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The injection of mannan into mice can result in the development of psoriasis (Ps) and 
psoriatic arthritis (PsA), whereas co-injection with antibodies toward collagen type 
II leads to a chronic rheumatoid-like arthritis. The critical event in all these diseases 
is mannan-mediated activation of macrophages, causing more severe disease if the 
macrophages are deficient in neutrophil cytosolic factor 1 (Ncf1), i.e., lack the capacity 
to make a reactive oxygen species (ROS) burst. In this study, we investigated the role of 
one of the receptors binding mannan; the macrophage mannose receptor (MR, CD206). 
MR is a C-type lectin present on myeloid cells and lymphatics. We found that mice 
deficient in MR expression had more severe mannan-induced Ps, PsA as well as rheu-
matoid-like arthritis. Interestingly, the MR-mediated protection was partly lost in Ncf1 
mutated mice and was associated with an type 2 macrophage expansion. In conclusion, 
these results show that MR protects against a pathogenic inflammatory macrophage 
response induced by mannan and is associated with induction of ROS.

Keywords: macrophage mannose receptor (cD206), rheumatoid arthritis, psoriatic arthritis, psoriasis, reactive 
oxygen species, mannan

inTrODUcTiOn

Rheumatoid arthritis (RA), psoriasis (Ps), and psoriatic arthritis (PsA) are common diseases in 
human, yet insufficiently understood. They are chronic, inflammatory, and genetically dependent 
diseases, induced by unknown environmental factors (1, 2). Ps is characterized by inflammation 
and hyperproliferation of the skin, while joints are affected in PsA. Ps affects approximately 2–3% 
of the population worldwide, and approximately 25% of Ps patients develop PsA. The cause of PsA 
is not known; however, inflammation-induced stimuli, physical injuries to the skin (the “Koebner 
response”), and various infections in genetically susceptible individuals have been shown to initi-
ate or exacerbate psoriatic lesions. For instance, increased Candida infections have been reported 
in Ps patients and Candida have been reported as an initiator of various skin diseases (1, 3–5). 
The disease is strongly associated with the major histocompatibility (MHC) region, but not with 

Abbreviations: CAIA, collagen antibody-induced arthritis; HLA, human leukocyte antigen; mCAIA, Mannan-enhanced 
collagen antibody-induced arthritis; M2, type 2 macrophages; MIP, mannan-induced psoriasis; MR, mannose receptor; Ncf1, 
neutrophil cytosolic factor 1; rmIL4, recombinant murine interleukine 4; αIL4ab, anti-interleukine 4 antibody; Ps, psoriasis; 
PsA, psoriatic arthritis; PTPN22, protein tyrosine phosphatase non-receptor type 22; RA, rheumatoid arthritis; ROS, reactive 
oxygen species.
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class II genes as in RA but with non-classical class I genes (6). 
RA is present in 0.5% of the population. It causes pain and 
inflammatory erosions of the joints, affects the cardiovascular 
system, and has several other comorbidities. RA leads to dis-
ability and a decreased quality of life if left untreated. RA is in 
part genetically dependent; among the identified genes are 
specific MHC class II genes, protein tyrosine phosphatase, 
non-receptor type 22, and neutrophil cytosolic factor 1 (Ncf1)  
(2, 7, 8).

Mannan-induced psoriasis (MIP) is a novel mouse model for 
PsA (induced by a single injection of mannan into mice) causing 
arthritic symptoms such as swelling and redness of the paws and 
the characteristic lesions of Ps. Mannan activates macrophages 
causing a production of TNF-α, which triggers IL17A secretion 
from γδ T cells resulting in local Ps-like inflammation. The dis-
ease is more severe under an environment with impaired reactive 
oxygen species (ROS), as NOX2 derived ROS in macrophages 
regulate disease severity. Interestingly, the disease is independent 
of the adaptive immune system players such as αβ T and B cells 
(3, 4).

Mannan can also induce chronic arthritis mimicking the 
development of RA, enhanced in both incidence and severity 
by a concomitant injection of anti-collagen type II antibodies 
(9).1 Mannan-enhanced collagen antibody-induced arthritis 
(mCAIA) is characterized by its dependency of ROS deficient 
macrophages and the complement pathway to develop. Similar 
to MIP, mCAIA is also independent of the adaptive immune 
system (see text footnote 1), although the location and erosions 
levels of the inflammation, the chronicity, and the effector 
mechanisms differ. MIP is dependent on IL17-mediated activa-
tion of innate lymphocytes whereas mCAIA is more critically 
dependent on the complement system.

However, the receptors, important for the recognition and 
initiation of these mannan-induced diseases, are unknown. 
This study focused on investigating one of the receptors binding 
mannan, the macrophage mannose receptor (MR, also known 
as CD206) and its role in MIP and mCAIA (10). MR is a C-type 
lectin receptor present on myeloid and endothelial cells (11). 
It is a type I membrane receptor mediating the endocytosis of 
glycoproteins by macrophages. It binds high-mannose contain-
ing structures on the surface of potentially pathogenic bacteria, 
viruses, and fungi traditionally thought to facilitate neutralization 
by phagocytic engulfment (12). Furthermore, investigation of 
human skin biopsies showed an increase of the MR (human and 
mouse MR are homologs) in psoriatic and dermatitis patients 
compared to normal controls (13, 14), and human MR was 
indicated to induce IL17 production (15). Its role in the immune 
system is not fully clarified but it is believed to be an important 
scavenger receptor (16, 17) and to be involved in antigen presen-
tation to T cells by certain macrophage and dendritic cell subsets 
(18–20). It is proposed to have a role in facilitating phagocytosis 
but the MR-deficient mice are not more infectious prone than 
wild-type mice (21, 22). Herein, we found that mice lacking MR 

1 Hagert C, Sareila O, Kelkka T, Nandakumar KS, Collin M, Xu B, et al. Chronic 
active arthritis driven by macrophages without involvement of T cells. Arthritis 
Rheumatol (in revision).

develop a more severe Ps and PsA and in particular a more severe 
chronic rheumatoid-like arthritis, suggesting that MR has a ROS-
dependent protective effect on innate immunity.

MaTerials anD MeThODs

Mice
Age- and sex-matched 6- to 12-week-old MR-deficient mice 
(23) with (BQ.Ncf1m1J) (24) or without (BQ.) the m1J mutation 
in Ncf1 gene were utilized. The mice were back-crossed more 
than 10 times to BQ from B6 background. WT is regarded as 
a B10.Q mice with normal MR and Ncf1 gene, Genotyping was 
performed with PCR, using the primers 5′-GAC CTT GGA 
CTG AGC AAA GGGG-3′, 5′-AGC TCG ATG CGG TTC ACC 
AG-3′, 5′-CTG AGA ATC CCC GCG TCCTC-3′ to detect the 
presence or absence of the MR gene, adapted from Lee et al. (23). 
The detection method of the Ncf1 point mutation has previously 
been described (24).

If not otherwise noted, littermates were used in the experi-
ments. Mice were housed under specific pathogen-free conditions 
as described earlier (25). The study was approved by the National 
Animal Experiment Board in Finland, ethical permit numbers 
ESAVI-0000497/041003/2011 and ESAVI/439/04.10.07/2017.

In Vivo injections
Mannan-induced psoriasis was introduced by a singular intra 
peritoneal injection of 10 mg mannan from Saccharomyces cer-
evisiae (Sigma #M7504). The mice were blindly assessed for both 
arthritic symptoms and psoriatic lesions according to standard-
ized macroscopic scoring system (3, 5, 25).

As described previously (see text footnote 1), mannan-
enhanced collagen antibody-induced arthritis (CAIA) is induced 
by a cocktail of four monoclonal anti-collagen type II antibodies 
injected i.v., followed by an i.p. injection of mannan day 5.

Type 2 macrophages (M2) were induced by an injection of 
5 µg recombinant mouse interleukin 4 (rmIL4; Peprotech #214-
14) and 25  µg anti-IL4 antibody (BD Biosciences #554387) in 
PBS (Sigma, Helsinki, Finland) on days 0 and 2, mice were then 
euthanatized on day 4, the protocol was adopted from Jenkins 
et al. (26) and Eichin et al. (27). Peritoneal cells were aseptically 
collected from naïve or in vivo stimulated mice, washed with sterile 
PBS, and plated 5 × 105 cells/ml in six-well plates. The cells were 
incubated with RPMI complemented with 5% FCS, 100  µg/ml  
streptomycin, and 100  U/ml penicillin for 70  h in +37°C in 
humidified incubator with 5% CO2. Cells were scraped, spun 
down, and washed with PBS.

Flow cytometry
Flow cytometry was performed as previously described (3, 28), 
shortly Fc-receptors were blocked and the cells stained with 
directly conjugated antibodies. To extracellularly stain the cells 
CD11b (V450 Rat anti-Mouse, Clone M1/70; BD #560455), Ly6g 
(PE-Cy™7 Rat Anti-Mouse, Clone 1A8, BD #560601) and F4/80 
(#MF48017, Invitrogen) was used. Biotinylated anti-MR (Biotin 
#MCA2235BT AbD Serotec) followed by Streptavidin-RPE Alexa 
Flour 647 (#S20992 Invitrogen) were used for intracellular staining 
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FigUre 1 | MR-deficient mice develop more severe disease. Psoriatic 
arthritis, psoriasis (Ps) [(a) two pooled experiments], and arthritis (B) was 
more severe in MR-deficient mice compared to controls, using mannan-
induced psoriasis and mannan-enhanced collagen antibody-induced arthritis 
(CAIA), respectively. Illustrated mice are age matched non-littermates and 
mixed sexes. Statistical analysis performed using Mann–Whitney, *p < 0.05, 
**p < 0.01, ***p < 0.001. MR, macrophage mannose receptor. Values are 
mean ± SEM.
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by using BD Cytofix/Cytoperm™ (#554722, BD Bioscience) 
according to the manufacture’s protocol. Measured in LSR II or 
LSR Fortessa (BD Bioscience), analysed with FlowJo software 
(Tree Star, Inc.). When the expression levels of MR were evaluated, 
the MR-specific signal was determined as the increase in geo-
metric mean in response to a control antibody (BD Pharmingen 
#555533).

l-012 imaging of rOs Production In Vivo
20  mg/kg L-012 probe (Wako Chemicals, Neuss, Germany) 
dissolved in physiological saline was injected i.p. into isoflurane-
anesthetized mice as previously described (29). The luminescent 
signal was detected with the IVIS 50 bioluminescent system 
(Xenogen, Alameda, CA, USA), and the analyses were performed 
with Living Image software version 2.50 (Xenogen).

statistical analysis
The graphs and statistical analyses were performed in GraphPad 
Prism software (GraphPad Software, Inc.), version 5.0. For 
comparison of two sample groups the Mann–Whitney test was 
utilized. *p < 0.05, **p < 0.01, and ***p < 0.001 was considered 
as significant.

resUlTs

Mr is Protective in both the MiP and 
Mannan-enhanced rheumatoid-like 
arthritis
Mannose receptor-deficient (MR−/−) mice, with the B10.Q back-
ground, were subjected to MIP and evaluated for disease severity 
by comparing them both to non-littermate and littermate con-
trols. The KO mice were found to have significantly more severe 
Ps and PsA disease compared to WT controls (Figure 1A). No 
difference was observed between littermate and non-littermate 
controls (Figure  1A; Figure S1 in Supplementary Material) 
indicating that there is no other non-linked gene influencing the 
results. The mice were also subjected to mCAIA, showing that 
loss of MR can break tolerance against the disease (Figure 1B).

The Protective effect by Mr is Diminished 
if a rOs Deficient environment is 
introduced
Since the Ncf1m1J mutation, that causes deficient ROS produc-
tion, has been proven to induce a more severe disease compared 
to wild-type mice (3), we investigated the role of MR in a ROS 
deficient environment utilizing the BQ.Ncf1m1J/m1J.MR−/− mice. 
Interestingly, Ncf1m1J mutated MR−/− mice showed no difference 
in severity and prevalence of arthritis, nor psoriatic symptoms 
compared to BQ.Ncf1m1J/m1J (Figure 2A). However, subjected to 
mCAIA, the ROS and MR-deficient mice did develop more severe 
disease (Figure 2B), although much less pronounced than in the 
mice with WT Ncf1 (Figure 1B). These data indicate that MR 
plays a suppressive role in mannan-induced diseases and that 
the suppressive effect interacts with the ROS producing NOX2 
complex.

Mr interacts with nOX2-Dependent rOs 
and the immune system
Both the MIP-like and the rheumatoid-like disease models are 
dependent on macrophage activation. As the ROS effect also 
operates through macrophages (30), we studied the macrophages 
of Ncf1 mutant and/or MR-deficient mice and compared them 
to WT control mice. No effect on the number of peritoneal cells 
could be observed in MR-deficient or Ncf1-deficient mice that 
were subjected to mannan once, twice, or in combination with 
CAIA antibodies (Figure  3A). However, the number of MR 
positive peritoneal macrophages expanded in ROS-deficient 
mice compared to WT controls (Figure  3B). No difference 
was seen in MR expression in peritoneal macrophages from 
naïve Ncf1-deficient and WT mice (Figure  3C). To investigate 
whether the MR stimulation promote differentiation into M2 
macrophages, peritoneal cells were stimulated twice in vivo with 
a mix of recombinant mouse IL4 and anti-IL4 antibody, using 
an established protocol to expand M2 macrophages in  vivo  
(26, 27). As previously reported (26); rmIL4 injections increased 
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FigUre 2 | Reactive oxygen species deficient mice develop severe psoriasis 
(Ps) and psoriatic arthritis [(a) n = 27–32 for arthritis graphs and n = 16–21 
for Ps graphs consisting of three and two pooled experiments, respectively] 
and arthritis [(B) n = 25–42, four pooled experiments]. The mannan-induced 
psoriasis model is no longer affected by MR, while the mannan-enhanced 
collagen antibody-induced arthritis (CAIA) model is (B). Statistical analyses 
were performed using Mann–Whitney, *p < 0,05. The mice are littermates of 
mixed sex (a) or only males (B). MR, macrophage mannose receptor; Ncf1*/*, 
neutrophil cytosolic factor 1 mutation m1J/m1J. Values are mean ± SEM.
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the levels of peritoneal cells. This is even more pronounced in 
the ROS-deficient mice (Figure 3D), indicating an effect by ROS 
on M2. It was found that the ROS-deficient mice more readily 
upregulated MR and had a more pronounced expansion of 
peritoneal macrophage numbers (Figure 3E) compared to WT 
controls. To illustrate this effect in vivo, the mice were injected 
with the luminescent probe L-012, which upon contact with ROS 
increases its luminescent signal (29), showing a decrease in ROS 
signal in MR-deficient mice (Figures 3F,G).

DiscUssiOn

In this work, we have shown a protective role for MR in inflam-
matory diseases that are dependent on the innate immune system, 
such as rheumatoid-like arthritis and MIP. The effect was associ-
ated with a ROS-dependent regulation of M2 macrophages. This 
is the first time a protective effect is seen by MR and interestingly 
it is regulating the innate and not the adaptive immune system.

The observation that MR operates to control innate immunity 
rather than the adaptive immune system came as a surprise 
because the main function of MR is so far believed to be involved 

in regulating antigen presentation and trafficking of lymphocytes 
to the draining lymph nodes. MR is a scavenger receptor with 
preference for glycosylated proteins and for collagens. It is believed 
that its role is to absorb glycosylated proteins from pathogens and 
facilitate antigen presentation of their antigens to the immune  
system. Mannosylated proteins and mannan are among the 
ligands that can be taken up. It could be hypothesized that the 
elevated disease in the MR KO mouse is primarily because of 
reduced mannan uptake, causing larger amounts of free man-
nan, leading to more severe disease has not been addressed in this 
study. However, it is unlikely that lack of proper scavenging of 
mannan is causing the regulation of the disease since MR are just 
one out of many scavenger receptors able to bind mannan. The 
uptake of mannan by MR is, however, likely to lead to antigen 
presentation and activation of the macrophages (11, 12). In the 
present work, we investigated inflammatory disease models for 
Ps, PsA, and RA that were all triggered by mannan but are also 
dependent on the innate immune system with no detectable 
involvement of the adaptive immunity (3, see text footnote 1). 
MR has also been widely used as a marker for M2 macrophages. 
M2 are characterized as immunosuppressive cells, playing a vital 
role in limiting and ending an inflammatory response (31–33). 
Furthermore, mannan has been described to bind to MR (12, 34), 
which indicates a role for the receptor in the development of MIP 
and mCAIA.

We also noted a regulative effect by ROS of the MR, indicat-
ing a shared pathway. Mannan injection led to a higher ROS 
response in MR sufficient mice as compared with mice lacking 
MR, indicating that mannan-mediated activation of MR leads to 
activation of the Ncf1 containing NOX2 complex. Thus, a pos-
sible explanation of the regulatory effect of MR is that it is due to 
an activation of NOX2 leading to a higher production of ROS that 
is well known to regulate chronic inflammation (35, 36). Lack of 
ROS also makes the presence of MR redundant in MIP as the 
observed effects are not as obvious in ROS-deficient mice as they 
are in mice with a normal ROS response. From in vitro studies 
ROS has been suggested to be of importance for differentiation of 
macrophages into M2 based on experiments where ROS is inhi-
bited using butylated hydroxyanisole, and concluding that M1 
cells can develop without ROS while M2 cannot (37). In MIP and 
mCAIA, this would mean that the disease could be driven by M1 
but the downregulating M2 cells cannot be active. However, our 
ROS-deficient mice (Ncf1m1J/m1J) have M2 macrophages in vivo, 
since these have MR, arginase and YM1 expressing macrophages 
(data not shown). This makes it more unlikely that ROS operates 
through complete blocking of the differentiation toward M2 
cells in vivo, rather ROS might affect the signaling cascade from 
certain receptors, such as MR, so that they become less effective. 
In light of the difference seen in ROS deficient mice between the 
MIP model and the mCAIA model one could hypothesize that 
this could indicate a more important role of M2 downregulating 
the mCAIA compared to the MIP model. In fact, the M1/M2 
balance may have a role in ROS regulation of the disease models 
since both MIP and mCAIA are exaggerated when induced in 
mice with a ROS-deficient macrophages. This was previously 
indicated in  situ where more similarities between the genes 
expressed in cells from Ps patients and IFNγ-treated cells (M1 
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FigUre 3 | Association between MR and reactive oxygen species (ROS). (a) Peritoneal cell levels was measured in naïve, mannan-induced psoriasis (collected 
d7 p.i.), mice injected twice with mannan (d0 and d18 sample collected d24), or mannan-enhanced collagen antibody-induced arthritis (collected d95 p.i. 
anti-collagen type II antibody injection) treated mice (n = 4–21, seven combined experiments). (B) Peritoneal fluid collected on day 1 after the mice were 
subjected to i.p. injections with mannan shows an increase in MR expressing macrophages (CD68+ and/or F4/80+) in the ROS-deficient compared to the WT  
and naïve mice (n = 7–10). (c) MR expression in naïve peritoneal cells in CD11b+Ly6g−F4/80hi (resident macrophages), CD11b+Ly6g−F4/80lo (infiltrating 
macrophages), and CD11b+Ly6g−macrophages. (D) Ncf1*/* and wild-type mice had an elevated number of cells in peritoneum upon in vivo stimulation with 
recombinant IL4/anti-IL4 antibody (n = 12–17). (e) i.v. injection with a combination of recombinant murine IL4 and anti-IL4 antibodies on d0 and d2, stimulates 
an increased expression of MR on macrophages (CD11b + , Ly6G−) at d4 in both the Ncf1*/* and the WT mice (gating strategies can be found in Figure S1 in 
Supplementary Material). (F) Lower levels of ROS are seen in MR mice after injection of mannan, as visualized by injection of L-012 1 day after mannan and 
subsequent imaging (n = 4 mean data from front paws), representative images (g). MR, macrophage mannose receptor; Ncf1*/*, neutrophil cytosolic factor 1 
mutation m1J/m1J; rmIL4, recombinant murine interleukin 4; αIL4ab, anti-interleukin 4 antibody. The data are shown as mean ± SEM. Statistical analysis 
Mann–Whitney, *p < 0.05, **p < 0.01, ***p < 0.001.
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phenotype) were observed compared to cells from Ps patients and 
IL4 treated cells (M2 phenotype). This together with other data 
indicates a driving role for the M1 cells in Ps and possibly a sup-
pression of the M2 phenotype in the Ps patients (38). Although 
macrophages seem to play a vital role in both diseases it is likely 
that more pathways, and possibly other cell types, are affected by 
the ROS regulation. This is evident in the enhanced upregulation 
of total cell population in peritoneum in the Ncf1-deficient mice 
compared to control mice in IL4 treated mice, but subsequent 
analyzation of the MR expression fail to indicate a significant 

difference between the groups. For example, the STAT1/IFN I 
pathway and the IL17 induced pathway has been implicated to be 
regulated by ROS and to play a role in development of arthritis 
and Ps. In fact, inhibitors toward different cytokines are success-
fully used in Ps, PsA and arthritis. The MIP model was previously 
shown to have upregulated levels of IL17 and TNF. It is, however, 
unlikely that MR has a direct effect on these cytokines since they 
are not necessarily produced in the same cell type. In fact, using 
imiquimod induced Ps, MR was shown to be enhanced in sick 
mice compared to healthy, but IL17 treatment failed to reduce the 
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MR expression (3, 28, 39–42). It is also possible that the differ-
ence seen in ROS regulation of the suppressive effect of MR seen 
between MIP and mCAIA could be due to differences in different 
roles of cytokines in these models.

Mannose receptor-deficient mice have also been shown to 
have a decreased adhesion of lymphocytes to the lymphatics 
compared to WT mice. A lower adhesion of the lymphocytes 
to the lymphatic system, caused by the lack of MR, should 
theoretically decrease the spreading of the disease: not increase 
it. However, Marttila-Ichihara et al. (11) have shown a reduction 
of lymphocyte migration from the skin into the draining lymph 
nodes through the afferent lymphatics in MR-deficient mice. It 
is not clarified, however, whether also innate lymphocytes are 
affected and a reduced amount of such lymphocytes leaving the 
skin and joints may cause increase in psoriatic and joint lesions 
seen in the MR-deficient mice.

Since several studies have found an enhanced expression of 
MR in patients with atopic dermatitis and Ps compared to normal 
human skin biopsies (13, 14, 38), our findings may have clinical 
importance. Also, Heftdal et al. (43) recently reported elevated 
levels of soluble MR in patients with early arthritis. Furthermore, 
they observed a decrease in MR levels when patients were suc-
cessfully treated with anti-TNFα and DMARDs. Taken together, 
the upregulation of MR in human disease and our results utiliz-
ing the MR-deficient mice indicates that an activation of MR 
initiates a protective pathway in autoimmune diseases. Further 
studies are needed to conclude which receptor is important for 
inflammatory effect of mannan, but the observation that MR 
protect against Ps and arthritis in the mouse opens a possibil-
ity to investigate a new pathway and the development of novel 
therapies.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of ethical permit numbers ESAVI-0000497/041003/2011 

and ESAVI/439/04.10.07/2017 issued by the National Animal 
Experiment Board of Finland. The protocol was approved by the 
National Animal Experiment Board of Finland.

aUThOr cOnTriBUTiOns

Acquisition of data and analysis: CH and TK. Conception or 
design of the work: CH, OS, TK, SJ, and RH. Drafting the manu-
script: CH, OS, and RH. Revising the manuscript: TK and SJ. All 
authors ensure the accuracy of this work.

acKnOWleDgMenTs

Flow cytometry was performed at the Cell Imaging Core, Turku 
Centre for Biotechnology, Turku, Finland. The authors are grateful 
to Ia Khmaladze for the pioneer work establishing the MIP model 
and for the helpful discussions we have had during the years. The 
authors also want to thank Tiina Kyrölä, Riina Larmo, and Laura 
Nyman for excellent animal care taking. We also extend thanks to 
Sofia Rosendahl for all the invaluable technical help.

FUnDing

This study was funded by the Academy of Finland, the National 
Doctoral Programme in Informational and Structural Biology, 
the Turku University Foundation, the King Gustaf V 80 Years 
Foundation, Sigrid Jusélius Foundation, Finnish Cultural 
Foundation, The Southwest Finland Foundation, Swedish Science 
Research Council, Knut and Alice Wallenberg Foundation, and 
Science Strategic Foundation.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00114/
full#supplementary-material.

reFerences

1. Michael PS, Boehncke W-H. Psoriasis. N Engl J Med (2005) 352:1899. 
doi:10.1056/NEJMra041320 

2. Gerlag DM, Norris JM, Tak PP. Towards prevention of autoantibody-positive 
rheumatoid arthritis: from lifestyle modification to preventive treatment. 
Rheumatology (Oxford) (2016) 55(4):607–14. doi:10.1093/rheumatology/
kev347 

3. Khmaladze I, Kelkka T, Guerard S, Wing K, Pizzolla A, Saxena A, et  al. 
Mannan induces ROS-regulated, IL-17A-dependent psoriasis arthritis-like 
disease in mice. Pro Natl Acad Sci U S A (2014) 111(35):E3669–78. doi:10.1073/
pnas.1405798111 

4. Kopp T, Riedl E, Bangert C, Bowman EP, Greisenegger E, Horowitz A, et al. 
Clinical improvement in psoriasis with specific targeting of interleukin-23. 
Nature (2015) 521:222. doi:10.1038/nature14175 

5. Khmaladze I, Nandakumar KS, Holmdahl R. Reactive oxygen species in 
psoriasis and psoriasis arthritis: relevance to human disease. Int Arch Allergy 
Immunol (2015) 166(2):135–49. doi:10.1159/000375401 

6. Bowcock AM, Krueger JG. Getting under the skin: the immunogenetics of 
psoriasis. Nat Rev Immunol (2005) 5(9):699–711. doi:10.1038/nri1734 

7. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of rheu-
matoid arthritis contributes to biology and drug discovery. Nature (2014) 
506(7488):376–81. doi:10.1038/nature12873 

8. Olofsson P, Holmberg J, Tordsson J, Lu S, Akerstrom B, Holmdahl R. Positional 
identification of Ncf1 as a gene that regulates arthritis severity in rats. Nat 
Genet (2003) 33(1):25–32. doi:10.1038/ng1058 

9. Nandakumar KS, Holmdahl R. Efficient promotion of Collagen Antibody 
Induced Arthritis (CAIA) using four monoclonal antibodies specific for the 
major epitopes recognized in both collagen induced arthritis and rheuma-
toid arthritis. J Immunol Methods (2005) 304(1–2):126–36. doi:10.1016/j.
jim.2005.06.017 

10. Taylor PR, Gordon S, Martinez-Pomares L. The mannose receptor: linking 
homeostasis and immunity through sugar recognition. Trends Immunol 
(2005) 26(2):104–10. doi:10.1016/j.it.2004.12.001 

11. Marttila-Ichihara F, Turja R, Miiluniemi M, Karikoski M, Maksimow M, 
Niemelä J, et al. Macrophage mannose receptor on lymphatics controls cell 
trafficking. Blood (2008) 112(1):64. doi:10.1182/blood-2007-10-118984 

12. Barreto-Bergter E, Figueiredo RT. Fungal glycans and the innate immune 
recognition. Front Cell Infect Microbiol (2014) 14(4):145. doi:10.3389/
fcimb.2014.00145 

13. Wollenberg A, Mommaas M, Oppel T, Schottdorf E-M, Günther S,  
Moderer M. Expression and function of the mannose receptor CD206 on 
epidermal dendritic cells in inflammatory skin diseases. J Invest Dermatol 
(2002) 118(2):327. doi:10.1046/j.0022-202x.2001.01665.x 

14. de Koning HD, Rodijk-Olthuis D, van Vlijmen-Willems IM, Joosten LA, 
Netea MG, Schalkwijk J, et al. A comprehensive analysis of pattern recognition 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00114/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00114/full#supplementary-material
https://doi.org/10.1056/NEJMra041320
https://doi.org/10.1093/rheumatology/kev347
https://doi.org/10.1093/rheumatology/kev347
https://doi.org/10.1073/pnas.1405798111
https://doi.org/10.1073/pnas.1405798111
https://doi.org/10.1038/nature14175
https://doi.org/10.1159/000375401
https://doi.org/10.1038/nri1734
https://doi.org/10.1038/nature12873
https://doi.org/10.1038/ng1058
https://doi.org/10.1016/j.jim.2005.06.017
https://doi.org/10.1016/j.jim.2005.06.017
https://doi.org/10.1016/j.it.2004.12.001
https://doi.org/10.1182/blood-2007-10-118984
https://doi.org/10.3389/fcimb.2014.00145
https://doi.org/10.3389/fcimb.2014.00145
https://doi.org/10.1046/j.0022-202x.2001.01665.x


7

Hagert et al. MR Regulates Ps and Arthritis

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 114

receptors in normal and inflamed human epidermis: upregulation of dectin-1 
in psoriasis. J Invest Dermatol (2010) 30(11):2611. doi:10.1038/jid.2010.196 

15. van de Veerdonk FL, Marijnissen RJ, Kullberg BJ, Koenen HJ, Cheng SC, 
Joosten I, et al. Macrophage mannose receptor and Th17. Cell Host Microbe 
(2009) 5:329. doi:10.1016/j.chom.2009.02.006 

16. Kerrigan AM, Brown GD. C-type lectins and phagocytosis. Immunobiology 
(2009) 214(7):562–75. doi:10.1016/j.imbio.2008.11.003 

17. Gordon S. Alternative activation of macrophages. Nat Rev Immunol (2003) 
3(1):23–35. doi:10.1038/nri978 

18. Stahl PD, Ezekowitz RA. The mannose receptor is a pattern recognition 
receptor involved in host defense. Curr Opin Immunol (1998) 10(1):50–5. 
doi:10.1016/S0952-7915(98)80031-9 

19. Allavena P, Chieppa M, Monti P, Piemonti L. From pattern recognition receptor 
to regulator of homeostasis: the double-faced macrophage mannose receptor. 
Crit Rev Immunol (2004) 24(3):179–92. doi:10.1615/CritRevImmunol.v24.i3.20 

20. Engering AJ, Cella M, Fluitsma D, Brockhaus M, Hoefsmit EC, Lanzavecchia A,  
et al. The mannose receptor functions as a high capacity and broad specificity 
antigen receptor in human dendritic cells. Eur J Immunol (1997) 27(9):2417–
25. doi:10.1002/eji.1830270941 

21. Lee SJ, Zheng NY, Clavijo M, Nussenzweig MC. Normal host defense during 
systemic candidiasis in mannose receptor-deficient mice. Infect Immun (2003) 
71(1):437–45. doi:10.1128/IAI.71.1.437-445.2003 

22. Swain SD, Lee SJ, Nussenzweig MC, Harmsen AG. Absence of the macrophage 
mannose receptor in mice does not increase susceptibility to Pneumocystis 
carinii infection in vivo. Infect Immun (2003) 71(11):6213–21. doi:10.1128/
IAI.71.11.6213-6221.2003 

23. Lee SJ, Evers S, Roeder D, Parlow AF, Risteli J, Risteli L, et  al. Mannose  
receptor-mediated regulation of serum glycoprotein homeostasis. Science 
(2002) 295(5561):1898–901. doi:10.1126/science.1069540 

24. Hultqvist M, Olofsson P, Holmberg J, Bäckström BT, Tordsson J,  
Holmdahl R. Enhanced autoimmunity, arthritis, and encephalomyelitis in 
mice with a reduced oxidative burst due to a mutation in the Ncf1 gene. Proc 
Natl Acad Sci U S A (2004) 101:12646–51. doi:10.1073/pnas.0403831101 

25. Sareila O, Hagert C, Rantakari P, Poutanen M, Holmdahl R. Direct com-
parison of a natural loss-of-function single nucleotide polymorphism with 
a targeted deletion in the ncf1 gene reveals different phenotypes. PLoS One 
(2015) 10(11):e0141974. doi:10.1371/journal.pone.0141974 

26. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van Rooijen N, 
et  al. Local macrophage proliferation, rather than recruitment from the 
blood, is a signature of TH2 inflammation. Science (2011) 332(6035):1284–8. 
doi:10.1126/science.1204351 

27. Eichin D, Laurila JP, Jalkanen S, Salmi M. CD73 activity is dispensable for 
the polarization of M2 macrophages. PLoS One (2015) 10(8):e0134721. 
doi:10.1371/journal.pone.0134721 

28. Kelkka T, Kienhöfer D, Hoffmann M, Linja M, Wing K, Sareila O, et al. Reactive 
oxygen species deficiency induces autoimmunity with type 1 interferon 
signature. Antioxid Redox Signal (2014) 21(16):2231. doi:10.1089/ars.2013. 
5828 

29. Kelkka T, Hultqvist M, Nandakumar KS, Holmdahl R. Enhancement of 
antibody-induced arthritis via Toll-like receptor 2 stimulation is regulated 
by granulocyte reactive oxygen species. Am J Pathol (2012) 181(1):141–50. 
doi:10.1016/j.ajpath.2012.03.031 

30. Holmdahl R, Sareila O, Pizzolla A, Winter S, Hagert C, Jaakkola N, et  al. 
Hydrogen peroxide as an immunological transmitter regulating autore-
active T Cells. Antioxid Redox Signal (2013) 18(12):1463–74. doi:10.1089/
ars.2012.4734 

31. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: 
time for reassessment. F1000Prime Rep (2014) 6:13. doi:10.12703/P6-13 

32. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling 
of the human monocyte-to-macrophage differentiation and polarization: new 
molecules and patterns of gene expression. J Immunol (2006) 177(10):7303. 
doi:10.4049/jimmunol.177.10.7303 

33. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et  al. 
Macrophage activation and polarization: nomenclature and experimental 
guidelines. Immunity (2014) 17(1):14. doi:10.1016/j.immuni.2014.06.008 

34. Gauglitz GG, Callenberg H, Weindl G, Korting HC. Host defence against 
Candida albicans and the role of pattern-recognition receptors. Acta Derm 
Venereol (2012) 92:291. doi:10.2340/00015555-1250 

35. Tan HY, Wang N, Li S, Hong M, Wang X, Feng Y. The reactive oxygen spe-
cies in macrophage polarization: reflecting its dual role in progression and 
treatment of human diseases. Oxid Med Cell Longev (2016) 2016:2795090. 
doi:10.1155/2016/2795090 

36. Singel KL, Segal BH. NOX2-dependent regulation of inflammation. Clin Sci 
(Lond) (2016) 130(7):479–90. doi:10.1042/CS20150660 

37. Zhang Y, Choksi S, Chen K, Pobezinskaya Y, Linnoila I, Liu ZG. ROS play 
a critical role in the differentiation of alternatively activated macrophages 
and the occurrence of tumor-associated macrophages. Cell Res (2013) 
23(7):898–914. doi:10.1038/cr.2013.75 

38. Fuentes-Duculan J, Suarez-Farinas M, Zaba LC, Nograles KE, Pierson KC, 
Mitsui H, et al. A subpopulation of CD163-positive macrophages is classically 
activated in psoriasis. J Invest Dermatol (2010) 130(10):2412–22. doi:10.1038/
jid.2010.165 

39. Hald A, Andres RM, Salskov-Iversen ML, Kjellerup RB, Iversen L,  
Johansen C. STAT1 expression and activation is increased in lesional  
psoriatic skin. Br J Dermatol (2013) 168(2):302–10. doi:10.1111/bjd.12049 

40. Kasperkovitz PV, Verbeet NL, Smeets TJ, van Rietschoten JG, Kraan MC,  
van der Pouw Kraan TC, et al. Activation of the STAT1 pathway in rheumatoid 
arthritis. Ann Rheum Dis (2004) 63(3):233–9. doi:10.1136/ard.2003.013276 

41. Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L, et  al. 
Human interleukin-17: a T  cell-derived proinflammatory cytokine pro-
duced by the rheumatoid synovium. Arthritis Rheum (1999) 42(5):963–70. 
doi:10.1002/1529-0131(199905)42:5<963::AID-ANR15>3.0.CO;2-E 

42. Nakai K, He YY, Nishiyama F, Naruse F, Haba R, Kushida Y, et  al. IL-17A 
induces heterogeneous macrophages, and it does not alter the effects of lipo-
polysaccharides on macrophage activation in the skin of mice. Sci Rep (2017) 
7(1):12473. doi:10.1038/s41598-017-12756-y 

43. Heftdal LD, Stengaard-Pedersen K, Ornbjerg LM, Hetland ML, Horslev-
Petersen K, Junker P, et al. Soluble CD206 plasma levels in rheumatoid arthritis 
reflect decrease in disease activity. Scand J Clin Lab Invest (2017) 77(5):385–9. 
doi:10.1080/00365513.2017.1331462 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Hagert, Sareila, Kelkka, Jalkanen and Holmdahl. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/jid.2010.196
https://doi.org/10.1016/j.chom.2009.02.006
https://doi.org/10.1016/j.imbio.2008.11.003
https://doi.org/10.1038/nri978
https://doi.org/10.1016/S0952-7915(98)80031-9
https://doi.org/10.1615/CritRevImmunol.v24.i3.20
https://doi.org/10.1002/eji.1830270941
https://doi.org/10.1128/IAI.71.1.437-445.2003
https://doi.org/10.1128/IAI.71.11.6213-6221.2003
https://doi.org/10.1128/IAI.71.11.6213-6221.2003
https://doi.org/10.1126/science.1069540
https://doi.org/10.1073/pnas.0403831101
https://doi.org/10.1371/journal.pone.0141974
https://doi.org/10.1126/science.1204351
https://doi.org/10.1371/journal.pone.0134721
https://doi.org/10.1089/ars.2013.5828
https://doi.org/10.1089/ars.2013.5828
https://doi.org/10.1016/j.ajpath.2012.03.031
https://doi.org/10.1089/ars.2012.4734
https://doi.org/10.1089/ars.2012.4734
https://doi.org/10.12703/P6-13
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.2340/00015555-1250
https://doi.org/10.1155/2016/2795090
https://doi.org/10.1042/CS20150660
https://doi.org/10.1038/cr.2013.75
https://doi.org/10.1038/jid.2010.165
https://doi.org/10.1038/jid.2010.165
https://doi.org/10.1111/bjd.12049
https://doi.org/10.1136/ard.2003.013276
https://doi.org/10.1002/1529-0131(199905)42:5 < 963::AID-ANR15 > 3.0.CO;2-E
https://doi.org/10.1038/s41598-017-12756-y
https://doi.org/10.1080/00365513.2017.1331462
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Macrophage Mannose Receptor Regulate Mannan-Induced Psoriasis, Psoriatic Arthritis, and Rheumatoid Arthritis-Like Disease Models
	Introduction
	Materials and Methods
	Mice
	In Vivo Injections
	Flow Cytometry
	L-012 Imaging of ROS Production In Vivo
	Statistical Analysis

	Results
	MR Is Protective in both the MIP and Mannan-Enhanced Rheumatoid-Like Arthritis
	The Protective Effect by MR Is Diminished if a ROS Deficient Environment Is Introduced
	MR Interacts with NOX2-Dependent ROS and the Immune System

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


