania major, one of the parasites responsible for
Leishmaniasis. During infection, the parasites secreted an unidentified
soluble ligand that induced Mincle ITAMi signalling and delayed the
detection of Leishmania parasites by dendritic cells. While Mincle expres-
sion was dependent on MCL, its signalling was MCL-independent as
recombinant MCL did not bind soluble Leishmania extract and was dis-
pensable for Mincle mediated inhibitory signalling in murine bone marrow-
derived dendritic cells**””. Much remains unknown about the mechanisms
regulating the transition from Mincle ITAM to ITAMi signalling following

Leishmania infection. However, the authors hypothesised that MCL-
independent binding between Mincle and its Leishmania ligand may be
weaker than interactions mediated through the Mincle-MCL heterodimer,
and this weaker signal triggered a transition to ITAMi*"*. This hypothesis is
supported by research showing that low-avidity interactions between other
activating receptors, including FcaRI, and their ligand can lead to the
incomplete phosphorylation of cytoplasmic ITAM domains™. This hypo-
phosphorylation subsequently results in the recruitment of SHP-1 phos-
phatases, dephosphorylation of nearby activating receptors, and dampening
of the immune response”. These findings underscore the importance of
understanding how, when, and what initiates Mincle-mediated inhibitory
ITAM signalling. Structural studies of Mincle receptors bound to low and
high avidity ligands could provide insight into the interactions driving
ITAM versus ITAMi signalling pathways™. Additionally, high-throughput
screens for low-avidity interactions using Avidity-based Extracellular
Interaction Screening (AVEXIS)™ or cell-based screening methods for SHP-
1 and FcRy ITAM domain interactions could provide insight into the
mechanisms driving the regulation of Mincle signalling toward activating
versus inhibitory pathways.

Modulation of Mincle-induced signalling

As inhibitory receptors are expressed on the same cell populations as
Mincle, it can be speculated that activation of intracellular immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) in inhibitory receptors provides a
mechanism to regulate Mincle-dependent signalling of FcRy via its ITAM
motifs, cellular activation, and functions (Fig. 2C). Inhibitory receptors are
negative regulators of cellular activation that promote immune
homeostasis®’. A hallmark of inhibitory receptors is the presence of ITIMs in
their cytoplasmic tails. These motifs are composed of a conserved sequence
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of amino acids: S/I/V/LxYxxI/V/L, where x is any amino acid, and Y is a
tyrosine residue. Crosslinking of inhibitory receptors with their endogenous
ligands, including MHC molecules, sialic acid, galectins, glycolipids, and
extracellular matrix proteins, induces phosphorylation of ITIM tyrosine
residues, and leads to the recruitment of SH2-domain-containing phos-
phatases that dephosphorylate molecules necessary for the downstream
signalling of activating receptors that signal through ITAMs. Indeed, several
inhibitory receptors have been shown to modulate FcRy-mediated effector
functions on neutrophils and macrophages® . This results in the dam-
pening of activating receptor effector functions such as pro-inflammatory
cytokine responses, phagocytosis, and ROS production®’. Together, this
information opens the question of whether inhibitory receptors regulate
Mincle-dependent signalling events and functions.

Recent research provides some evidence supporting the hypothesis
that inhibitory receptors provide a mechanism to negatively regulate
Mincle-dependent signalling®®”. In a first study, TDM stimulation of
murine bone marrow macrophages was shown to induce the formation of a
Syk-dependent functional signalling pathway but also induced the activa-
tion of CD11b and recruitment of the inhibitory SIRPa receptor. SHP-1 was
subsequently shown to dock onto SIRPa and dephosphorylate Syk to
negatively-regulate Mincle activation and secretion of proinflammatory
cytokines TNF-a and IL-6. Indeed, Sirpa—/— bone marrow macrophages
secreted significantly higher levels of both cytokines as compared to wild-
type bone marrow macrophages following TDM stimulation®. A second
study found that a non-glycosylated subclass of mycolic acid interacts with
the inhibitory CLECI2A receptor. Importantly, CLECI2A—/— mice
(Mincle + ) have an enhanced host immune response following myco-
bacterial infection compared to wildtype mice (Mincle+ and CLEC12A + ),
including elevated secretion of the chemokine MCP-1. Thus, these assays
reveal that interaction of non-glycosylated mycolic acid expressed on the
bacterial surface with CLEC12A likely dampens TDM-induced Mincle
activation®. The results of these studies provide evidence that inhibitory
receptors can act to regulate Mincle function and modify Mincle-dependent
cellular responses.

Whilst our understanding of Mincle regulation by inhibitory receptors
is in its infancy, previous research indicates they play an important role in
fine-tuning FcRy-mediated signals and activation. Given the large number
of inhibitory receptors expressed on myeloid cells, identifying when and
which inhibitory receptors co-express with Mincle by RNAseq analysis
could pave the way for the rationale design of mechanistic studies to identify
which inhibitory receptors regulate Mincle activation. In vivo murine
models may provide additional insight into the biological relevance of
inhibitory receptor signalling on Mincle regulation. However, differences
between human and murine inhibitory receptor structure and ligand
interactions, as well as the fact that some bacteria known to interact with
Mincle are obligate human pathogens (M. tuberculosis, S. pneumoniae),
often requires the generation of transgenic mouse lines to permit
mechanistic studies®. Together, these and other approaches would help
form a more complete understanding of inhibitory receptor-mediated
Mincle regulation.

Conclusions & Perspectives
Mincle is a dynamically expressed receptor and potent inducer of immune
responses upon sensing of exogenous and endogenous molecular signals.
These include, but are not limited to, cellular differentiation and activation,
phagocytosis, and ROS and proinflammatory cytokine production. Because
of its role in mediating the effects of Freund’s Adjuvant, Mincle is also a
valuable target of future vaccine adjuvants. Understanding the mechanisms
that regulate when Mincle can sense and drive immune responses against
exogenous and endogenous molecules is critical to understanding health
and disease; however, important gaps remain.

The expression of Mincle is maintained at a minimal level in a
healthy context, and upregulated following the detection of potential
threats’****. One remaining gap in knowledge is the regulation of the

expression of signalling elements downstream of Mincle. Some cells fail
to activate downstream signalling despite expressing high surface levels
of Mincle". This may indicate that expression of downstream signalling
elements is also tightly regulated in a cell type, and possibly stimulus,
dependent manner, which remains to be delineated. Mincle expression
levels also vary widely from one person to another”. Thus, under-
standing how Mincle surface expression and signalling is regulated is an
important consideration when developing and maximising the efficacy of
Mincle-targeting small molecules.

Whilst it has been empirically shown that the multivalent presentation
of ligands is likely required for Mincle activation by glycolipids, the 3D
requirement of multivalent interactions on Mincle binding and subsequent
signalling are not fully understood. Furthermore, it remains unknown how
some non-glycosylated ligands such as SAP130 bind Mincle and seem to
bypass this multivalency requirement. Many groups are currently devel-
oping different modes of formulation, including liposomes, emulsions and
nanoparticles, and controlled 3D scaffolds that will provide valuable insights
toward the optimal presentation of Mincle ligands with preserved inflam-
matory properties””***"”’. Improved formulations will yield valuable
mechanistic insights and will be a major step toward therapeutic translation.

Better understanding of Mincle signalling is also integral in moving
toward therapeutic translation. This is especially relevant as emerging evi-
dence reveals Mincle signalling is intricately regulated by multiple
mechanisms, including the transition from activating ITAM to inhibitory
ITAMi signalling pathways and the dampening of Mincle-mediated acti-
vating signals by inhibitory receptors”””””. These mechanisms of regulation
raise important questions of whether other ligands shift Mincle-FcRy from
activation to inhibitory configurations as a form of regulating Mincle-
induced immune responses and how these interactions could inform the
design of new therapeutics or vaccine strategies®>”. They also underscore
the need to identify which other human inhibitory receptors regulate
Mincle-ITAM-Syk cellular signalling and the mechanisms involved*”.

In conclusion, current literature suggests that Mincle surface expres-
sion and signalling are tightly regulated to aid the immune response and
limit damage caused by excess inflammation. A more comprehensive
mechanistic characterisation of how these events are controlled in health
and disease would inform the development of more efficacious Mincle-
targeting small molecules and vaccine adjuvants.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Received: 22 July 2025; Accepted: 29 December 2025;
Published online: 08 January 2026

References

1. Chiffoleau, E. C-Type Lectin-Like Receptors As Emerging
Orchestrators of Sterile Inflammation Represent Potential
Therapeutic Targets. Front Immunol. 9, 227 (2018).

2. Lu,X.,Nagata, M. & Yamasaki, S. Mincle: 20 years of a versatile sensor
of insults. Int Immunol. 30, 233-239 (2018).

3. Dambuza, I. M. & Brown, G. D. C-type lectins in immunity: recent
developments. Curr. Opin. Immunol. 32, 21-27 (2015).

4. Bloch, H. Studies onthe virulence of tubercle bacilli; the relationship of
the physiological state of the organisms to their pathogenicity. J. Exp.
Med 92, 507-526 (1950).

5. Noll, H., Bloch, H., Asselineau, J. & Lederer, E. The chemical structure
of the cord factor of Mycobacterium tuberculosis. Biochim Biophys.
Acta 20, 299-309 (1956).

6. Schoenen, H. et al. Cutting edge: Mincle is essential for recognition
and adjuvanticity of the mycobacterial cord factor and its synthetic
analog trehalose-dibehenate. J. Immunol. Balt. Md 1950 184,
2756-2760 (2010).

Communications Biology| (2026)9:217


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09493-8

Mini review

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ishikawa, E. et al. Direct recognition of the mycobacterial glycolipid,
trehalose dimycolate, by C-type lectin Mincle. J. Exp. Med 206,
2879-2888 (2009).

Werninghaus, K. et al. Adjuvanticity of a synthetic cord factor
analogue for subunit Mycobacterium tuberculosis vaccination
requires FcRgamma-Syk-Card9-dependent innate immune
activation. J. Exp. Med 206, 89-97 (2009).

Weth, A. F., Dangerfield, E. M., Timmer, M. S. M. & Stocker, B. L.
Recent Advances in the Development of Mincle-Targeting Vaccine
Adjuvants. Vaccines 12, 1320 (2024).

Lemaire, G., Tenu, J., Petit, J. & Lederer, E. Natural and synthetic
trehalose diesters as immunomodulators. Med Res Rev. 6, 243-274
(1986).

Davidsen, J. et al. Characterization of cationic liposomes based on
dimethyldioctadecylammonium and synthetic cord factor from M.
tuberculosis (trehalose 6,6’-dibehenate)-a novel adjuvant inducing
both strong CMI and antibody responses. Biochim Biophys. Acta
1718, 22-31 (2005).

Decout, A. et al. Rational design of adjuvants targeting the C-type
lectin Mincle. Proc. Natl. Acad. Sci. 114, 2675-2680 (2017).

Lynch, A. T. et al. Trehalose diamide glycolipids augment antigen-
specific antibody responses in a Mincle-dependent manner. Bioorg.
Chem. 110, 104747 (2021).

Ito, T. et al. Phylogenetic and structural insights into the origin of
C-type lectin Mincle in vertebrates. Immunogenetics 77, 18 (2025).
Feinberg, H. et al. Binding Sites for Acylated Trehalose Analogs of
Glycolipid Ligands on an Extended Carbohydrate Recognition
Domain of the Macrophage Receptor Mincle. J. Biol. Chem. 291,
21222-21233 (2016).

vander Peet, P. L. et al. Lipid structure influences the ability of glucose
monocorynomycolate to signal through Mincle. Org. Biomol. Chem.
14, 9267-9277 (2016).

Rabes, A. et al. The C-Type Lectin Receptor Mincle Binds to
Streptococcus pneumoniae but Plays a Limited Role in the Anti-
Pneumococcal Innate Immune Response. Miyaji EN, ed. PLOS ONE
10, e0117022 (2015).

Behler-danbeck, F. et al. C-type Lectin Mincle Recognizes Glucosyl-
diacylglycerol of Streptococcus pneumoniae and Plays a Protective
Role in Pneumococcal Pneumonia. PLoS Pathog. 12, 1006038 (2016).
Hollwedel, F. D. et al. Ectopic Expression of C-Type Lectin Mincle
Renders Mice Susceptible to Staphylococcal Pneumonia. J. Infect.
Dis. 230, 198-208 (2024).

Shah, S., Nagata, M., Yamasaki, S. & Williams, S. J. Total synthesis of
a cyclopropane-fatty acid a-glucosyl diglyceride from Lactobacillus
plantarum and identification of its ability to signal through Mincle.
Chem. Commun. Camb. Engl. 52, 10902-10905 (2016).

Ishikawa, T. et al. Identification of distinct ligands for the C-type lectin
receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia.
Cell Host Microbe 13, 477-488 (2013).

Watanabe, T. et al. Vacuolar sterol B-glucosidase EGCrP2/Sgl1
deficiency in Cryptococcus neoformans: Dysfunctional autophagy
and Mincle-dependent immune activation as targets of novel
antifungal strategies. Nielsen K, ed. PLOS Pathog. 21, e1013089
(2025).

Nagata, M. et al. Helicobacter pylori metabolites exacerbate gastritis
through C-type lectin receptors. J. Exp. Med 218, €20200815 (2021).
Kiyotake, R. et al. Human Mincle Binds to Cholesterol Crystals and
Triggers Innate Immune Responses. J. Biol. Chem. 290, 25322-25332
(2015).

Kostarnoy A. V. et al. Receptor Mincle promotes skin allergies and is
capable of recognizing cholesterol sulfate. Proc Natl Acad Sci. 114,
https://doi.org/10.1073/pnas.1611665114 (2017).

Lv, L. L. et al. SAP130 released by damaged tubule drives
necroinflammation via miRNA-219c/Mincle signaling in acute kidney
injury. Cell Death Dis. 12, 866 (2021).

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

Yamasaki, S. et al. Mincle is an ITAM-coupled activating receptor that
senses damaged cells. Nat. Immunol. 9, 1179-1188 (2008).
Braganza, C. D., Teunissen, T., Timmer, M. S. M. & Stocker, B. L.
Identification and Biological Activity of Synthetic Macrophage
Inducible C-Type Lectin Ligands. Front Immunol. 8, 1940 (2018).
Vijayan, D., Radford, K. J., Beckhouse, A. G., Ashman, R. B. & Wells, C.
A. Mincle polarizes human monocyte and neutrophil responses to
Candida albicans. Immunol. Cell Biol. 90, 889-895 (2012).
Yamasaki, S. et al. C-type lectin Mincle is an activating receptor for
pathogenic fungus, Malassezia. Proc. Natl. Acad. Sci. USA 106,
1897-1902 (2009).

Hupfer, T. et al. Stat6-Dependent Inhibition of Mincle Expression in
Mouse and Human Antigen-Presenting Cells by the Th2 Cytokine IL-
4. Front Immunol. 7, 423 (2016).

Sharma, A., Simonson, T. J., Jondle, C. N., Mishra, B. B. & Sharma, J.
Mincle-Mediated Neutrophil Extracellular Trap Formation by
Regulation of Autophagy. J. Infect. Dis. 215, 1040-1048 (2017).
Matsumoto, M. et al. A novel LPS-inducible C-type lectin is a
transcriptional target of NF-IL6 in macrophages. J. Immunol. Balt. Md
1950 163, 5039-5048 (1999).

Lv, L. L. et al. The pattern recognition receptor, Mincle, is essential for
maintaining the M1 macrophage phenotype in acute renal
inflammation. Kidney Int 91, 587-602 (2017).

Negi, S., Pahari, S., Bashir, H. & Agrewala, J. N. Gut Microbiota
Regulates Mincle Mediated Activation of Lung Dendritic Cells to
Protect Against Mycobacterium tuberculosis. Front Immunol. 10,
1142 (2019).

Behler, F. et al. Macrophage-inducible C-type lectin Mincle-
expressing dendritic cells contribute to control of splenic
Mycobacterium bovis BCG infection in mice. Infect. Immun. 83,
184-196 (2015).

He, H., Zhu, Y., Ji, X., Pu, S. & Zheng, H. The miR-22-5p/Clec4e axis
has diagnostic potential in fructose-induced nonalcoholic fatty liver
disease. Biochem Biophys. Res Commun. 753, 151496 (2025).
Kerscher, B. et al. Signalling through MyD88 drives surface
expression of the mycobacterial receptors MCL (Clecsf8, Clec4d) and
Mincle (Clec4e) following microbial stimulation. Microbes Infect. 18,
505-509 (2016).

Schoenen, H. et al. Differential control of Mincle-dependent cord
factor recognition and macrophage responses by the transcription
factors C/EBP and HIF1a. J. Immunol. Balt. Md 1950 193,
3664-3675 (2014).

Furukawa, A. et al. Structural analysis for glycolipid recognition by the
C-type lectins Mincle and MCL. Proc. Natl. Acad. Sci. USA 110,
17438-17443 (2013).

Kerscher, B. et al. Mycobacterial receptor, Clec4d (CLECSF8, MCL),
is coregulated with Mincle and upregulated on mouse myeloid cells
following microbial challenge. Eur. J. Immunol. 46, 381-389 (2016).
Miyake, Y., hora, M. asatsuguO. & Yamasaki, S. C-Type Lectin
Receptor MCL Facilitates Mincle Expression and Signaling through
Complex Formation. J. Immunol. Balt. Md 1950 194, 5366-5374
(2015).

Lobato-Pascual, A., Saether, P. C., Fossum, S., Dissen, E. & Daws, M.
R. Mincle, the receptor for mycobacterial cord factor, forms a
functional receptor complex with MCL and FceRl-y. Eur. J. Immunol.
43, 3167-3174 (2013).

Bugarcic, A. et al. Human and mouse macrophage-inducible C-type
lectin (Mincle) bind Candida albicans. Glycobiology 18, 679-685
(2008).

Liu, Y., Drickamer, K. & Taylor, M. E. Preformed mincle dimers
stabilized by an interchain disulfide bond in the neck region.
Glycobiology 34, cwae083 (2024).

Blankson, V. et al. Human macrophage C-type lectin forms a
heteromeric receptor complex with Mincle but not Dectin-2. Scand. J.
Immunol. 95, e13149 (2022).

Communications Biology| (2026)9:217


https://doi.org/10.1073/pnas.1611665114
https://doi.org/10.1073/pnas.1611665114
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09493-8

Mini review

47. Manthrirathna, M. A. T. P. et al. Water-soluble trehalose glycolipids
show superior Mincle binding and signaling but impaired
phagocytosis and IL-1B production. Front Mol. Biosci. 9, 1015210
(2022).

48. Foster, A. J. et al. Lipidated Brartemicin Analogues Are Potent Th1-
Stimulating Vaccine Adjuvants. J. Med Chem. 61, 1045-1060 (2018).

49. Goodridge, H. S. et al. Activation of the innate immune receptor
Dectin-1 upon formation of a “phagocytic synapse. Nature 472,
471-475 (2011).

50. Stocker, B. L. et al. The effects of trehalose glycolipid presentation on
cytokine production by GM-CSF macrophages. Glycoconj. J. 36,
69-78 (2019).

51. Abdelwahab, W. M. et al. Co-adsorption of synthetic Mincle agonists
and antigen to silica nanoparticles for enhanced vaccine activity: A
formulation approach to co-delivery. Int J. Pharm. 593,120119 (2021).

52. Lee, W. B. et al. Neutrophils Promote Mycobacterial Trehalose
Dimycolate-Induced Lung Inflammation via the Mincle Pathway.
Deretic V, ed. PLoS Pathog. 8, e1002614 (2012).

53. Desel, C. et al. The Mincle-activating adjuvant TDB induces MyD88-
dependent Th1 and Th17 responses through IL-1R signaling. PloS
One 8, e53531 (2013).

54. Strasser, D. et al. Syk kinase-coupled C-type lectin receptors engage
protein kinase C-6 to elicit Card9 adaptor-mediated innate immunity.
Immunity 36, 32-42 (2012).

55. Kerscher, B., Willment, J. A. & Brown, G. D. The Dectin-2 family of
C-type lectin-like receptors: an update. Int Immunol. 25, 271-277
(2013).

56. Iborra, S. & Sancho, D. Signalling versatility following self and non-self
sensing by myeloid C-type lectin receptors. Immunobiology 220,
175-184 (2015).

57. Iborra, S. et al. Leishmania Uses Mincle to Target an Inhibitory ITAM
Signaling Pathway in Dendritic Cells that Dampens Adaptive Immunity
to Infection. Immunity 45, 788-801 (2016).

58. Ben Mkaddem, S. et al. Shifting FcyRIIA-ITAM from activation to
inhibitory configuration ameliorates arthritis. J. Clin. Invest 124,
3945-3959 (2014).

59. Kerr J. S., Wright G. J. Avidity-based extracellular interaction
screening (AVEXIS) for the scalable detection of low-affinity
extracellular receptor-ligand interactions. J Vis Exp JOVE. €3881.
https://doi.org/10.3791/3881 (2012).

60. Rumpret, M. et al. Functional categories of immune inhibitory
receptors. Nat. Rev. Immunol. 20, 771-780 (2020).

61. Barkal, A. A. et al. Engagement of MHC class | by the inhibitory
receptor LILRB1 suppresses macrophages and is a target of cancer
immunotherapy. Nat. Immunol. 19, 76-84 (2018).

62. Baudhuin, J. et al. Exocytosis acts as a modulator of the ILT4-
mediated inhibition of neutrophil functions. Proc. Natl. Acad. Sci. USA
110, 17957-17962 (2013).

63. Steevels, T. A. M. & Meyaard, L. Immune inhibitory receptors:
essential regulators of phagocyte function. Eur. J. Immunol. 41,
575-587 (2011).

64. Fanger, N. A. et al. The MHC class | binding proteins LIR-1 and LIR-2
inhibit Fc receptor-mediated signaling in monocytes. Eur. J. Immunol.
28, 3423-3434 (1998).

65. Carlin, A. F. et al. Group B Streptococcus suppression of phagocyte
functions by protein-mediated engagement of human Siglec-5. J.
Exp. Med 206, 1691-1699 (2009).

66. Zhang, Q., Lee, W. B., Kang, J. S., Kim, L. K. & Kim, Y. J. Integrin
CD11b negatively regulates Mincle-induced signaling via the Lyn-
SIRPa-SHP1 complex. Exp. Mol. Med 50, €439 (2018).

67. Nishimura, N. et al. Mycobacterial mycolic acids trigger inhibitory
receptor Clec12A to suppress host immune responses. Tuberc.
Edinb. Scotl. 138, 102294 (2023).

68. Lewis Marffy, A. L. & McCarthy, A. J. Leukocyte Immunoglobulin-Like
Receptors (LILRs) on Human Neutrophils: Modulators of Infection and
Immunity. Front Immunol. 11, 857 (2020).

69. Ostrop, J. et al. Contribution of MINCLE-SYK Signaling to
Activation of Primary Human APCs by Mycobacterial Cord Factor
and the Novel Adjuvant TDB. J. Immunol. Balt. Md 195,
2417-2428 (2015).

70. Li, F. et al. Periodic Mesoporous Organosilica as a Nanoadjuvant for
Subunit Vaccines Elicits Potent Antigen-Specific Germinal Center
Responses by Activating Naive B Cells. ACS Nano 17, 15424-15440
(2023).

71. Pasquier, B. et al. Identification of FcalphaRl as an inhibitory receptor
that controls inflammation: dual role of FcRgamma ITAM. Immunity
22, 31-42 (2005).

72. Singh, A. et al. A novel bioinformatics pipeline for the identification of
immune inhibitory receptors as potential therapeutic targets. eLife 13,
RP92870 (2024).

Acknowledgements
This work was financed by the Wellcome Trust grant 225315/2/22/2
to AJ.M.

Author contributions
L.G.S., R.B., A.J.M. and A.D. conceived, discussed, wrote, and edited the
article together.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-025-09493-8.

Correspondence and requests for materials should be addressed to
Alex J. McCarthy or Alexiane Decout.

Peer review information Communications Biology thanks Bridget Stocker
and the other, anonymous, reviewer(s) for their contribution to the peer review
of this work. Primary Handling Editors: Meihong Deng and Mengtan Xing.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Communications Biology| (2026)9:217


https://doi.org/10.3791/3881
https://doi.org/10.3791/3881
https://doi.org/10.1038/s42003-025-09493-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Unravelling mechanisms regulating Mincle activation
	Regulation of Mincle expression
	Ligand binding and activation of the signalling pathways
	Mincle signalling via ITAM and ITAMi
	Modulation of Mincle-induced signalling
	Conclusions & Perspectives
	Reporting summary

	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




