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Proinflammatory activation of macrophages in metabolic tissues is
critically important in the induction of obesity-induced metaflam-
mation. Here, we demonstrate that the soluble mannose receptor
(sMR) plays a direct functional role in both macrophage activation
and metaflammation. We show that sMR binds CD45 on macro-
phages and inhibits its phosphatase activity, leading to an Src/Akt/
NF-κB–mediated cellular reprogramming toward an inflammatory
phenotype both in vitro and in vivo. Remarkably, increased serum
sMR levels were observed in obese mice and humans and directly
correlated with body weight. Importantly, enhanced sMR levels
increase serum proinflammatory cytokines, activate tissue macro-
phages, and promote insulin resistance. Altogether, our results
reveal sMR as regulator of proinflammatory macrophage activa-
tion, which could constitute a therapeutic target for metaflamma-
tion and other hyperinflammatory diseases.

immunometabolism | mannose receptor | macrophage |
obesity | metaflammation

Metaflammation defines a chronic inflammatory state in re-
sponse to prolonged excessive nutrient intake and is char-

acterized by low-grade inflammation of metabolic tissues (1).
Macrophage reprogramming toward an inflammatory phenotype
plays a critical role in obesity-induced metaflammation (2, 3). In
lean individuals, macrophages in metabolic tissues maintain tissue
homeostasis and insulin sensitivity, potentially through secreting
anti-inflammatory cytokines, for example, TGF-β and IL-10 (1).
In metaflammation, however, macrophages in adipose tissue and
liver are activated through proinflammatory factors in their mi-
croenvironment, such as high levels of saturated free fatty acids
(FA) and IFN-γ. Consequently, these macrophages produce high
amounts of tumor necrosis factor (TNF), which directly inhibits
canonical insulin signaling (4), leading to ectopic fat deposition
in the liver and in skeletal muscles (5). Additionally, activation of
Kupffer cells (KCs), the liver-resident macrophages, promotes re-
cruitment and activation of inflammatory monocytes, which con-
tribute to hepatic insulin resistance and steatosis (6–8).
The MR (also termed CD206) is a type I transmembrane protein

belonging to the C-type lectin family, which is mainly expressed by
subpopulations of macrophages, dendritic cells, and endothelial cells
(9, 10). The MR consists of a cysteine-rich region, a fibronectin
type II domain, eight C-type lectin-like domains (CTLDs), a trans-
membrane region, and a short cytosolic tail. Due to its high affinity
for glycosylated antigens, the MR plays an important role in antigen
uptake and presentation (11, 12). In addition to its functions as a
transmembrane protein, the extracellular part of the MR can be
shed by metalloproteases and released into the extracellular space
(13, 14). Hence, soluble MR (sMR) can be detected in murine and

human serum, and its level was found to be increased in patients
with a variety of inflammatory diseases (15–20), correlating with
severity of disease and even mortality. However, a physiological
role of the sMR has not been studied yet, and it remains unclear
whether the sMR can actively trigger inflammation.
Here, we report that sMR enhances macrophage proinflammatory

activation, both in vitro and in vivo, and promotes metaflammation.
We demonstrate that the sMR directly interacts with CD45 on the
surface of macrophages and inhibits its phosphatase activity, lead-
ing to Src/Akt/NF-κB–mediated cellular reprogramming toward an
inflammatory phenotype. Additionally, we found enhanced sMR
serum levels in obese mice and humans and show that sMR-
induced activation of macrophages triggers metaflammation in vivo.

Results
SolubleMR Enhances Proinflammatory Cytokine Secretion byMacrophages.
To investigate whether the MR is involved in the proinflammatory
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Obesity-associated metaflammation is an emerging disease, in
which proinflammatory macrophages play a decisive role. Here,
we identified the soluble mannose receptor (sMR) as a regulator
of metaflammation and demonstrated increased levels of sMR
in obese mice and humans. Additionally, we identified that in-
creased sMR directly binds to CD45 on macrophages, inhibiting its
activity and inducing inflammatory macrophage activation via the
Akt/NF-κB pathway. Consequently, increased sMR levels induced
inflammatory activation of metabolic tissue macrophages and
aggravation of whole-body metabolic homeostasis. These data
identify the MR as a regulator of macrophage activation and offer
perspectives for therapeutic approaches for the treatment of
metaflammation.

Author contributions: M.E., H.J.P.v.d.Z., B.G., and S.B. designed research; M.E., H.J.P.v.d.Z.,
L. Hussaarts, J.S.-S., L.R.P., N.G.-T., L.S., I.S., J.M.L., A.Z.-D., L. Hoving, K.d.R., M.W., and
V.v.H. performed research; K.H., L. Hoving, M.W., H.P., K.W.v.D., B.E., V.v.H., M.Y., and
J.L.S. contributed new reagents/analytic tools; M.E., H.J.P.v.d.Z., L. Hussaarts, J.S.-S., B.G.,
and S.B. analyzed data; and M.E., H.J.P.v.d.Z., J.S.-S., J.L.S., B.G., and S.B. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1M.E., H.J.P.v.d.Z., and L. Hussaarts contributed equally to this work.
2B.G., and S.B. contributed equally to this work.
3To whom correspondence may be addressed. Email: b.g.a.guigas@lumc.nl or burgdorf@
uni-bonn.de.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2103304118/-/DCSupplemental.

Published July 29, 2021.

PNAS 2021 Vol. 118 No. 31 e2103304118 https://doi.org/10.1073/pnas.2103304118 | 1 of 10

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
L

E
ID

S 
U

N
IV

E
R

S 
M

E
D

IS
C

H
 C

E
N

T
R

U
M

, W
A

L
A

E
U

S 
L

IB
R

A
R

Y
" 

on
 J

ul
y 

18
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
2.

22
9.

25
0.

59
.

https://orcid.org/0000-0001-9954-1859
https://orcid.org/0000-0003-1479-1934
https://orcid.org/0000-0001-8850-9087
https://orcid.org/0000-0001-6326-1409
https://orcid.org/0000-0002-4853-5843
https://orcid.org/0000-0001-6990-9165
https://orcid.org/0000-0002-4697-0286
https://orcid.org/0000-0002-3764-5131
https://orcid.org/0000-0002-8856-5799
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2103304118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:b.g.a.guigas@lumc.nl
mailto:burgdorf@uni-bonn.de
mailto:burgdorf@uni-bonn.de
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103304118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103304118/-/DCSupplemental
https://doi.org/10.1073/pnas.2103304118
https://doi.org/10.1073/pnas.2103304118


activation of macrophages, we first stimulated bone marrow–
derived macrophages from wild-type or MR-deficient mice with
LPS. We found increased secretion of the proinflammatory cyto-
kines TNF, IL-6, IL-1β, and IL-12 in MR-expressing wild-type
macrophages (Fig. 1A). Because the MR itself lacks intracellular
signaling motifs and hence no MR-mediated signaling has been
described so far, we hypothesized that the sMR, resulting from the
shedding of the MR extracellular region (SI Appendix, Fig. S1A),
might play a role in macrophage activation through direct interac-
tion with macrophage surface proteins. To investigate this hypoth-
esis, we generated a fusion protein consisting of the Fc region of
human IgG1 and the extracellular region of the MR (encompassing
the cysteine-rich region, the fibronectin region, and CTLD1-2)
(FcMR) (21). We showed that treatment of MR-deficient macro-
phages with FcMR also enhanced proinflammatory cytokine se-
cretion after LPS stimulation compared to isotype control-treated
cells (Fig. 1B). We observed similar results when treating MR-
deficient macrophages with commercially available recombinant
MR protein, consisting of the complete extracellular region of the
protein (Fig. 1C), suggesting that binding of sMR to the macro-
phage surface might indeed be responsible for the observed ef-
fects. To definitively prove that the sMR causes the observed
increase in cytokine production, we purified sMR from the su-
pernatant of MR-expressing macrophages (SI Appendix, Fig. S1B)
and showed that its administration to MR-deficient macrophages in-
creased the secretion of TNF after LPS stimulation (SI Appendix, Fig.
S1C). Similar results were obtained from FcMR-treated primary

macrophages isolated from murine liver, spleen, or peritoneal cavity
(Fig. 1D) and in human monocyte-derived macrophages (moMϕ)
after addition of recombinant human MR (Fig. 1E) or after small
interfering RNA (siRNA)-mediated down-regulation of the MR
(Fig. 1F). Interestingly, sMR also promoted a shift in cellular energy
metabolism toward increased glycolysis in both murine and human
macrophages (SI Appendix, Fig. S1 D and E), a bioenergetic hall-
mark of proinflammatory activation in macrophages (22, 23). Taken
together, these data demonstrate that the sMR enhances proin-
flammatory activation of both murine and human macrophages.

sMR Induces a Proinflammatory Phenotype in Macrophages. To
further dissect the effect of the sMR on macrophages, we treated
MR-deficient macrophages with FcMR for 4, 12, or 24 h and
performed RNA sequencing (RNA-seq) analysis (Fig. 2A). Prin-
cipal component analysis revealed clear transcriptomic distinction
of the samples in all analyzed conditions (Fig. 2B). A heatmap of
the 1,366 differentially expressed (DE) genes between FcMR
treatment and control presented the substantial changes in gene
expression due to the FcMR treatment over time with overlapping
and unique gene sets (Fig. 2C and SI Appendix, Fig. S2A). Gene
ontology enrichment analysis based on these shared and specific
DE gene sets up-regulated upon FcMR treatment clearly con-
firmed inflammatory activation of macrophages (SI Appendix,
Fig. S2B). The most significantly up-regulated genes in response
to FcMR treatment further emphasized the strong and dynamic
proinflammatory activation of macrophages, with well-known

BA

C D

E F

Fig. 1. sMR induces proinflammatory cytokine secretion by macrophages. (A) Secretion of TNF, IL-6, IL-1β, and IL-12 by LPS-treated WT or MR-deficient
(MR−/−) macrophages. (B) TNF, IL-6, and IL-1β secretion by LPS-treated MR-deficient macrophages after incubation with FcMR. (C) Secretion of TNF by LPS-
stimulated MR-deficient macrophages after addition of 0.3 μg/mL recombinant murine MR (rMR). (D) Primary murine macrophages were isolated from liver,
spleen, or peritoneal cavity (PEC) of WT mice by magnetic separation of F4/80+ cells. Secretion of TNF after LPS treatment and stimulation with FcMR were
determined by ELISA. (E) Secretion of TNF by LPS-treated human monocyte-derived macrophages (moMV) after stimulation with 0.3 μg/mL recombinant
human MR (rhMR). (F) Secretion of TNF, IL-6, and IL-1β by LPS-stimulated human moMV after siRNA-mediated down-regulation of the MR. All graphs are
depicted as mean ± SEM; for all experiments, n ≥ 3. *P < 0.05.
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immunological key mediators such as TNF, IL-6, IL-1β, and IL-
12 (Fig. 2D and SI Appendix, Fig. S2C). To classify the response
elicited by sMR within the broad spectrum of macrophage acti-
vation phenotypes, we performed an enrichment analysis using
macrophage activation signatures derived from our previous
study comprising macrophages treated with 28 different immu-
nological stimuli (24) and the gene sets of FcMR-mediated up-
regulated genes per time point. This analysis revealed a striking
similarity of FcMR-induced expression patterns to macrophage
signatures associated with a chronic inflammatory phenotype, as
induced by TNF, PGE2, and P3C (TPP) in our previous stimu-
lation study (Fig. 2E and SI Appendix, Fig. S2D), further sub-
stantiating that the sMR reprograms macrophages toward a
proinflammatory phenotype.

sMR Activates Macrophages by Binding and Inhibiting CD45.Next, we
investigated the molecular mechanisms regulating sMR-induced
macrophage reprogramming and searched for binding partners of
the MR on the macrophage surface. To this end, we isolated cell
lysates from macrophages that previously underwent surface
biotinylation and performed immunoprecipitation using FcMR.
Western blot analysis using streptavidin allowed us to monitor

cell surface proteins interacting with sMR, including a clear band
at the molecular weight of the phosphatase CD45 (between 180
and 220 kDa, depending on the splice variant) (SI Appendix, Fig.
S3A), a known binding partner of the MR (25). Indeed, coimmu-
noprecipitation experiments revealed a physical interaction between
the MR and CD45 on macrophages (Fig. 3 A and B).
CD45 can be expressed as different isoforms, depending on

alternative splicing of its three exons A, B, and C. To identify the
CD45 isoform interacting with sMR, we assessed their respective
expression using isoform-specific antibodies. Analysis by Western
blot and flow cytometry clearly showed the absence of exons A, B,
and C in bone marrow–derived macrophages (SI Appendix, Fig.
S3B), pointing out that these cells only express the CD45RO iso-
form. This is in accordance with our RNA-seq data, which showed
a specific read coverage of all exons of Cd45 except for exons A,
B, and C (SI Appendix, Fig. S3C). Additionally, we showed that
primary macrophages from spleen, white adipose tissue (WAT),
liver, and the peritoneal cavity also expressed the CD45RO iso-
form (SI Appendix, Fig. S3D), which is in agreement with previous
literature (26). Accordingly, we confirmed the direct interaction of
FcMR with CD45RO from primary splenic macrophages by far
Western blot (SI Appendix, Fig. S3E).

Enrichment results of macrophage
stimulation modules from
Xue et al., 2014 Immunity:

B

E

A D

C

Fig. 2. RNA-seq analysis identifies a proinflammatory phenotype in MR-treated macrophages. (A) Schematic overview of the bioinformatics RNA-seq analysis
strategy. (B) Principal component analysis based on variance-stabilized counts of all 23,250 present genes. (C) Heatmap of hierarchically clustered, normalized,
and z-scaled expression values of the union of 1,366 DE genes between FcMR-treated and control samples. (D) Normalized and z-scaled expression values of
the union of the top 25 DE genes of each time point significantly up-regulated in at least two consecutive time points ranked according to their FcMR versus
control samples visualized in a heatmap. (E) Dot plot of gene set enrichment analysis results of 49 predefined stimulus-specific macrophage expression
signatures comprising 28 different stimuli on the FcMR-specific DE genes for each time point. TPP: TNF, PGE2, and Pam3Cys; PA: palmitic acid.
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Since little is known about CD45 phosphatase activity in mac-
rophages, we next investigated whether CD45 is active in these
cells. Therefore, we immunoprecipitated CD45 from macrophage
lysates and added 4-nitrophenyl phosphate (pNPP), from which
dephosphorylation by CD45 can be quantified using colorimetry.
We monitored a clear phosphatase activity, which was blocked by
a CD45-specific inhibitor (SI Appendix, Fig. S3F), demonstrating
the presence of active CD45 in macrophages. Next, we tested the
effect of sMR on CD45 phosphatase activity. To this end, we
immunoprecipitated CD45 from lysates of FcMR-treated mac-
rophage and showed that dephosphorylation of pNPP was re-
duced when compared to isotype control-treated cells (Fig. 3C),
indicating that the MR inhibited CD45 phosphatase activity. In a

second approach, we assessed the dephosphorylation of a syn-
thetic peptide containing pY505 of Lck, a specific substrate of
CD45. We showed that preincubation of macrophages with FcMR
increased pY505 phosphorylation (Fig. 3D), confirming the in-
hibitory effect of the MR on CD45 phosphatase activity.
To investigate whether sMR-mediated inhibition of CD45 phos-

phatase activity plays a role in macrophage activation, we down-
regulated CD45 expression using siRNA (SI Appendix, Fig. S3G).
Similar to inhibition of CD45 by sMR, CD45 down-regulation
resulted in increased expression of TNF, IL-6, IL-1β, and IL-12
after stimulation with LPS (Fig. 3E). Importantly, addition of
FcMR after down-regulating CD45 had no further effect on cyto-
kine secretion (Fig. 3F), demonstrating that the activating effect of
the MR on macrophages was indeed due to its inhibition of CD45.

sMR-Mediated Inhibition of CD45 Activates an Src/Akt/NF-κB Signaling
Cascade in Macrophages. We next investigated how sMR-mediated
inhibition of CD45 results in macrophage reprogramming toward a
proinflammatory phenotype. First, we screened for overrepresented
transcription factor (TF) binding motifs in the nonprotein coding
regions of FcMR-specific up-regulated DE genes. Network visual-
ization of enriched TF binding motifs and their potential target DE
genes clearly exposed NF-κB as the dominating transcriptional
regulator of differential gene expression across all three time
points (Fig. 4A). In fact, from 351 known NF-κB target genes,
118 genes (34%) were significantly DE after FcMR treatment on
at least one time point (SI Appendix, Fig. S4 A and B and Dataset
S1). Moreover, from all 351 NF-κB target genes, only 269 genes
displayed a clear expression (BaseMean expression value ≥ 10)
in macrophages, of which 117 genes (43%) were increased by FcMR.
This proportion even increased up to 49% for all target genes with
BaseMean expression value ≥ 1,000 (61 out of 124 target genes),
suggesting a clear activation of NF-κB by the sMR. Indeed, macro-
phage treatment with FcMR significantly down-regulated IκBα
(Fig. 4B), an inhibitor of NF-κB, which disables its nuclear translo-
cation retaining NF-κB in the cytosol. Accordingly, enhanced nuclear
translocation of both NF-κB subunits p65 and p50 (Fig. 4C) and
increased recruitment of p65 toward the TNF promotor (SI Appen-
dix, Fig. S4D) were observed after treatment with FcMR.
Subsequently, we aimed at identifying the signaling cascade

leading from FcMR-mediated inhibition of CD45 to activation of
NF-κB. Since CD45 can lead to the activation of Src kinases (27),
Src in turn can activate Akt (28), and both Src and Akt have been
associated with NF-κB activation (29–32), we investigated whether
FcMR-mediated inhibition of CD45 resulted in NF-κB activation
through signaling via Src and Akt. Indeed, FcMR treatment in-
creased phosphorylation and hence activation of Src (Fig. 4D).
Furthermore, blocking Src using three different chemical inhib-
itors (PP2, KX2-391, and A419259) markedly decreased TNF
secretion (Fig. 4E). Of note, the effect of FcMR on TNF secretion
was abolished in the presence of these Src inhibitors (Fig. 4F), dem-
onstrating that FcMR-induced macrophage activation depends on Src
signaling. Similarly, FcMR treatment clearly increased phosphoryla-
tion of Akt (Fig. 4G), and addition of an Akt-specific inhibitor de-
creased LPS-induced secretion of TNF, IL-6, and IL-1β (Fig. 4H).
Also here, the stimulatory effect of FcMR on cytokine secretion
was abolished by Akt inhibition (Fig. 4I), showing an important
role for Akt signaling in FcMR-enhanced TNF secretion. Ac-
cordingly, inhibition of Akt prevented FcMR-induced translo-
cation of NF-κB into the nucleus (SI Appendix, Fig. S4D).
Taken together, these data demonstrate that sMR-mediated

inhibition of CD45 results in activation of an Src/Akt signaling
pathway leading to nuclear translocation of NF-κB and macro-
phage reprogramming toward an inflammatory phenotype.

Serum sMR Is Up-Regulated in Obesity and Promotes High-Fat
Diet–Induced Metabolic Dysfunctions and Hepatic Steatosis. Next,
we monitored whether the inflammatory effect of the MR on

F

A

B

C

D

E

Fig. 3. MR inhibits phosphatase activity of CD45 on macrophages. (A) Mac-
rophage cell lysates were immune precipitated using a CD45-specific antibody
and stained for FcMR binding by far Western blot. (B) Macrophage lysates
were immune precipitated with FcMR or isotype control and stained for CD45
by Western blot. (C) CD45 was precipitated from lysates of FcMR- or isotype
control-treated macrophages and incubated with 4-NPP in the presence or
absence of the CD45 inhibitor SF1670. Graph depicts CD45-mediated de-
phosphorylation of 4-NPP measured by colorimetry. Samples precipitated
without CD45 antibody were used as controls. (D) CD45 was precipitated from
lysates of FcMR- or isotype control-treated macrophages and incubated with
the CD45 substrate TATEGQ-pY-QPQ. Graph depicts the phosphorylation sta-
tus of TATEGQ-pY-QPQ. Samples precipitated without CD45 antibody were
used as controls. (E) Secretion of TNF, IL-6, IL-1β, and IL-12 by LPS-stimulated
macrophages after siRNA-mediated down-regulation of CD45. (F) Influence of
FcMR on secretion of TNF, IL-6, IL-1β, and IL-12 by LPS-stimulated macrophages
after siRNA-mediated down-regulation of CD45. All graphs are depicted as
mean ± SEM; for all experiments, n ≥ 3. *P < 0.05.
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macrophages regulates inflammatory processes in vivo using a
murine model of obesity-induced metaflammation. We first in-
vestigated whether high-fat diet (HFD) feeding resulted in changes

in serum sMR levels (SI Appendix, Fig. S5A), and we demonstrated
significantly increased sMR concentrations in the serum of HFD-
fed obese mice, as compared to lean control diet (CD)-fed mice
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Fig. 4. MR reprograms macrophages to a proinflammatory phenotype via Src/Akt/NF-κB signaling. (A) Network visualization of significantly enriched
(q-value < 0.1) TF binding motifs (blue) of the MSigDB motif gene set and their potential targets (colored in red according to their FC) among the up-
regulated DE genes after 4, 12, or 24 h of FcMR treatment. (B) MR-deficient macrophages were treated with FcMR or isotype control. Total IκB was deter-
mined by Western blot. (C) MR-deficient macrophages were treated with FcMR or isotype control. p65 and p50 were monitored in the cytosolic and nuclear
fraction by Western blot. (D) MR-deficient macrophages were treated with FcMR or isotype control. Src and phosphorylated Src (pSrc) were determined by
Western blot. (E) MR-deficient macrophages were treated with 3 μM PP2, 1 μM KX2-391, or 1 μM A419529 and stimulated with LPS. TNF secretion was
monitored by ELISA. (F) FcMR or isotype control-treated MR-deficient macrophages were incubated with PP2, KX2-391, or A419259 and stimulated with LPS.
Secretion of TNF was determined by ELISA. (G) MR-deficient macrophages were treated with FcMR or isotype control for 30 min. Akt and phosphorylated Akt
(pAkt) were determined by Western blot. (H) MR-deficient macrophages were treated with 5 μM MK-2206 and stimulated with LPS. TNF, IL-6, and IL-1β
secretion was monitored by ELISA. (I) FcMR or isotype control-treated MR-deficient macrophages were incubated with MK-2206 and stimulated with LPS.
Secretion of TNF, IL-6, and IL-1β was determined by ELISA. All graphs are depicted as mean ± SEM; for all experiments, n ≥ 3. *P < 0.05.
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(Fig. 5A). Additionally, serum sMR levels positively correlated
with body weight and fat mass of the mice (Fig. 5 B and C). In
humans, serum sMR levels were also increased in obese individuals
when compared to lean subjects (Fig. 5D) and correlated positively
with body mass index and fat mass (Fig. 5 E and F), indicating a
direct correlation between serum sMR levels and obesity in both
humans and mice.
Subsequently, we analyzed changes in MR-expressing cells as

putative source for increased sMR serum levels in HFD-fed mice.
In spleen and WAT of both CD- and HFD-fed mice, nearly all
MR-expressing cells were CD45+, whereas in liver, CD45− cells
also expressed the MR. These latter cells were identified as
CD31+CD146+ liver sinusoidal endothelial cells (LSECs), which
were indeed previously reported to express theMR (9). Importantly,
whereas no differences in MR expression could be detected in
CD45− cells, a clear increase in MR+ cells was observed in CD45+

hematopoietic cells in spleen, liver, and WAT of HFD-fed obese
mice compared to CD-fed mice (Fig. 5G). Of note, CD45+MR+

cells in all three organs were mainly identified as CD64+F4/80+

macrophages (SI Appendix, Fig. S5 B and C). Taken together, this
demonstrates that obesity increased MR-expressing macrophages in
spleen, liver, and WAT.
To test whether increased sMR levels regulate macrophage-

mediated inflammatory diseases in vivo, we then analyzed the
development of obesity-induced metaflammation in MR-deficient
mice (Fig. 6A). Whereas no differences in body weights were found
between wild-type and MR-deficient mice on CD, MR-deficient
mice gained slightly less weight on HFD (Fig. 6B). This effect was

not due to a decrease in caloric intake, as HFD-fed MR−/− mice
rather displayed a mild increase in food consumption when
compared to WT mice (SI Appendix, Fig. S6A). Furthermore, the
HFD-induced reductions in locomotor activity, energy expendi-
ture, and carbohydrate oxidation observed in WT obese mice
were found to be partly reverted in MR−/− mice (SI Appendix,
Fig. S6 B–E). Analysis of body composition showed that the
lower body weight in HFD-fed MR-deficient mice resulted ex-
clusively from a reduction in fat mass, without affecting lean
mass (Fig. 6C). Accordingly, the weights of epididymal, mesen-
teric, and subcutaneous (inguinal) WAT, as well as brown adi-
pose tissue (BAT), were lower in HFD-fed MR-deficient mice
(SI Appendix, Fig. S7 A and B). This decrease in WAT mass in
HFD-fed MR−/− mice appears to be due to reduced adipocyte
hyperplasia rather than hypertrophy (SI Appendix, Fig. S8 A–E).
Of note, no significant differences between genotypes were ob-
served in gene expression of proteins involved in adipocyte dif-
ferentiation and FA metabolism in epididymal white adipose
tissue (eWAT) (SI Appendix, Fig. S8F) nor in beiging or ther-
mogenic markers in inguinal white adipose tissue (iWAT) and
BAT, respectively (SI Appendix, Fig. S8 G and H). Liver weight
was also markedly lower in HFD-fed MR-deficient mice as com-
pared to wild-type controls (Fig. 6D), suggesting a reduction in
hepatic steatosis. Indeed, MR-deficient mice were completely
protected against HFD-induced hepatic steatosis (Fig. 6 F and G).
Accordingly, hepatic triglycerides, total cholesterol and phospho-
lipids contents (Fig. 6H, SI Appendix, Fig. S7F), and hepatic gene
expression of lipid droplet-associated proteins (SI Appendix, Fig.
S7H) were markedly lower in HFD-fed MR−/− mice. Furthermore,
the expression of various genes encoding proteins involved in FA
transport and storage were significantly decreased in HFD-fed
MR−/− mice, whereas no changes in expression of genes implicated
in FA oxidation were observed (SI Appendix, Fig. S7I). Circulating
alanine aminotransaminase (ALAT) levels were also markedly de-
creased in HFD-fed MR-deficient mice (SI Appendix, Fig. S7G).
We next assessed metabolic consequences of MR deficiency.

Although no differences in metabolic parameters were observed
between genotypes in CD-fed mice, HFD-fed MR-deficient mice
displayed lower fasting plasma insulin levels than wild-type mice,
whereas fasting glucose levels were unchanged (SI Appendix, Fig.
S7 C and D). The calculated Homeostasis Model Assessment of
Insulin Resistance index was significantly reduced in HFD-fed
MR-deficient mice (Fig. 6E), suggesting that insulin resistance is
less severe in these mice. In line with this, whole-body insulin sen-
sitivity (Fig. 6I) and glucose tolerance (Fig. 6J) were higher, despite
similar insulin levels (SI Appendix, Fig. S7E), in HFD-fed MR-
deficient mice compared to wild-type mice. Importantly, the alle-
viated hepatic steatosis and whole-body metabolic homeostasis were
still observed when HFD-fed MR-deficient mice were weight paired
to their wild-type counterparts (SI Appendix, Fig. S11 A–D), indi-
cating that MR deficiency protects against HFD-induced metabolic
dysfunctions independently of body weight changes. Altogether,
these data indicate that the MRmight contribute to obesity-induced
metabolic dysfunctions.

MR Promotes Inflammatory Macrophage Accumulation in eWAT and
Liver during Obesity. Since our in vitro data demonstrate that the
MR reprograms macrophages toward an inflammatory phenotype,
we next investigated whether the observed metabolic changes in
MR-deficient mice might be caused by reduced proinflammatory
macrophage activation in metabolic tissues.
As previously reported, HFD significantly increased obesity-

associated proinflammatory CD11c+ adipose tissue macrophages
(ATMs) in eWAT of wild-type mice (33), whereas total ATMs
and monocytes were not affected (Fig. 6 K–M and SI Appendix,
Fig. S9). Remarkably, while no significant differences in total ATMs
and monocyte numbers were observed between genotypes, inflam-
matory CD11c+ ATM numbers were found to be significantly higher

Fig. 5. sMR is up-regulated in obesity. (A) sMR levels in the serum of wild-
type or MR-deficient mice after HFD or CD feeding. (B and C) Correlation of
sMR serum levels and body weight (B) or fat mass (C) of all mice depicted in
A. (D) sMR levels in the serum of lean and obese humans. (E and F) Corre-
lation between sMR serum levels and body mass index (E) or fat mass (F). (G)
Wild-type mice were fed an HFD or CD for 18 wk. MR-expressing cells were
quantified in different organs. Results are expressed as means ± SEM; n = 7
mice per group for G. *P < 0.05.
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Fig. 6. MR regulates WAT and liver macrophage activation, hepatic steatosis, and metabolic homeostasis after HFD feeding. (A) Wild-type (WT) and MR-
deficient (MR−/−) mice were fed an HFD or CD for 18 wk. (B) Body weight of mice on diet for 18 wk. (C) Lean and fat mass after 18 wk on diet determined by
MRI. (D) Liver weight after 18 wk on diet. (E) Homeostasis Model Assessment of Insulin Resistance index (HOMA-IR) based on blood glucose and fasting
insulin. (F and G) Hematoxylin and eosin (H&E) staining (F) and quantification (G) of hepatic steatosis. (H) Levels of liver triglycerides. (I) Intraperitoneal insulin
tolerance test. Blood glucose levels were measured at the indicated time points, and the area under the curve (AUC) of the glucose excursion curve was
calculated as a surrogate measure for whole-body insulin resistance. (J) Intraperitoneal glucose tolerance test. The AUC of the glucose excursion curve was
calculated as a surrogate measure for whole-body glucose intolerance. (K–M) Numbers of total monocytes (K), macrophages (L), and CD11c+ macrophages
(M) per gram eWAT determined by flow cytometry. (N) Correlation between eWAT CD11c+ macrophages and whole-body insulin resistance, assessed by the
AUC of the glucose excursion curve. (O–R) Numbers of total monocytes (O), KCs (P), and CD11c+ KCs (Q) per gram liver determined by flow cytometry. (R)
Correlation between CD11c+ KCs and whole-body insulin resistance. Results are expressed as means ± SEM; n = 5 to 15 mice per group.*P < 0.05.
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in HFD-fed MR-expressing wild-type mice as compared to MR-
deficient mice (Fig. 6 K–M) and strongly correlated with whole-
body insulin resistance (Fig. 6N).
In the liver, HFD significantly increased proinflammatory CD11c+

KCs and monocytes in wild-type mice, while total KCs were not
affected (Fig. 6 O–Q). Similar to what was observed in eWAT,
inflammatory CD11c+ KCs, but also monocytes, were more abun-
dant in liver of MR-expressing wild-type mice as compared to MR-
deficient mice, of which the CD11c+ KCs again correlated strongly
with insulin resistance (Fig. 6R), while total KCs were not affected
(Fig. 6 O–Q). This was associated with higher expression of genes
involved in proinflammatory macrophage activation in liver and
WAT of MR-expressing wild-type mice (SI Appendix, Fig. S10 B and
D). Importantly, these differences in proinflammatory macrophage
abundances in metabolic tissues were still present when wild-type
and MR-deficient mice were weight paired (SI Appendix, Fig.
S11 E and F), indicating that also the regulation of obesity-
induced proinflammatory macrophages by the MR is independent
of changes in body weight. By contrast, MR deficiency neither af-
fected other myeloid and lymphocyte subsets nor T cell–associated
cytokines gene expression in eWAT or liver from HFD-fed mice
(SI Appendix, Fig. S10).
Taken together, these data provide first indications that the

MR might contribute to obesity-induced metaflammation.

sMR Treatment Induces Proinflammatory Cytokines, Metabolic
Dysfunctions, and Increased Proinflammatory Macrophages. To univ-
ocally determine the role of the MR in metaflammation, we in-
vestigated whether in vivo administration of sMR in lean mice is
able to induce macrophage activation and metabolic dysfunctions
by intraperitoneally injecting FcMR or isotype control every 3 d for
4 wk (Fig. 7A). We first monitored circulating cytokine levels in
response to a single intraperitoneal injection of FcMR in CD-fed
mice. In accordance with our in vitro experiments, even a single
injection of FcMR acutely increased serum levels of TNF and IL-6
and the chemokine MCP-1/CCL2 compared to isotype control-
treated mice (Fig. 7B).
After 4 wk of treatment, we monitored a mild increase in body

weight in FcMR-treated mice compared to control mice (Fig. 7 C
and D). In addition, insulin sensitivity, as measured by an acute
drop in blood glucose levels following insulin intraperitoneal (i.p.)
injection, was reduced in FcMR-treated mice compared to control
mice (Fig. 7 E and F), confirming the detrimental effect of the
sMR on whole-body metabolic homeostasis. Importantly, the ef-
fect of FcMR on HFD-induced insulin resistance was even more
pronounced when mice were fed an HFD concomitantly with
FcMR treatment for 4 wk, underlining the inflammatory effect of
the sMR in mice fed an HFD (SI Appendix, Fig. S12).
FcMR treatment increased macrophage numbers in eWAT of

lean mice (Fig. 7G). Moreover, gene expression of Il1b, Tnf, Il6,
and Ccl2 was increased in eWAT of FcMR-treated lean mice
(Fig. 7H). Accordingly, macrophages isolated from these mice
showed increased secretion of most of these cytokines upon stim-
ulation with LPS (Fig. 7I), demonstrating that, in lean mice, in-
creased serum sMR levels induce the secretion of proinflammatory
cytokines, induce whole-body insulin resistance, and promote
macrophage activation in metabolic tissues in vivo.

Discussion
The MR as a member of the C-type lectin family has mainly been
described as an endocytic receptor recognizing glycosylated an-
tigens and mediating antigen processing and presentation (34,
35). However, the extracellular region of the MR can be shed by
metalloproteases and released as a soluble protein in the extra-
cellular space. Consequently, the sMR is detectable in murine
and human serum (13, 14), and recent studies reported an in-
crease of serum sMR levels in a variety of inflammatory diseases
and serum sMR levels directly correlated with severity of disease

and mortality (15–20). Here, we demonstrated that, in addition
to a mere phenotypic correlation, the sMR plays a direct, func-
tional role in macrophage activation, driving reprogramming
toward a proinflammatory phenotype. By interacting with and inac-
tivating CD45, the sMR reprograms macrophages via activation of
Src/Akt signaling and nuclear translocation of NF-κB. In vivo, sMR
levels were increased in obese mice and humans as compared to
lean controls, and we found that MR deficiency reduced adipose
tissue and liver proinflammatory macrophages and protected against
obesity-induced metabolic dysfunctions. Consistently, treatment of
lean mice with sMR acutely increased serum proinflammatory cy-
tokines and induced both tissue macrophage activation and systemic
insulin resistance.
Although wild type (WT) and MR−/− mice on CD were phe-

notypically similar in term of body composition and whole-body
metabolic homeostasis, MR−/− mice on HFD appeared to be
slightly resistant to HFD-induced body weight gain and displayed
markedly improved insulin sensitivity and glucose tolerance when
compared to WT mice. However, it is important to underline that
body weight pairing of obese mice from the two genotypes clearly
indicated that the lower body weight observed in HFD-fed MR−/−

mice only marginally contributed to their lower hepatic steatosis,
improved whole-body metabolic homeostasis, and phenotypic
changes in AT and liver macrophages. In addition, we found that
sMR injections promoted inflammation but only induced mild
insulin resistance in lean WT mice. Although significant, this effect
was modest and may be explained by several factors, including the
timing of administration and dosage, but also by the fact that lean
mice are highly insulin sensitive. Of note, injecting sMR at the start
of HFD feeding accelerated the development of insulin resistance,
which supports a role for sMR in promoting metaflammation.
In this study, we found increased MR+ cells in spleen, liver,

and eWAT upon HFD feeding, which were almost exclusively
macrophages. Since cell surface MR can be shed and released as
a soluble form, obesity-induced changes in tissue homeostasis
may increase MR expression and sMR release by macrophages,
creating increased local and systemic sMR levels to promote
macrophage-mediated inflammation and metabolic dysfunctions.
An important factor in this process could be the ligand-inducible
TF PPAR-γ, which is activated, among others, by free FAs. In-
deed, single-cell RNA sequencing analysis of adipose tissue im-
mune cells revealed that PPAR signaling is among the up-regulated
pathways in obesity-induced lipid-associated macrophages in both
mice and humans (36). Since Mrc1 (encoding the MR) is also a
direct target gene of PPAR-γ (37), obesity-induced activation of
PPAR-γ in macrophages may lead to enhanced transcription of the
MR, eventually resulting in increased sMR levels. One of the lim-
itations of our study was the use of constitutive whole-body MR−/−

mice instead of a myeloid cell-specific knockout model, which is
currently not available. As such, the main cellular source of circu-
lating proinflammatory sMR remains to be confirmed, although it is
conceivable that a significant part of the increased circulating
sMR during obesity may also be derived from nonmyeloid MR-
expressing cells, such as LSECs.
Our data demonstrate that macrophage activation by the MR

was due to MR-mediated inhibition of CD45, which in turn leads
to activation of Src and Akt, and nuclear translocation of NF-κB.
CD45 has been postulated to inhibit Src kinases (27) and Akt
(28), a known regulator of NF-κB (30, 31, 38). Here, we show that
CD45-mediated dephosphorylation of Src induces Akt-mediated
nuclear translocation of NF-κB and that the sMR uses this sig-
naling pathway to induce macrophage reprogramming toward an
inflammatory phenotype. MR-mediated macrophage activation
depended on Akt signaling, as its inhibition abrogatedMR-mediated
nuclear translocation of NF-κB and ensuing TNF and IL-6 secretion
by macrophages. Additionally, Akt has been postulated as a regu-
lator that can fine-tune NF-κB–mediated responses through regu-
lating efficient binding of p65 to specific target promoters (32). Of
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note, these authors demonstrated that NF-κB–mediated ex-
pression of TNF was particularly sensitive to Akt signaling, which
is in accordance with the Akt-dependency of TNF expression after
MR-induced activation of macrophages described here.
The immunometabolic phenotype of obese MR-deficient mice

resembles that of mice deficient for MGL/CLEC10A, another
member of the C-type lectin family. Indeed, these mice displayed
reduced hepatic steatosis, insulin resistance, and glucose intol-
erance upon HFD when compared to wild-type mice, a feature
that was associated with lower AT proinflammatory macrophages
(39). In another context, MGL/CLEC10A was also shown to
bind and inactivate CD45 (40), offering the possibility that MGL/
CLEC10A can directly induce macrophage reprogramming by
inhibition of CD45, similar to the MR. Future studies will have
to reveal whether MGL/CLEC10A indeed plays a direct role in
macrophage activation, whether its expression is also increased
in HFD-induced obesity, and whether this may be mediated by a
soluble form of MGL/CLEC10A.
In summary, we demonstrate that a soluble form of the MR

reprograms macrophages toward an inflammatory phenotype by
interacting with CD45 on the surface of these macrophages. MR-
mediated inhibition of CD45 activated Src and Akt kinases, leading
to nuclear translocation of NF-κB and induction of a transcrip-
tional program that ultimately results in enhanced inflammatory
cytokine production. Furthermore, sMR levels in serum of obese
mice and humans are increased, strongly correlating with body
weight and adiposity, a feature that needs however to be confirmed
in female mice and larger population studies. Accordingly, MR de-
ficiency resulted in fewer adipose tissue and liver proinflammatory
macrophages and protection against hepatic steatosis and met-
aflammation, whereas increased MR levels induced elevated
serum proinflammatory cytokines, macrophage activation, and

metabolic dysfunctions. Altogether, our results identify sMR as a
regulator of proinflammatory macrophage activation and could
contribute to the development of new therapeutic strategies for
metaflammation and other hyperinflammatory diseases. Targeting
MR-mediated activation of macrophages using antibodies, nano-
bodies, aptamers, or small molecules that could prevent MR inter-
acting with macrophage CD45RO might open new possibilities for
therapeutics aimed at dampening (meta)inflammation.

Materials and Methods
Antibodies and Reagents.A detailed list of antibodies and reagents is included
in SI Appendix, Supplementary Methods.

Generation of Bone Marrow–Derived Macrophages. Bone marrow was flushed
from the femurs and tibias of mice and cultured for 7 d in medium containing
2.5% supernatant of a Granulocyte Macrophage Colony-Stimulating Factor
(GM-CSF)–producing cell line (total concentration 150 ng/mL).

Generation and Purification of FcMR. FcMR proteins (encompassing the CR
region, the FN II domain, and CTLD1-2 fused to the Fc region of hIgG1) and
isotype controls (Fc region of hIgG1) were generated as described previously
(21). For all in vitro experiments, FcMR and isotype controls were used in a
concentration of 10 μg/mL.

Monitoring Secretion of TNF, IL-6, IL-1β, and IL-12. Macrophages were incu-
bated with 10 μg/mL FcMR or isotype control, 300 ng/mL recombinant MR
(2535-MM-050, R&D Systems), 30 ng/mL purified sMR, 3 μM PP2, 1 μM KX2-
391, 1 μM A419259, or 5 μM MK-2206. After 2 h, LPS was added in the given
concentrations. Unless indicated differently, supernatants were collected at
3 h (TNF) or 18 h (IL-6, IL-12p70) post-LPS stimulation. For secretion of IL-1β,
cells were incubated with LPS for 3 h and with 10 mM nigericin for another 1
h. Secreted cytokine levels were measured by enzyme-linked immunosor-
bent assay (ELISA). Levels of TNF, IL-6, IL-1β, and MCP-1 in the circulation
at 2 h post-FcMR, isotype control injection, or in culture supernatant of

Fig. 7. Increased MR levels regulate whole-body metabolism and promote inflammation. (A) CD-fed WT mice were injected i.p. with 4.82 μmoles/mouse
FcMR or isotype control for 4 wk. (B) Serum cytokine concentrations were determined by cytometric bead array (CBA) at the indicated timepoints post–first
injection. (C and D) Graphs depicting body weight over time (C) and overall change in body weight (D). (E and F) Intraperitoneal insulin tolerance test after
FcMR treatment of CD-fed mice. Graph in F shows changes in circulating glucose levels at 15 min postinsulin i.p. (G) The number of F4/80+ magnetic cell
separation (MACS)-sorted eWAT macrophages was determined after 4 wk of treatment. (H) Expression of inflammatory genes in eWAT was monitored by
qPCR. (I) Cytokine secretion by F4/80+ macrophages from eWAT was determined by CBA after stimulation with 100 ng/mL LPS. BW: body weight. Results are
expressed as means ± SEM; n = 3 to 5 mice per group. *P < 0.05.
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LPS-treated eWAT macrophages were measured using the cytometric bead
array kits (BD Biosciences), per manufacturer’s recommendations.

Mice and Diet.All animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the Institute for Lab-
oratory Animal Research and have received approval from the university
Ethical Review Boards (DEC No. 12199; Leiden University Medical Center,
Leiden, The Netherlands). To reduce variation due to sex hormone cycles on
whole-body metabolism, male mice were used for all in vivo experiments.
MR−/− mice were generated on C57BL/6J background, regularly backcrossed
to C57BL/6J, and compared to age-matched C57BL/6J wild-type mice from
the same mouse facility. To minimize eventual effects of genotype-
dependent microbiota differences on metabolic and immunological out-
comes, the beddings of WT and MR−/− mice were frequently mixed before
randomization. All mice were housed in a temperature-controlled room
with a 12-h light–dark cycle. Throughout the experiment, food and tap
water were available ad libitum. The 8- to 10-wk-old male mice were ran-
domized according to total body weight, lean and fat mass, and fasting
plasma glucose, insulin, TC and TG levels, after which they were fed an HFD
(45% energy derived from fat, D12451, Research Diets) or a CD (10% energy
derived from fat, D12450B, Research Diets) for 18 wk. An a priori power
calculation was done. Analysis was performed blinded to the conditions. For
in vivo FcMR treatment, C57BL/6J wild-type littermate mice were random-
ized as above. Subsequently, mice were biweekly intraperitoneally injected
with 50 μg FcMR or 6.75 μg isotype control, to yield the same administered

dose of hIgG1, for 4 wk while either on CD or concomitant with the start of
HFD feeding.

Quantification and Statistical Analysis. All data are presented as mean ± SEM
(SEM). Statistical analysis was performed using GraphPad Prism 8.0 (Graph-
Pad Software) with unpaired t test, one-way or two-way ANOVA, followed
by Fisher’s post hoc test. Differences between groups were considered sta-
tistically significant at P < 0.05. Outliers were identified according to the
two-SD method. Single data points represent mean values of distinct inde-
pendent experiments (in vitro) or individual mice (in vivo).

Data Availability. The complete RNA-seq analysis including code and count
data can be found under jsschrepping/Embgenbroich_2020 at https://github.
com/schultzelab. Additionally, the unprocessed RNA-seq data are available
online in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.
gov) under accession number GSE145369.
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