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ABSTRACT
The MR is a highly effective endocytic receptor with a
broad binding specificity encompassing ligands of mi-
crobial and endogenous origin and a poorly character-
ized ability to modulate cellular activation. This review
provides an update of the latest developments in the
field. It discusses how MR biology might be affected by
glycosylation and proteolytic processing, MR involve-
ment in antigen delivery, and the potential contribution
of MR to T cell differentiation and cellular activation.
Further understanding of these areas will, no doubt, in-
form the design of novel, therapeutic tools for improved
vaccination, control of inflammation, and tumor chemo-
therapy, which will benefit from exploiting MR-efficient
internalization properties and unique pattern of expres-
sion. J. Leukoc. Biol. 92: 1177–1186; 2012.

Introduction
The MR is a carbohydrate-binding receptor expressed by se-
lected populations of macrophages and dendritic cells (DCs)
and nonvascular endothelium. The roles ascribed to this re-
ceptor are numerous and include clearance of endogenous
molecules, promotion of antigen presentation, and modula-
tion of cellular activation and trafficking. MR is unique be-
cause of the presence of two independent carbohydrate-bind-
ing domains that recognize sulfated and mannosylated sugars,
respectively, and its key role in collagen internalization by
macrophages. MR function can be altered through proteolytic
cleavage and changes in glycosylation and conformation. Stud-
ies on macrophage and DC heterogeneity are closely linked to
the study of MR. For instance, ligands of MR are expressed
specifically by subpopulations of macrophages in secondary
lymphoid organs associated to B cell follicles, and MR itself is
only expressed by inflammatory DCs in selected lymphoid or-
gans. The presence of a miR within the MR gene that is co-
regulated with MR needs be taken into consideration when

addressing the effect of MR deficiency in vivo and in vitro, and
genetic variants associated with disease within the Mrc1 gene
need to be tested for their effect on the expression of this
miR. Finally, in an era of translational-oriented research, the
potential for using MR as a target for improved antigen pre-
sentation or modulation of macrophage activation cannot be
ignored. For this, detailed characterization of MR expression
in human primary cells and tissues under normal and patho-
logical conditions needs to be addressed.

STRUCTURAL PROPERTIES OF THE MR

MR (CD206) is the prototype member of the MR family of
proteins [1, 2] that, in mammals, also includes the urokinase-
type plasminogen activator receptor-associated protein
Endo180 (CD280), the M-type PLA2R, and DEC 205 (CD205).
All members of this family are endocytic receptors that share a
similar structure consisting of an N-terminal CR domain, a
FNII, and several CTLDs (Fig. 1).

MR is the only member of the MR family that contains a
functional CR domain [4]. In MR, the CR domain binds sul-
fated carbohydrates, particularly, galactose or GalNAc sulfated
in Position 3 or 4. Binding takes place through a neutral-bind-
ing pocket in a calcium-independent manner [1, 2, 4, 5] and
requires Trp117 [6]. The region responsible for sugar binding
is absent in the CR domain of the other members of the MR
family [5].

The FNII domain is the most conserved domain among
all members of the MR family [1]. The ability to bind colla-
gen has been demonstrated for the FNII domains of MR
and Endo180; the MR FNII domain binds collagens I, II,
III, and IV and weakly, collagen V [7, 8], whereas the
Endo180 FNII domain binds collagen V � (I and IV) [9,
10]. Cells expressing the M-type PLA2 receptor display bind-
ing to collagens I and IV [1]. No information is available
regarding the ability of DEC205 to recognize collagen, al-
though this is a likely possibility. MR plays a nonredundant
role in collagen internalization in human and mouse mac-
rophages [7, 11] and is also responsible for collagen uptake
by liver sinusoidal cells [12].
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Through the CTLDs, MR binds glycoconjugates terminated in
mannose, fucose, or GlcNAc in a calcium-dependent manner [2,
13, 14]. Of the eight CTLDs present in MR, only CLTD4 is capa-
ble of carbohydrate binding in isolation [13]. In the case of
Endo180, CTLD2 has been shown to be essential for calcium-
dependent binding to mannose, fucose, and GlcNAc [15]. The
lectin activity of Endo180 facilitates the uptake of glycosylated
forms of collagen, indicating a cooperative effect between the
FNII and CTLD2 domains [16]. Surprisingly, collagen uptake by
MR is independent of collagen glycosylation and the lectin activ-
ity of MR [16]. No lectin activity has been ascribed to the CTLDs
of the M-type PLA2R or DEC205, but CTLD5 has been involved
in the recognition of PLA2 by the former [1].

MR CONFORMATION, GLYCOSYLATION,
AND PROTEOLYTIC PROCESSING

Although MR expression is instantly associated to uptake of
MR ligands, post-translational modifications can have a drastic
effect on MR properties. For instance, MR can adopt a bent
conformation, in which the CR domain and the CTLD4 are in

close proximity in a pH-dependent fashion [17], and MR bind-
ing activities are affected by glycosylation [18, 19]. Further,
MR can undergo proteolytic processing [20–22], leading to
the formation of a functional, soluble form (sMR). These
modifications, discussed in more detail below, need to be ad-
dressed to improve the design of targeting strategies for vac-
cine development or understand the fate of endogenous MR
ligands.

Cryoelectron microscopy studies showed close proximity
between the main carbohydrate-binding CTLD of MR—
CTLD4 —and the CR domain [17]. These findings are con-
sistent with a previous report describing a similar arrange-
ment in Endo180 where the CR domain and CTLD2 are in
close contact [17, 23]. In view of the finding that collagen
glycosylation promotes Endo180-mediated collagen uptake
[16], it appears that in MR and Endo180, the adoption of a
bent conformation could play a role in modulating ligand
selectivity and binding avidity. If, as shown for Endo180,
changes in pH could alter the balance between a closed and
open conformation in MR, as suggested by results from gel
filtration chromatography [17], it is possible that domain
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Figure 1. Structural properties of MR.
MR is a type I membrane molecule with
three types of extracellular domains.
Through the CR domain, MR binds sul-
fated glycans that can be found in lym-
phoid tissues (see text) and kidney [3],
as well as the major cat allergen Fel d 1
and lutropin. The FNII domain binds
collagens, and the CTLDs bind endoge-
nous and exogenous molecules, including
allergens and microbial products. M�,
macrophage; HBV, hepatitis B virus; CPS,
capsular polysaccharide; SEA, secreted
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arrangement could influence ligand release during endocy-
tosis.

MR is a heavily glycosylated molecule, and N-glycosylation
sites are highly conserved between human and mouse MR
[24]. This level of conservation indicates a key role for glyco-
sylation in receptor function. The majority of N-glycans in
mouse splenic MR contains sialic acids. These are mainly
mono- and disialylated structures in the �2 ¡ 6-linkage, al-
though neutral sugar glycans were also detected [18, 24]. In
contrast, lung MR contains mostly �2 ¡ 3-linked terminal
sialic acids, terminal mannose, and probably, Gal�1 ¡
4-GlcNAc [18, 24]. Using stable MR transfectants deficient in
specific glycosyl-transferases and the purified sMR (see below)
generated in each instance, we demonstrated that lack of ter-
minal sialylation reduces the ability of MR to bind and inter-
nalize mannosylated carbohydrates without affecting its subcel-
lular localization, endocytic activity, or proteolytic processing
[24]. Subtle differences in the binding and uptake of sulfated
sugars were observed [24], and further studies demonstrated
that binding of sMR to sulfated sugars was mediated by aggre-
gated forms of the receptor and that nonsialylated MR had an
increased tendency to aggregate [24]. Thus, binding to sul-
fated ligands is highly influenced by multimerization [6, 24,
25], which in turn, is modulated by sialylation, whereas bind-
ing to mannosylated sugars requires terminal sialylation [19].
In light of these observations, it is highly plausible that MR
could display organ-specific specificity.

MR undergoes proteolytic cleavage, leading to the genera-
tion of a soluble form, sMR [20–22]. sMR is produced
through the action of metalloproteases and consists of the
complete extracellular region of MR [22]. sMR can recognize
sulfated and mannosylated carbohydrates [24, 25], and as
mentioned earlier, binding to sulfated carbohydrates requires
substantial protein multimerization [6, 24, 25]. MR shedding
by macrophages was initially considered a constitutive process
[22], but we recently found that it can be promoted by fungal
pathogens such as C. albicans and Aspergillus fumigatus [20] and
that engagement of the �-glucan receptor, dectin-1, by the
�-glucan component of the fungal cell wall was required for
this process [20]. These results raise questions regarding the
fate of fungal particles and antigens during the course of in-
fection, as the relative abundance of cell-associated and sMR
could influence their cellular targeting (see below). We specu-
late that dectin-1-induced MR shedding could minimize the
contribution of cell-associated MR to antifungal responses un-
der specific conditions [20].

THE CELLULAR BIOLOGY OF MR

MR is a highly effective endocytic receptor that recycles con-
stantly between the plasma membrane and the early endo-
somal compartment [26]. Most of MR is intracellular [26].
MR-mediated endocytosis is clathrin-dependent and requires
the internalization motif (FENTLY) [26]. Endosomal acidifica-
tion is thought to induce ligand release, with the empty
receptor recycling back to the cell surface. Unlike other C-type
lectin receptors, such as dectin-1 [27], MR does not endow
cells with the capacity to phagocytose particles bearing MR

ligands [26]. An exception is found in the case of Cos-1 cells,
as Cos-1 expressing MR were capable of internalizing C. albicans and
P. carinii [26]. In support of a lack of involvement of MR in
phagocytosis, MR expression in mouse macrophages does not
affect the uptake of particulate ligands such as C. albicans and
zymosan [27, 28]. MR was also absent from the phagocytic cup
upon uptake of C. albicans but was transiently recruited to the
maturing phagosome at a later stage [27]. Differentiation be-
tween endocytic versus phagocytic uptake in mammalian cells
is generally assessed through the requirement for actin polym-
erization. Cytochalasin D and latrunculin A, which disrupt this
process, are widely used for this purpose. During our investiga-
tion of the cellular requirements for MR shedding, we ob-
served a drastic reduction in MR expression in the presence of
cytochalasin D and latrunculin A [20]. This could be caused
by a requirement for actin polymerization for MR recycling, as
suggested previously [29]. These results indicate that the levels
of MR expression can be regulated by actin polymerization and
that the endocytic uptake of sMR ligands could be potentially
affected by inhibitors routinely used to inhibit phagocytosis.

The redundancy among lectin-binding specificities presents
a challenge to the study of MR-induced signaling using man-
nose-rich carbohydrate ligands [30]. Potentially, the use of sul-
fated carbohydrates recognized through the CR domain would
resolve this issue, and we have demonstrated their specific up-
take by MR-expressing cells [24]. An example of a natural CR
domain-targeted antigen is the cat allergen Fel d 1 [31]. Nev-
ertheless, it is safe to conclude that in general, MR does not
appear to function as a canonical PRR capable of signal trans-
duction in isolation [2, 26]. MR likely modulates signaling in-
duced by other receptors through the facilitation of recogni-
tion by canonical signaling receptors, as suggested for MR and
TLR2 [26] or as described for DC-specific ICAM-3-grabbing
nonintegrin, which modulates TLR-mediated signaling [32].
This is in agreement with the lack of signaling motifs at the
cytoplasmic tail of MR. Anti-MR antibodies have been consid-
ered a suitable alternative to carbohydrate-based MR ligands
for investigating cellular consequences of MR ligation [26].
However, the ability of MR to modulate FcR-mediated cellular
activation (ref. [33], and see below) means that caution must
be taken when using these reagents, as there is potential for
cross-linking MR and FcRs.

TRAFFICKING OF MR LIGANDS WITHIN
DCs AND CROSS-PRESENTATION

MR was identified originally as a major system for antigen
internalization in immature, cultured human DCs that facili-
tates antigen presentation through the MHC II and CD1b
pathways. Indeed, MR targeting has been subsequently con-
sidered as a way to increase antigen immunogenicity [2,
26]. For this, mannosylated antigen preparations have gen-
erally been used, but recently targeting strategies based on
the addition of sulfated carbohydrates [34] or the use of
antigens fused to anti-MR antibodies [35–37] have been de-
scribed. In the case of the cancer antigen NY-ESO-1, MR
targeting promoted activation of NY-ESO-1-specific CD4�

and CD8� T cells [36]. Recent studies using peptides conju-
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gated to antibodies against MR, DEC205, or CD40 indicate
that cross-presentation is reduced if antigens are targeted to
late endosomal compartments [37], which indicates that it
might be possible to modulate of the efficiency of antigen
cross-presentation by altering the avidity of the targeting
reagent for the relevant receptor.

A specialized role for MR in promoting cross-presentation
and cross-priming in an endotoxin-dependent manner has
been proposed [38 – 40]. In this model (processing and pre-
sentation of OVA by bone marrow-derived DCs), endotoxin
promotes cross-presentation by inducing relocalization of
transporter associated with antigen processing/presentation
to early endosomes [40]. Recently, a TLR-independent
mechanism for MR-mediated cross-presentation has been
suggested [34]. In this instance, the antigens used were
OVA-derived neoglycoconjugates bearing 3-sulfo-LewisA and
tri-GlcNAc [34]. It is intriguing that differences in the na-
ture of the MR ligand could affect the route of antigen pro-
cessing. These results resemble earlier reports using oxi-
dized and reduced forms of mannosylated Muc1 [41]. In
this case, aldehyde groups generated during the conjuga-
tion of oxidized mannan to Muc1 with periodate promoted
MR-mediated cross-presentation [42]. Additional work into
the mechanism behind MR-mediated cross-presentation sup-
ports a role for MR polyubiquitination [43] in facilitating
the translocation of antigen from endosomes to the cyto-
plasm. MR polyubiquitination is required for recruitment of
p97 AAA ATPase to endosomes. p97 AAA ATPase is part of
the endoplasmic reticulum-associated degradation machin-
ery and promotes antigen translocation to the cytosol [43].
MR-mediated CD8 T cell activation is inhibited by PPAR�

agonists, which in spite of increasing MR expression, anti-
gen uptake, and processing, inhibit the activation of naïve
CD8 T cells through the up-regulation of B7H1 [44]. This
work further reinforces the concept of uncoupling between
antigen uptake and processing and T cell activation. Key
aspects of the cellular biology of MR are shown in Fig. 2.

MR AND INDUCTION OF IMMUNE
RESPONSES

The study of MR involvement in antigen presentation in vivo
requires a clear understanding of MR expression in profes-
sional APCs. Whereas MR expression is a hallmark of imma-
ture human monocyte-derived DCs and mouse bone marrow-
derived DCs [2, 26], expression of MR in DCs in vivo is ill-de-
fined. MR� DCs are present in selected LNs [45, 46] with
numbers increasing after innate stimulation [46]. Evidence has
been provided in support of MR-mediated cross-presentation
in splenic monocyte-derived inflammatory DCs [47], but there
is disagreement regarding MR expression in splenic CD8� DCs
under steady-state conditions [47–49]. It has been suggested
that lack of MR detection in CD8� DCs might be caused by
MR internalization after binding to collagen fragments re-
leased during collagenase digestion [48], which would hamper
detection; this has been argued against [49]. Histological stud-
ies demonstrate lack of MR expression in splenic T cell areas
in naïve [45, 46] and LPS- and flagellin-stimulated animals

[46]. Together with further flow cytometric analysis [46], this
argues against a role for cell-associated MR in T cell activation
in spleen under steady-state conditions [46], which would be
in agreement with a major scavenging role in naïve animals.
Additionally, our unpublished work suggests that collagen does
not affect MR-mediated endocytic activity or MR expression at
the cell surface (unpublished results).

The presence of sMR should be taken into consideration
when investigating MR involvement in antigen presentation,
as sMR could, in principle, directly compete with cell-associ-
ated MR for binding to CTLD ligands. This scenario would
be less likely in the case of CR domain and FNII ligands, as
in this instance, binding is highly dependent on protein
multimerization (see above and refs. [2, 24, 25]). An in-
triguing possibility is that the MR-mediated antigen cross-
presentation observed in vivo [39] could be mediated by
sMR by means of its ability to target Met macrophages (see
below and Fig. 3) [6]. These cells in turn could transfer an-
tigen to bona fide CD8� DCs for cross-presentation, as
shown for antigens targeted to Met macrophages using anti-
CD169 mAb [49, 50]. Finally, and in contrast to spleen, in
the peritoneal cavity, MR expression is restricted to a popu-
lation of 12/15 lipoxygenase-deficient resident myeloid cells
that could represent a novel DC population [51]. These ob-
servations further highlight the likelihood of site-specific
involvement of MR in antigen presentation.

In spite of their potential limitations as MR ligands, the
used of anti-MR antibodies has provided insight into the
fate of MR ligands delivered to peripheral tissues [46]. In
the absence of stimulation, rat anti-MR antibodies [52] tar-
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Figure 2. MR and cellular targeting. Sialylation controls the aggrega-
tion state of MR (a) and can influence MR binding to sulfated sugars.
Sialylation is required for binding to mannosylated sugars. MR recycles
constantly between the plasma membrane and the early endosomal
compartment (b) and can deliver ligands for degradation in the lyso-
somes (c), presentation through MHC II (MCII) and CD1b (d), and
cross-presentation (e). MR can modulate cellular activation through
TLR and FcR (f). MR cleavage is promoted by dectin-1 (g).
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get medullary macrophages in draining LNs and fail to in-
duce anti-rat IgG humoral responses [46]. These observa-
tions suggest that in the absence of stimulation, MR target-
ing leads to clearance. When anti-MR antibodies were
injected in the presence of endotoxin, substantial targeting
to T cell areas was observed alongside targeting to medul-
lary areas [46]. The timing of the antibody targeting pro-
vides an indication of the mechanism behind the delivery of
anti-MR antibodies to LNs; whereas targeting to the medul-
lary region occurred within minutes, targeting to the T cell
areas required 18 –24 h [46]. These results indicate that
free anti-MR antibody reaches the LNs within minutes and
is internalized by medullary cells. On the other hand, de-
layed targeting of anti-MR antibodies to the T cell areas
could be mediated by a population of migratory inflamma-
tory DCs [46]. Under these conditions, there was selective
induction of anti-rat IgG humoral responses [46]. Thus, im-
mune recognition of MR ligands is affected by the site of
administration, as well as the presence of adjuvants. Several
TLR agonists were tested for their ability to induce the pres-
ence of MR� cells in T cell areas on LNs. Whereas LPS and
flagellin and to some extent, palmitoyl-3-cysteine-serine-
lysine-4 promote MR expression in this location, polyinos-
inic:polycytidylic acid did not have any effect [46], suggest-
ing that innate immune stimulation through MyD88 is re-
quired. The requirement for additional immune stimulation
to achieve optimal MR-mediated immune recognition in hu-
mans is supported by results obtained using the anti-MR,
antibody-based anticancer vaccine CDX-1307. In this in-
stance, immune responses were boosted by the presence of
GM-CSF and TLR agonists [35].

TISSUE DISTRIBUTION

Whereas MR expression in murine tissue has been investigated
in great detail [2], knowledge of its expression pattern in hu-
man tissues is sparse. A critical limitation is the inability of
MR-specific antibodies to work in parafilm-embedded tissues,
which are the basis for pathological studies in clinical samples.
In general, MR is expressed by subpopulations of macrophages
and DCs, as well as hepatic, splenic, lymphatic, and dermal
microvascular endothelia [53] and specialized cells, such as
kidney cells, mesangial cells, trachea smooth muscle cells, and
retinal pigment epithelium [2]. It was generally considered
that monocytes lacked MR expression but rapidly up-regulated
it upon maturation, and this is the case in our experience with
CD14� human monocytes (unpublished results). This is in
disagreement with a recent reports showing MR expression in
human monocytes [54]. The reasons behind this disagreement
are not clear at this stage. It is important to address this issue,
as monocytes are key effector cells, and MR expression will
have major implications for their interaction with serum pro-
teins, many of them MR ligands, and blood-borne pathogens.

Whereas in most organs MR is present as a 170- to 180-kDa
molecule [18], in the small intestine an additional form recog-
nized by several anti-MR antibodies has been detected [18].
The observed 40-kDa relativeMW differences between this pep-
tide and MR would correspond to cleavage of �400 aa, and it
has been suggested that it lacks the CR domain. No informa-
tion regarding the cellular distribution, regulation, or function
of this smaller form is currently available. To determine the
contribution of MR to disease in the small intestine, further
investigation is required about the potential for a shorter, in-
testine-specific spliced form of the MR mRNA or an alternative
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Figure 3. CR-L ligands and immune recognition. Cell-associ-
ated MR (cMR) can bind to mannosylated (through CTLDs)
and sulfated sugars (through CR domain), symbolized here by
the presence of plus signs in green and red, respectively.
Upon cleavage by proteases, sMR is produced. sMR would
only bind mannosylated sugars, as multimerization is required
for efficient binding to sulfated sugars. Binding to multimeric
mannosylated ligands promotes multimerization of sMR [25],
and this would enhance sMR avidity for sulfated sugars (CR-
L). Under steady-state conditions, sMR antigen targeting to
CR-L� cells will probably lead to clearance, whereas in the
presence of LPS, when CR-L� cells migrate into the follicles,
this might lead to enhanced immune recognition. Additional
CR-L have also been described in mouse kidney (see Fig. 1
and ref. [3]).
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proteolytic process specific to this organ. Species differences
between human and mice expression of MR in tissue macro-
phages need to be taken into consideration; for instance, hu-
man splenic macrophages, unlike their mouse counterparts
[45], lack MR expression [55].

THE DISTRIBUTION OF ENDOGENOUS
CR-L HIGHLIGHTS MACROPHAGE
SPECIALIZATION IN SECONDARY
LYMPHOID ORGANS

In mice, CR-L are expressed by MZ Met macrophages in the
spleen and SS macrophages in LNs, both of which express the
macrophage marker CD169 or sialoadhesin [2]. CD169 is itself
a CR-L, together with CD45, when expressed by these cells
[56]; i.e., in Met and SS macrophages, CD169 and CD45 un-
dergo specialized post-translational modifications leading to
the addition of sulfated N-linked glycans that are recognized
by the CR domain of MR. CR-L� cells are closely associated to
B cell follicles, lack MR expression, and migrate into the folli-
cles upon stimulation with endotoxin and during the germinal
center reaction [2]. Follicular dendritic cells also bear CR-L
during the germinal center reaction [2]. These observations
led us to propose the sMR-mediated antigen-delivery pathway
(see Fig. 2 and ref. [2]). According to this hypothesis, sMR
released from cells that express the cell-associated form of the
receptor would transport antigen to the cells bearing CR-L.
CR-L� cells can be targeted in vivo using proteins bearing the
CR domain [6], which indicates that CR-L are exposed to the
circulation. There are multiple reports in support for a role of
CR-L�/CD169� macrophages in antigen handling in second-
ary lymphoid organs [57]. These cells have been shown to
transport or mediate translocation of native antigen into the
follicles for delivery to B cells, promoting B cell activation, and
in the activation of invariant NKT cells and CD8 T cells [57].
Recently, CD169� macrophage cells have been found to be
permissive to viral infection through increased expression of
Usp18, an inhibitor of the type I IFN signaling pathway [58].
Viral replication within CD169� macrophages promotes im-
mune recognition [58]. Thus, the detection of CR-L in sec-
ondary lymphoid organs acted as an early indicator of the
unique role of selected macrophage populations in antigen
handling [59].

Conservation of function for the CR-L/MR interaction in
rodents is suggested by the presence of CR-L in Met and outer
MZ macrophages in rat spleen [55]. On the contrary, in hu-
man spleen, there is a perfect colocalization between CR-L
and MR expression in venous sinuses [55]. This, together with
the lack of MR expression in human splenic macrophages (see
above), suggests differential handling of blood-borne MR li-
gands between rodents and humans.

CONTRIBUTION OF MR TO DISEASE

The generation of MR-deficient animals was a breakthrough
in the investigation of the role of MR in immunity, and
multiple studies have now demonstrated that in most in-

stances, MR deficiency does not translate into increased sus-
ceptibility to infection [2, 26]. The jury is still out in the
case of humans, as MR has been implicated in the produc-
tion of IL-17 in response to C. albicans [54, 60]. Contribu-
tion of MR to chronic inflammation is suggested by the as-
sociation of genetic variants in the MR gene (Mrc1) to sus-
ceptibility to asthma [61] and sarcoidosis [62], although no
mechanisms have been proposed.

Recent interest has focused on the potential contribution of
human MR to the recognition of endogenous serum compo-
nents [63] and therapeutic agents [64, 65] as a means to pro-
vide a mechanism for the induction of pathological immune
responses. As many endogenous MR ligands are autoantigens
it is highly plausible that the scavenging role of MR in vivo
could be subverted for enhanced antigen presentation during
infection [2, 46]. Recent results in support of a role for MR in
the promotion of Th2 responses and glomerulonephritis are
discussed below.

MR binds to a wide range of allergens through both lectin
domains (refs. [31, 66] and Fig. 1), and accordingly, lack of
MR leads to reduced allergen uptake by mouse and human
APCs [31, 66]. MR-deficient animals sensitized with cat dander
and purified Fel d 1 produce less total IgE and Fel d 1-specific
IgE and IgG1 [31]. These in vivo results are a likely conse-
quence of the fact that the main allergen used, Fel d 1, bears
sulfated glycans and specifically binds to the CR domain of
MR [31], and that priming took place in the peritoneal cavity,
where MR is expressed by resident DCs [51]. No information
regarding the presence of additional MR ligands in the cat
dander extract is available. HDM extracts are currently being
used for induction of allergic inflammation in animals [67,
68]. In addition to Der p 1 and Der p 2 [66], these complex
preparations contain further ligands for the CTLD4-7 region
of MR (unpublished results). This, together with the involve-
ment of other C-type lectin receptors in the immune recogni-
tion of HDM extracts [69, 70], complicates the dissection of
the receptors involved in the promotion of allergic diseases.
Whereas this appears a defeatist attitude, comfort can be
drawn from studies on parasite-secreted proteins, as these
preparations have yielded specific compounds with the capac-
ity to modulate immunity [71]. In support for a role of MR in
Th2 polarization in humans, MR deficiency reversed Th2 dif-
ferentiation in response to purified Der p 1 in cocultures of
DCs and T cells [66]. This effect correlated with increased
IDO activity in MR-deficient DCs [66] and could be reversed
by IDO inhibitors [66]. In agreement with these observations,
addition of IDO metabolites, such as L-kynurenine, to control
cocultures also promoted Th1 polarization in response to Der
p 1 [66]. This suggests that MR could modulate the response
to L-kynurenine in DCs.

Additional support for a role of MR in promoting Th2 po-
larization has been obtained during the investigation of early
events during infection with S. mansoni cercariae [72]. MR
binds excretory/secretory material released during transforma-
tion of cercariae into schistosomula and contributes to early
Th2 polarization in response to Schistosoma infection. Infected
MR knockout animals had reduced numbers of hematopoietic
cells containing secreted material in draining LNs and IFN-�
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levels, and percent of IFN-�-producing CD4 T cells were signif-
icantly higher, whereas the opposite was true in the case of
IL-4 and IL-4-producing CD4 T cells [72]. Nevertheless, under
some circumstances, MR engagement has been shown to pro-
mote Th1 differentiation [34]. In this instance, the authors
used the model antigen OVA linked to two MR ligands—3-
sulfo-LewisA and tri-GlcNAc [34]. These neoglycoconjugates
were also shown to promote cross-presentation. It is possible
that as mentioned above, reactive groups generated during the
coupling reaction could play a role in modulating T cell differ-
entiation.

One of the most remarkable effects of MR deficiency in
mice is the complete protection of MR-deficient animals to
accelerated nephrotoxic nephritis [33]. This appears to occur
through the interplay between two major effects caused by MR
deficiency. Absence of MR expression leads to reduced FcR-
mediated responses in macrophages and kidney mesangial
cells [33], which would be highly relevant in an immunocom-
plex-induced disease model. Additionally, MR recognizes Fab2

fragments of the sheep IgG in the nephrotoxic serum [33].
This observation resembles early reports describing recogni-
tion by MR of a form of IgG associated to several autoimmune
diseases, agalactosyl IgG [73], and further supports a major
role for glycation in the effector functions of Igs [74]. In addi-
tion to this anti-inflammatory effect, lack of MR led to in-
creased apoptosis in mesangial cells in vitro and in vivo [33].
Investigation of the consequences of apoptotic cell recognition
by macrophages in the presence of LPS demonstrated that MR
promotes inflammation under these conditions [33].

THE REGULATORY ROLE OF Mrc1
TRANSCRIPTS

Macrophage activation has a major effect on MR expression.
In vitro, MR is expressed at increased levels in macrophages
undergoing alternative, M2-like activation, such as in the case

of macrophages treated with IL-4, IL-13, and IL-10 or gluco-
corticoids, whereas IFN-� and LPS have a negative effect [2].
MR is considered a highly reliable indicator of M2 activation
in mouse and humans, but because of its up-regulation by
IL-10 [52, 75] and glucocorticoids [2], in this instance, the
term M2 activation must be used in its broader sense, largely
as a mean to exclude proinflammatory and microbicidal M1-
activated macrophages. A role for PPAR� in the promotion of
MR expression in response to IL-13 has been demonstrated,
and this correlates with enhanced protection against C. albi-
cans infection [76, 77]. In vivo, MR has been observed in M2
TAMs [78, 79] and macrophages recruited to S. mansoni gran-
ulomas [75, 80]. Recent studies in human TAMs suggest that
MR is more than a marker of macrophage activation but also
contributes to their immunosuppressive activity [78]. MR, ex-
pressed by lymphatics, has been involved in the promotion of
cancer metastasis [81].

An unexpected angle in the understanding of how MR ex-
pression modulates cellular activation in TAMs has been the
identification of a novel miR within the human and mouse
Mrc1 gene (ref. [82] and Fig. 4). This miR, termed miR-511-
3p, is coregulated with the MR mRNA and protein in TAMs
and cultured macrophages. miR-511-3p is predicted to control
a wide range of genes involved in multiple cellular processes,
including cellular morphogenesis, metabolism, protein local-
ization, and gene transcription [82]. The intriguing observa-
tion is that similarly to other M2-associated markers that have
a negative effect on Th2-mediated inflammation [83–85], miR-
511-3p acts as a negative regulator of the tumor-promoting
activities of TAMs [82]. Forced expression of miR-511-3p in
hematopoietic precursors has major effects in tumor vascula-
ture and inhibits tumor growth [82].

Linked expression of MR and miR-511-3p has also been
demonstrated in MR� tissue macrophages, including lung,
spleen, and adipose tissue [82]. These novel findings suggest
that Mrc1 expression can modulate cellular activation during

IL-4
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miR-511-3pMR-mRNA

miR-511-3p-target genes

-MR

MR miRT-511-3p
Tumour-associated 

macrophages

Uptake MR ligands
Modula�on cellular ac�va�on 

Down-modula�on target genes
Modula�on cellular ac�va�on
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Figure 4. Regulation of cellular activation by Mrc1 transcripts.
The Mrc1 gene contains a miR (miR-511-3p) located in the
fifth intron. miR-511-3p is coregulated with the MR and inhib-
its the expression of a wide range of genes. Therefore, cells
with high MR expression, such as IL-4-treated macrophages
and TAMs, express higher levels of miR-511-3p. In these cells,
cellular activity can be the result of the endocytic activity of
MR, as well as the inhibitory effect of miR-511-3p on gene
transcription.
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steady-state and inflammatory conditions by two mechanisms:
MR synthesis and miR-511-3p transcription. MR expression will
enable uptake of a wide range of ligands, and this will have
major consequences on their accessibility to endosomal com-
partments. miR-511-3p will directly control expression of multi-
ple genes at the RNA level.

A key consideration is how these findings could impact on
the interpretation of previous work involving MR-deficient
models. Are the effects observed a direct consequence of lack
of MR or deregulated miR-511-3p expression? miR-511-3p can
be detected, albeit at lower levels, in bone marrow macro-
phages derived from MR-deficient mice [86], indicating tran-
scription of the Mrc1 gene in these cells (unpublished results).
These results imply that it is possible to decouple MR and
miR-511-3p expression and that dissecting the contribution of
each of these components to the biology of myeloid and endo-
thelial cells is a feasible option.

CONCLUDING REMARKS

Ongoing interest on MR for the last 20 years has generated a
vast number of publications that underscore the unique attri-
butes of this multitalented molecule. The field has moved on
from the early studies using mannan and Ca2� chelators to
the use of stable transfectants, MR-specific small interfering
RNA, and cells from knockout animals to investigate MR in-
volvement in specific processes. These developments, together
with (1) the adoption of MR-specific ligands, such as sulfated
sugars and antibodies, (2) a clearer understanding of MR bio-
chemical properties and distribution in human and murine
tissues, and (3) the generation of experimental models to dis-
criminate between MR- and miR-511-3p-mediated effects, will
enable us to harness the unique targeting properties of MR
for vaccine development and modulation of inflammatory pro-
cesses.

ACKNOWLEDGMENTS

Funding for the work on MR has been provided by the Medi-
cal Research Council, Arthritis Research Campaign, Mizutani
Foundation for Glycoscience, and Asthma UK. I thank all cur-
rent and previous collaborators for making the work on MR
such a fantastic opportunity to learn about the intricacies of
the immune system and Alex Tarr for help with the prepara-
tion of this review.

REFERENCES

1. East, L., Isacke, C. M. (2002) The mannose receptor family. Biochim. Bio-
phys. Acta 1572, 364–386.

2. Taylor, P. R., Gordon, S., Martinez-Pomares, L. (2005) The mannose
receptor: linking homeostasis and immunity through sugar recognition.
Trends Immunol. 26, 104–110.

3. Fiete, D., Mi, Y., Oats, E. L., Beranek, M. C., Baenziger, J. U. (2007) N-
linked oligosaccharides on the low density lipoprotein receptor ho-
molog SorLA/LR11 are modified with terminal GalNAc-4-SO4 in kidney
and brain. J. Biol. Chem. 282, 1873–1881.

4. Leteux, C., Chai, W., Loveless, R. W., Yuen, C. T., Uhlin-Hansen, L.,
Combarnous, Y., Jankovic, M., Maric, S. C., Misulovin, Z., Nussenzweig,
M. C., Feizi, T. (2000) The cysteine-rich domain of the macrophage
mannose receptor is a multispecific lectin that recognizes chondroitin
sulfates A and B and sulfated oligosaccharides of blood group Lewis(a)

and Lewis(x) types in addition to the sulfated N-glycans of lutropin. J.
Exp. Med. 191, 1117–1126.

5. Liu, Y., Chirino, A. J., Misulovin, Z., Leteux, C., Feizi, T., Nussenzweig,
M. C., Bjorkman, P. J. (2000) Crystal structure of the cysteine-rich do-
main of mannose receptor complexed with a sulfated carbohydrate li-
gand. J. Exp. Med. 191, 1105–1116.

6. Taylor, P. R., Zamze, S., Stillion, R. J., Wong, S. Y., Gordon, S., Martinez-
Pomares, L. (2004) Development of a specific system for targeting pro-
tein to metallophilic macrophages. Proc. Natl. Acad. Sci. USA 101, 1963–
1968.

7. Martinez-Pomares, L., Wienke, D., Stillion, R., McKenzie, E. J., Arnold,
J. N., Harris, J., McGreal, E., Sim, R. B., Isacke, C. M., Gordon, S.
(2006) Carbohydrate-independent recognition of collagens by the mac-
rophage mannose receptor. Eur. J. Immunol. 36, 1074–1082.

8. Napper, C. E., Drickamer, K., Taylor, M. E. (2006) Collagen binding by
the mannose receptor mediated through the fibronectin type II domain.
Biochem. J. 395, 579–586.

9. East, L., McCarthy, A., Wienke, D., Sturge, J., Ashworth, A., Isacke, C. M.
(2003) A targeted deletion in the endocytic receptor gene Endo180 re-
sults in a defect in collagen uptake. EMBO Rep. 4, 710–716.

10. Wienke, D., MacFadyen, J. R., Isacke, C. M. (2003) Identification and
characterization of the endocytic transmembrane glycoprotein Endo180
as a novel collagen receptor. Mol. Biol. Cell 14, 3592–3604.

11. Madsen, D. H., Ingvarsen, S., Jurgensen, H. J., Melander, M. C., Kjoller,
L., Moyer, A., Honore, C., Madsen, C. A., Garred, P., Burgdorf, S.,
Bugge, T. H., Behrendt, N., Engelholm, L. H. (2011) The non-phago-
cytic route of collagen uptake: a distinct degradation pathway. J. Biol.
Chem. 286, 26996–27010.

12. Malovic, I., Sorensen, K. K., Elvevold, K. H., Nedredal, G. I., Paulsen, S.,
Erofeev, A. V., Smedsrod, B. H., McCourt, P. A. (2007) The mannose
receptor on murine liver sinusoidal endothelial cells is the main dena-
tured collagen clearance receptor. Hepatology 45, 1454–1461.

13. Taylor, M. E., Bezouska, K., Drickamer, K. (1992) Contribution to li-
gand binding by multiple carbohydrate-recognition domains in the mac-
rophage mannose receptor. J. Biol. Chem. 267, 1719–1726.

14. Taylor, M. E., Drickamer, K. (1993) Structural requirements for high
affinity binding of complex ligands by the macrophage mannose recep-
tor. J. Biol. Chem. 268, 399–404.

15. East, L., Rushton, S., Taylor, M. E., Isacke, C. M. (2002) Characteriza-
tion of sugar binding by the mannose receptor family member,
Endo180. J. Biol. Chem. 277, 50469–50475.

16. Jurgensen, H. J., Madsen, D. H., Ingvarsen, S., Melander, M. C., Gards-
voll, H., Patthy, L., Engelholm, L. H., Behrendt, N. (2011) A novel func-
tional role of collagen glycosylation: interaction with the endocytic colla-
gen receptor uparap/ENDO180. J. Biol. Chem. 286, 32736–32748.

17. Boskovic, J., Arnold, J. N., Stilion, R., Gordon, S., Sim, R. B., Rivera-Cal-
zada, A., Wienke, D., Isacke, C. M., Martinez-Pomares, L., Llorca, O.
(2006) Structural model for the mannose receptor family uncovered by
electron microscopy of Endo180 and the mannose receptor. J. Biol.
Chem. 281, 8780–8787.

18. Su, Y., Royle, L., Radcliffe, C. M., Harvey, D. J., Dwek, R. A., Martinez-
Pomares, L., Rudd, P. M. (2009) Detailed N-glycan analysis of mannose
receptor purified from murine spleen indicates tissue specific sialylation.
Biochem. Biophys. Res. Commun. 384, 436–443.

19. Su, Y. R., Tsang, C., Bakker, T., Harris, J., Gordon, S., Dwek, R. A., Mar-
tinez-Pomares, L., Rudd, P. M. (2005) Glycosylation influences the li-
gand binding activities of mannose receptor. Adv. Exp. Med. Biol. 564,
25–26.

20. Gazi, U., Rosas, M., Singh, S., Heinsbroek, S., Haq, I., Johnson, S.,
Brown, G. D., Williams, D. L., Taylor, P. R., Martinez-Pomares, L. (2011)
Fungal recognition enhances mannose receptor shedding through dec-
tin-1 engagement. J. Biol. Chem. 286, 7822–7829.

21. Jordens, R., Thompson, A., Amons, R., Koning, F. (1999) Human den-
dritic cells shed a functional, soluble form of the mannose receptor. Int.
Immunol. 11, 1775–1780.

22. Martinez-Pomares, L., Mahoney, J. A., Kaposzta, R., Linehan, S. A.,
Stahl, P. D., Gordon, S. (1998) A functional soluble form of the murine
mannose receptor is produced by macrophages in vitro and is present
in mouse serum. J. Biol. Chem. 273, 23376–23380.

23. Rivera-Calzada, A., Robertson, D., MacFadyen, J. R., Boskovic, J., Isacke,
C. M., Llorca, O. (2003) Three-dimensional interplay among the ligand-
binding domains of the urokinase-plasminogen-activator-receptor-associ-
ated protein, Endo180. EMBO Rep. 4, 807–812.

24. Su, Y., Bakker, T., Harris, J., Tsang, C., Brown, G. D., Wormald, M. R.,
Gordon, S., Dwek, R. A., Rudd, P. M., Martinez-Pomares, L. (2005) Gly-
cosylation influences the lectin activities of the macrophage mannose
receptor. J. Biol. Chem. 280, 32811–32820.

25. Zamze, S., Martinez-Pomares, L., Jones, H., Taylor, P. R., Stillion, R. J.,
Gordon, S., Wong, S. Y. (2002) Recognition of bacterial capsular poly-
saccharides and lipopolysaccharides by the macrophage mannose recep-
tor. J. Biol. Chem. 277, 41613–41623.

26. Gazi, U., Martinez-Pomares, L. (2009) Influence of the mannose recep-
tor in host immune responses. Immunobiology 214, 554–561.

27. Heinsbroek, S. E., Taylor, P. R., Martinez, F. O., Martinez-Pomares, L.,
Brown, G. D., Gordon, S. (2008) Stage-specific sampling by pattern rec-

1184 Journal of Leukocyte Biology Volume 92, December 2012 www.jleukbio.org



ognition receptors during Candida albicans phagocytosis. PLoS Pathog. 4,
e1000218.

28. Lee, S. J., Zheng, N. Y., Clavijo, M., Nussenzweig, M. C. (2003) Normal
host defense during systemic candidiasis in mannose receptor-deficient
mice. Infect. Immun. 71, 437–445.

29. Deslee, G., Charbonnier, A. S., Hammad, H., Angyalosi, G., Tillie-Leb-
lond, I., Mantovani, A., Tonnel, A. B., Pestel, J. (2002) Involvement of
the mannose receptor in the uptake of Der p 1, a major mite allergen,
by human dendritic cells. J. Allergy Clin. Immunol. 110, 763–770.

30. Osorio, F., Reis e Sousa, C. (2011) Myeloid C-type lectin receptors in
pathogen recognition and host defense. Immunity 34, 651–664.

31. Emara, M., Royer, P. J., Abbas, Z., Sewell, H. F., Mohamed, G. G., Singh,
S., Peel, S., Fox, J., Shakib, F., Martinez-Pomares, L., Ghaemmaghami,
A. M. (2011) Recognition of the major cat allergen Fel d 1 through the
cysteine-rich domain of the mannose receptor determines its allergenic-
ity. J. Biol. Chem. 286, 13033–13040.

32. Van den Berg, L. M., Gringhuis, S. I., Geijtenbeek, T. B. (2012) An evo-
lutionary perspective on C-type lectins in infection and immunity. Ann.
N. Y. Acad. Sci. 1253, 149–158.

33. Chavele, K. M., Martinez-Pomares, L., Domin, J., Pemberton, S., Haslam,
S. M., Dell, A., Cook, H. T., Pusey, C. D., Gordon, S., Salama, A. D.
(2010) Mannose receptor interacts with Fc receptors and is critical for
the development of crescentic glomerulonephritis in mice. J. Clin. In-
vest. 120, 1469–1478.

34. Singh, S. K., Streng-Ouwehand, I., Litjens, M., Kalay, H., Burgdorf, S.,
Saeland, E., Kurts, C., Unger, W. W., van Kooyk, Y. (2011) Design of
neo-glycoconjugates that target the mannose receptor and enhance
TLR-independent cross-presentation and Th1 polarization. Eur. J. Immu-
nol. 41, 916–925.

35. Morse, M. A., Chapman, R., Powderly, J., Blackwell, K., Keler, T., Green,
J., Riggs, R., He, L. Z., Ramakrishna, V., Vitale, L., Zhao, B., Butler,
S. A., Hobeika, A., Osada, T., Davis, T., Clay, T., Lyerly, H. K. (2011)
Phase I study utilizing a novel antigen-presenting cell-targeted vaccine
with Toll-like receptor stimulation to induce immunity to self-antigens
in cancer patients. Clin. Cancer Res. 17, 4844–4853.

36. Tsuji, T., Matsuzaki, J., Kelly, M. P., Ramakrishna, V., Vitale, L., He,
L. Z., Keler, T., Odunsi, K., Old, L. J., Ritter, G., Gnjatic, S. (2011) Anti-
body-targeted NY-ESO-1 to mannose receptor or DEC-205 in vitro elicits
dual human CD8� and CD4� T cell responses with broad antigen spec-
ificity. J. Immunol. 186, 1218–1227.

37. Chatterjee, B., Smed-Sorensen, A., Cohn, L., Chalouni, C., Vandlen, R.,
Lee, B. C., Widger, J., Keler, T., Delamarre, L., Mellman, I. (2012) In-
ternalization and endosomal degradation of receptor-bound antigens
regulate the efficiency of cross presentation by human dendritic cells.
Blood, Epub ahead of print.

38. Burgdorf, S., Kautz, A., Bohnert, V., Knolle, P. A., Kurts, C. (2007) Dis-
tinct pathways of antigen uptake and intracellular routing in CD4 and
CD8 T cell activation. Science 316, 612–616.

39. Burgdorf, S., Lukacs-Kornek, V., Kurts, C. (2006) The mannose receptor
mediates uptake of soluble but not of cell-associated antigen for cross-
presentation. J. Immunol. 176, 6770–6776.

40. Burgdorf, S., Scholz, C., Kautz, A., Tampe, R., Kurts, C. (2008) Spatial
and mechanistic separation of cross-presentation and endogenous anti-
gen presentation. Nat. Immunol. 9, 558–566.

41. Apostolopoulos, V., Pietersz, G. A., Loveland, B. E., Sandrin, M. S., McK-
enzie, I. F. (1995) Oxidative/reductive conjugation of mannan to anti-
gen selects for T1 or T2 immune responses. Proc. Natl. Acad. Sci. USA
92, 10128–10132.

42. Apostolopoulos, V., Pietersz, G. A., Gordon, S., Martinez-Pomares, L.,
McKenzie, I. F. (2000) Aldehyde-mannan antigen complexes target the
MHC class I antigen-presentation pathway. Eur. J. Immunol. 30, 1714–
1723.

43. Zehner, M., Chasan, A. I., Schuette, V., Embgenbroich, M., Quast, T.,
Kolanus, W., Burgdorf, S. (2011) Mannose receptor polyubiquitination
regulates endosomal recruitment of p97 and cytosolic antigen transloca-
tion for cross-presentation. Proc. Natl. Acad. Sci. USA 108, 9933–9938.

44. Klotz, L., Hucke, S., Thimm, D., Classen, S., Gaarz, A., Schultze, J.,
Edenhofer, F., Kurts, C., Klockgether, T., Limmer, A., Knolle, P., Burg-
dorf, S. (2009) Increased antigen cross-presentation but impaired cross-
priming after activation of peroxisome proliferator-activated receptor �
is mediated by up-regulation of B7H1. J. Immunol. 183, 129–136.

45. Linehan, S. A., Martinez-Pomares, L., Stahl, P. D., Gordon, S. (1999)
Mannose receptor and its putative ligands in normal murine lymphoid
and nonlymphoid organs: in situ expression of mannose receptor by
selected macrophages, endothelial cells, perivascular microglia, and
mesangial cells, but not dendritic cells. J. Exp. Med. 189, 1961–1972.

46. McKenzie, E. J., Taylor, P. R., Stillion, R. J., Lucas, A. D., Harris, J., Gor-
don, S., Martinez-Pomares, L. (2007) Mannose receptor expression and
function define a new population of murine dendritic cells. J. Immunol.
178, 4975–4983.

47. Segura, E., Albiston, A. L., Wicks, I. P., Chai, S. Y., Villadangos, J. A.
(2009) Different cross-presentation pathways in steady-state and inflam-
matory dendritic cells. Proc. Natl. Acad. Sci. USA 106, 20377–20381.

48. Burgdorf, S., Schuette, V., Semmling, V., Hochheiser, K., Lukacs-
Kornek, V., Knolle, P. A., Kurts, C. (2010) Steady-state cross-presentation

of OVA is mannose receptor-dependent but inhibitable by collagen frag-
ments. Proc. Natl. Acad. Sci. USA 107, E48–E49.

49. Segura, E., Guptaa, N., Albiston, A. L., Wicks, I. P., Chai, S. Y., Villadan-
gos, J. A. (2010) Reply to Burgdorf et al.: the mannose receptor is not
involved in antigen cross-presentation by steady-state dendritic cells.
Proc. Natl. Acad. Sci. USA 107, E50–E51.

50. Backer, R., Schwandt, T., Greuter, M., Oosting, M., Jungerkes, F., Tut-
ing, T., Boon, L., O’Toole, T., Kraal, G., Limmer, A., den Haan, J. M.
(2010) Effective collaboration between marginal metallophilic macro-
phages and CD8� dendritic cells in the generation of cytotoxic T cells.
Proc. Natl. Acad. Sci. USA 107, 216–221.

51. Dioszeghy, V., Rosas, M., Maskrey, B. H., Colmont, C., Topley, N., Chai-
tidis, P., Kuhn, H., Jones, S. A., Taylor, P. R., O’Donnell, V. B. (2008)
12/15-Lipoxygenase regulates the inflammatory response to bacterial
products in vivo. J. Immunol. 181, 6514–6524.

52. Martinez-Pomares, L., Reid, D. M., Brown, G. D., Taylor, P. R., Stillion,
R. J., Linehan, S. A., Zamze, S., Gordon, S., Wong, S. Y. (2003) Analysis
of mannose receptor regulation by IL-4, IL-10, and proteolytic process-
ing using novel monoclonal antibodies. J. Leukoc. Biol. 73, 604–613.

53. Groger, M., Holnthoner, W., Maurer, D., Lechleitner, S., Wolff, K.,
Mayr, B. B., Lubitz, W., Petzelbauer, P. (2000) Dermal microvascular
endothelial cells express the 180-kDa macrophage mannose receptor in
situ and in vitro. J. Immunol. 165, 5428–5434.

54. Smeekens, S. P., van de Veerdonk, F. L., Joosten, L. A., Jacobs, L., Jan-
sen, T., Williams, D. L., van der Meer, J. W., Kullberg, B. J., Netea,
M. G. (2011) The classical CD14 CD16 monocytes, but not the patrol-
ling CD14 CD16 monocytes, promote Th17 responses to Candida albi-
cans. Eur. J. Immunol. 41, 2915–2924.

55. Martinez-Pomares, L., Hanitsch, L. G., Stillion, R., Keshav, S., Gordon,
S. (2005) Expression of mannose receptor and ligands for its cysteine-
rich domain in venous sinuses of human spleen. Lab. Invest. 85, 1238–
1249.

56. Martinez-Pomares, L., Crocker, P. R., Da Silva, R., Holmes, N., Colomi-
nas, C., Rudd, P., Dwek, R., Gordon, S. (1999) Cell-specific glycoforms
of sialoadhesin and CD45 are counter-receptors for the cysteine-rich do-
main of the mannose receptor. J. Biol. Chem. 274, 35211–35218.

57. Martinez-Pomares, L., Gordon, S. (2012) CD169� macrophages at the
crossroads of antigen presentation. Trends Immunol. 33, 66–70.

58. Honke, N., Shaabani, N., Cadeddu, G., Sorg, U. R., Zhang, D. E., Trill-
ing, M., Klingel, K., Sauter, M., Kandolf, R., Gailus, N., van Rooijen, N.,
Burkart, C., Baldus, S. E., Grusdat, M., Lohning, M., Hengel, H., Pfeffer,
K., Tanaka, M., Haussinger, D., Recher, M., Lang, P. A., Lang, K. S.
(2012) Enforced viral replication activates adaptive immunity and is es-
sential for the control of a cytopathic virus. Nat. Immunol. 13, 51–57.

59. Martinez-Pomares, L., Kosco-Vilbois, M., Darley, E., Tree, P., Herren, S.,
Bonnefoy, J. Y., Gordon, S. (1996) Fc chimeric protein containing the
cysteine-rich domain of the murine mannose receptor binds to macro-
phages from splenic marginal zone and lymph node subcapsular sinus
and to germinal centers. J. Exp. Med. 184, 1927–1937.

60. Van de Veerdonk, F. L., Marijnissen, R. J., Kullberg, B. J., Koenen, H. J.,
Cheng, S. C., Joosten, I., van den Berg, W. B., Williams, D. L., van der
Meer, J. W., Joosten, L. A., Netea, M. G. (2009) The macrophage man-
nose receptor induces IL-17 in response to Candida albicans. Cell Host
Microbe 5, 329–340.

61. Hattori, T., Konno, S., Hizawa, N., Isada, A., Takahashi, A., Shimizu, K.,
Gao, P., Beaty, T. H., Barnes, K. C., Huang, S. K., Nishimura, M. (2009)
Genetic variants in the mannose receptor gene (MRC1) are associated
with asthma in two independent populations. Immunogenetics 61, 731–
738.

62. Hattori, T., Konno, S., Takahashi, A., Isada, A., Shimizu, K., Taniguchi,
N., Gao, P., Yamaguchi, E., Hizawa, N., Huang, S. K., Nishimura, M.
(2010) Genetic variants in mannose receptor gene (MRC1) confer sus-
ceptibility to increased risk of sarcoidosis. BMC Med. Genet. 11, 151.

63. Sorvillo, N., Pos, W., van den Berg, L. M., Fijnheer, R., Martinez-Po-
mares, L., Geijtenbeek, T. B., Herczenik, E., Voorberg, J. (2012) The
macrophage mannose receptor promotes uptake of ADAMTS13 by den-
dritic cells. Blood 119, 3828–3835.

64. Dasgupta, S., Navarrete, A. M., Bayry, J., Delignat, S., Wootla, B., Andre,
S., Christophe, O., Nascimbeni, M., Jacquemin, M., Martinez-Pomares,
L., Geijtenbeek, T. B., Moris, A., Saint-Remy, J. M., Kazatchkine, M. D.,
Kaveri, S. V., Lacroix-Desmazes, S. (2007) A role for exposed mannosyla-
tions in presentation of human therapeutic self-proteins to CD4� T
lymphocytes. Proc. Natl. Acad. Sci. USA 104, 8965–8970.

65. Herczenik, E., van Haren, S. D., Wroblewska, A., Kaijen, P., van den Big-
gelaar, M., Meijer, A. B., Martinez-Pomares, L., ten Brinke, A.,
Voorberg, J. (2012) Uptake of blood coagulation factor VIII by den-
dritic cells is mediated via its C1 domain. J. Allergy Clin. Immunol. 129,
501–509.

66. Royer, P. J., Emara, M., Yang, C., Al-Ghouleh, A., Tighe, P., Jones, N.,
Sewell, H. F., Shakib, F., Martinez-Pomares, L., Ghaemmaghami, A. M.
(2010) The mannose receptor mediates the uptake of diverse native al-
lergens by dendritic cells and determines allergen-induced T cell polar-
ization through modulation of IDO activity. J. Immunol. 185, 1522–1531.

67. Gregory, L. G., Lloyd, C. M. (2011) Orchestrating house dust mite-asso-
ciated allergy in the lung. Trends Immunol. 32, 402–411.

Martinez-Pomares The mannose receptor

www.jleukbio.org Volume 92, December 2012 Journal of Leukocyte Biology 1185



68. Gregory, L. G., Causton, B., Murdoch, J. R., Mathie, S. A., O’Donnell,
V., Thomas, C. P., Priest, F. M., Quint, D. J., Lloyd, C. M. (2009) In-
haled house dust mite induces pulmonary T helper 2 cytokine produc-
tion. Clin. Exp. Allergy 39, 1597–1610.

69. Barrett, N. A., Maekawa, A., Rahman, O. M., Austen, K. F., Kanaoka, Y.
(2009) Dectin-2 recognition of house dust mite triggers cysteinyl leuko-
triene generation by dendritic cells. J. Immunol. 182, 1119–1128.

70. Barrett, N. A., Rahman, O. M., Fernandez, J. M., Parsons, M. W., Xing,
W., Austen, K. F., Kanaoka, Y. (2011) Dectin-2 mediates Th2 immunity
through the generation of cysteinyl leukotrienes. J. Exp. Med. 208, 593–
604.

71. Hewitson, J. P., Grainger, J. R., Maizels, R. M. (2009) Helminth immu-
noregulation: the role of parasite secreted proteins in modulating host
immunity. Mol. Biochem. Parasitol. 167, 1–11.

72. Paveley, R. A., Aynsley, S. A., Turner, J. D., Bourke, C. D., Jenkins, S. J.,
Cook, P. C., Martinez-Pomares, L., Mountford, A. P. (2011) The man-
nose receptor (CD206) is an important pattern recognition receptor
(PRR) in the detection of the infective stage of the helminth Schistosoma
mansoni and modulates IFN� production. Int. J. Parasitol. 41, 1335–1345.

73. Dong, X., Storkus, W. J., Salter, R. D. (1999) Binding and uptake of aga-
lactosyl IgG by mannose receptor on macrophages and dendritic cells. J.
Immunol. 163, 5427–5434.

74. Oefner, C. M., Winkler, A., Hess, C., Lorenz, A. K., Holecska, V., Hux-
dorf, M., Schommartz, T., Petzold, D., Bitterling, J., Schoen, A. L.,
Stoehr, A. D., Van, D. V., Darcan-Nikolaisen, Y., Blanchard, V.,
Schmudde, I., Laumonnier, Y., Strover, H. A., Hegazy, A. N., Eiglmeier,
S., Schoen, C. T., Mertes, M. M., Loddenkemper, C., Lohning, M.,
Konig, P., Petersen, A., Luger, E. O., Collin, M., Kohl, J., Hutloff, A.,
Hamelmann, E., Berger, M., Wardemann, H., Ehlers, M. (2012) Toler-
ance induction with T cell-dependent protein antigens induces regula-
tory sialylated IgGs. J. Allergy Clin. Immunol. 129, 1647–1655.

75. Dewals, B. G., Marillier, R. G., Hoving, J. C., Leeto, M., Schwegmann,
A., Brombacher, F. (2010) IL-4R�-independent expression of mannose
receptor and Ym1 by macrophages depends on their IL-10 responsive-
ness. PLoS Negl. Trop. Dis. 4, e689.

76. Coste, A., Dubourdeau, M., Linas, M. D., Cassaing, S., Lepert, J. C.,
Balard, P., Chalmeton, S., Bernad, J., Orfila, C., Seguela, J. P., Pipy, B.
(2003) PPAR� promotes mannose receptor gene expression in murine
macrophages and contributes to the induction of this receptor by IL-13.
Immunity 19, 329–339.

77. Coste, A., Lagane, C., Filipe, C., Authier, H., Gales, A., Bernad, J.,
Douin-Echinard, V., Lepert, J. C., Balard, P., Linas, M. D., Arnal, J. F.,
Auwerx, J., Pipy, B. (2008) IL-13 attenuates gastrointestinal candidiasis
in normal and immunodeficient RAG-2(�/�) mice via peroxisome pro-
liferator-activated receptor-� activation. J. Immunol. 180, 4939–4947.

78. Allavena, P., Chieppa, M., Bianchi, G., Solinas, G., Fabbri, M., Laskarin,
G., Mantovani, A. (2010) Engagement of the mannose receptor by tu-
moral mucins activates an immune suppressive phenotype in human
tumor-associated macrophages. Clin. Dev. Immunol. 2010, 547179.

79. Allavena, P., Sica, A., Garlanda, C., Mantovani, A. (2008) The Yin-Yang
of tumor-associated macrophages in neoplastic progression and immune
surveillance. Immunol. Rev. 222, 155–161.

80. Linehan, S. A., Coulson, P. S., Wilson, R. A., Mountford, A. P., Brom-
bacher, F., Martinez-Pomares, L., Gordon, S. (2003) IL-4 receptor sig-
naling is required for mannose receptor expression by macrophages re-
cruited to granulomata but not resident cells in mice infected with Schis-
tosoma mansoni. Lab. Invest. 83, 1223–1231.

81. Marttila-Ichihara, F., Turja, R., Miiluniemi, M., Karikoski, M., Maksimow,
M., Niemela, J., Martinez-Pomares, L., Salmi, M., Jalkanen, S. (2008)
Macrophage mannose receptor on lymphatics controls cell trafficking.
Blood 112, 64–72.

82. Squadrito, M. L., Pucci, F., Magri, L., Moi, D., Gilfillan, G. D., Rang-
hetti, A., Casazza, A., Mazzone, M., Lyle, R., Naldini, L., De Palma, M.
(2012) miR-511-3p modulates genetic programs of tumor-associated
macrophages. Cell Reports 1, 1–14.

83. Pesce, J. T., Ramalingam, T. R., Mentink-Kane, M. M., Wilson, M. S., El
Kasmi, K. C., Smith, A. M., Thompson, R. W., Cheever, A. W., Murray,
P. J., Wynn, T. A. (2009) Arginase-1-expressing macrophages suppress
Th2 cytokine-driven inflammation and fibrosis. PLoS Pathog. 5,
e1000371.

84. Pesce, J. T., Ramalingam, T. R., Wilson, M. S., Mentink-Kane, M. M.,
Thompson, R. W., Cheever, A. W., Urban J. F., Jr., Wynn, T. A. (2009)
Retnla (relmalpha/fizz1) suppresses helminth-induced Th2-type immu-
nity. PLoS Pathog. 5, e1000393.

85. Nair, M. G., Du, Y., Perrigoue, J. G., Zaph, C., Taylor, J. J., Goldschmidt,
M., Swain, G. P., Yancopoulos, G. D., Valenzuela, D. M., Murphy, A.,
Karow, M., Stevens, S., Pearce, E. J., Artis, D. (2009) Alternatively acti-
vated macrophage-derived RELM-{�} is a negative regulator of type 2
inflammation in the lung. J. Exp. Med. 206, 937–952.

86. Lee, S. J., Evers, S., Roeder, D., Parlow, A. F., Risteli, J., Risteli, L., Lee,
Y. C., Feizi, T., Langen, H., Nussenzweig, M. C. (2002) Mannose recep-
tor-mediated regulation of serum glycoprotein homeostasis. Science 295,
1898–1901.

KEY WORDS:
Lectin receptor � antigen presentation � macrophages � dendritic
cells � mouse � human � endocytosis � glycosylation

1186 Journal of Leukocyte Biology Volume 92, December 2012 www.jleukbio.org


