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Mouse CD163 deficiency
strongly enhances experimental
collagen-induced arthritis

Pia Svendsen?, Anders Etzerodt®?, Bent W. Deleuran®* & Seren K. Moestrup25-*

The scavenger receptor CD163 is highly expressed in macrophages in sites of chronic inflammation
where it has a not yet defined role. Here we have investigated development of collagen-induced
arthritis (CIA) and collagen antibody-induced arthritis (CAIA) in CD163-deficient C57BL/6 mice.
Compared to wild-type mice, the CIA in CD163-deficient mice had a several-fold higher arthritis score
with early onset, prolonged disease and strongly enhanced progression. Further, the serum anti-
collagen antibody isotypes as well as the cytokine profiles and T cell markers in the inflamed joints
revealed that CD163-deficient mice after 52 days had a predominant Th2 response in opposition

to a predominant Thl response in CD163+/+ mice. Less difference in disease severity between the
CD163+/+ and CD163-/- mice was seen in the CAIA model that to a large extent induces arthritis
independently of T-cell response and endogenous Th1/Th2 balance. In conclusion, the present set of
data points on a novel strong anti-inflammatory role of CD163.

The scavenger receptor CD163 is expressed exclusively in cells of monocytic origin with a high expression in
M2-type macrophages where it has an established role in scavenging hemoglobin (Hb) released into plasma’. The
receptor and its function have been most intensively studied in human systems, but the selective myelomonocytic
expression of CD163 with a high upregulation in the M2-type macrophages is also seen in animals including
rodents®*. Expression of CD163 in human monocytes is low and in circulating mouse monocytes it is absent*. In
humans, the complex formation of Hb and haptoglobin (Hp) leads to a high-affinity interaction with CD163! and
subsequent endocytosis and degradation of Hb-Hp into amino acids and the heme-derived anti-inflammatory
metabolites CO and bilirubin®. Further, CD163 is reported to mediate uptake of tumor necrosis factor-a (TNF-
a)-like weak inducer of the apoptosis (TWEAK)® and High-Mobility Group Box 1 Protein (HMGB1) complexed
to Hp’. The ligand repertoire disclosed so far points to an overall anti-inflammatory role of CD163, which is
also supported by the features regulating CD163 expression. Mediators with a predominant anti-inflammatory
activity such as glucocorticoid, interleukin (IL)-6 and IL-10 upregulate CD163, whereas compounds with a
predominant pro-inflammatory activity such as lipopolysaccharide (LPS), TNF-q, interferon y (INF-y), CXC-
chemokine ligand 4 (CXCL4), and granulocyte-macrophage colony-stimulating factor (CSF-2) downregulate
CD163 expression®. During the acute pro-inflammatory response, CD163 in macrophages is also instantly down-
regulated by ADAM17-induced shedding leading to a strong increase of soluble CD163 in plasma together with
pro-inflammatory cytokines such as TNF-a that is also released by the metalloproteinase ADAM17%-1°.

In many chronic inflammatory diseases, such as rheumatoid arthritis (RA), CD163 is highly up-regulated™>!!
at the sites inflammation, which is in line with clinical evidence'? showing that accumulation of M2-type mac-
rophages is an important part of the chronic and late inflammatory response. In mice, CD163 is mainly expressed
by tissue-resident macrophages® and recently CD163 was also shown to be expressed on a RELM-a positive sub-
set of interstitial macrophages in the joint synovial membrane'. However, expression of CD163 on infiltrating
inflammatory macrophages in mouse models of rheumatoid arthritis has not yet been described.

The M2 macrophage phenotype represents a broad spectrum of macrophage subtypes that are regarded as
having mainly an anti-inflammatory role, which includes stimulation of tissue repair and to some extent coun-
teracting the pro-inflammatory immune cells such as M1-type macrophages, B- and T cells and granulocytes'*'>.
It should therefore be noted that the macrophage M1/M2 paradigm is a simplified model of macrophage
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Figure 1. Representative anti-CD163 staining of inflamed paws of wildtype (a,b) and CD163-deficient
CIA-mice (c,d). Rabbit IgG isotype controls (a,c) showed no staining, whereas the anti-CD163 antibody (b,d)
specifically stained macrophages in wild type mice, but not in CD163-deficient mice. N =5 for each group.
Magnification x 20. Scale bars equals 50 um.

5.-e- CD163 /- (n=15)
-~ CD163+- (n=T7)

[+

‘g 41—« CD163+/+ (n=12)

2 Fekekek
< 31

o

£

T 21 i

c

3

s 17

0 20 40 60
Days post 1. immunization

Figure 2. Induction of CIA in wild-type (n=12), heterozygous (n=7) and CD163—/— mice (n=15). Clinical
scores following immunization with chicken type II collagen in Freund’s complete adjuvant. Arrow indicates
2. immunization. Data presented as mean + SEM. Paired t-test for significance; ****p <0.0001. The figure is
representative of three independent experiments.

polarization rather than an exact description of the many overlapping classes of macrophages and their role in
inflammation in vivo and the use of the nomenclature is therefore much debated'®.

In this study, we analyzed the effect of CD163 deficiency in experimental mouse CIA and CAIA, which are
well-known mouse models showing pathogenic features similar to RA such as pannus formation, cellular infil-
tration, synovitis and cartilage/bone destruction!'’-%°. The CIA model, which is dependent on T and B cells, was
used to examine T cell responses in CD163-deficient mice. Various mice strains display different susceptibility
to development of arthritis and C57/BL6 mice, which represent the predominant mouse strain used for targeted
gene disruption, has a lower arthritis response to collagen immunization compared to for instance DBA/1%!. This
difference in disease severity between mouse strains of different genetic background has been linked to different
MHC class subtypes and the balance between Th1 and Th2 responses*>*>?’. The Th1/Th2 balance is affected by
the M1/M2 macrophage balance and vice versa?. In vitro, Th1 and Th2 cytokines stimulate polarization into
the M1 and M2 macrophage phenotypes. In the present study, we have observed and described profound effects
on the Th1/Th2 balance and arthritis severity in collagen-immunized C57/BL6 mice, when M2 macrophages
become deficient of one of their major plasma membrane components, the receptor CD163.

Results

CD163 deficiency strongly enhances disease severity in experimental CIA. Mice immunized
with chicken type II collagen in adjuvant induced a modest arthritis response in normal C57/BL6 mice as
previously reported'”'® (Figs. 1 and 2). In wild-type mice, CD163 macrophages were detected locally in the
inflamed paws (Fig. 1b). In contrast, litter-mates deficient of CD163 expression (CD163 -/-) (Fig. 1d) displayed
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Figure 3. Anti-collagen type II antibody serum levels in the CIA model of CD163+/+ (n=11) and CD163—/-
mice (n=13). (a) Total IgG (b) IgGl, (c) IgG2b, (d) IgG2c, (e) IgG3 and (f) IgG1/IgG2c ratio in serum were
measured by an enzyme-linked immunosorbent assay at termination of the experiment (52 days post 1.
immunization). Values are means + SEM. Unpaired t-test performed for significance;*p <0.05, **p <0.01 versus
wildtype.

a much more severe arthritis with early onset and much prolonged response (Fig. 2; p<0.0001). In terms of
maximal clinical score, the severity of arthritis of the CD163 deficient mice was more than three-fold higher.
After two months, the CD163—/— mice showed no signs of disease regression, whereas the CD163+/+ mice that
peaked with disease activity around day 30 had no or only weak signs of disease (Fig. 2). Heterozygous mice
(CD163+/-) were not significantly affected (Fig. 2; p=0.08). Disease incidence (70-80%) was similar in in wild-
type, CD163+/—and CD163-/— mice.

Altered antibody isotype response against type Il collagen in CD163-deficient mice. High lev-
els of circulating autoantibodies to CII are always associated with CIA and the IgG isotype profile against the
endogenous mouse collagen antigen highly depends on the Th1/Th2 balance®. IgG2 and IgG3 antibodies are
associated with a Th1 response, whereas IgG1 production is associated with a Th2 response®®?. Determina-
tion of the anti-collagen-II IgG1, IgG2b, IgG2c and IgG3 isotypes in the CD163—/— and CD163+/+ mice at
termination of the CIA experiment (Fig. 3) revealed a similar quantitative collagen-specific IgG response in
wild-type and CD163—/— mice (Fig. 3a), but with clear differences in the IgG subtypes. The titer of IgG1 was
substantially and significantly higher in the CD163—/— mice (Fig. 3b; p=0.032; CD163+/+ 12.32+2.04 pg/ml,
CD163—/—- 25.11 +4.49 ug/ml), whereas the titers of IgG2c and IgG3 were significantly lower in the CD163—/-
mice than in wild-type mice (Fig. 3d; p=0.006; CD163+/+ 1.89+0.57 ug/ml, CD163—/— 0.49+0.18 ug/ml and
Fig. 3e; p=0.019; CD163+/+ 0.90 £0.41 pg/ml, CD163~/~ 0.23 £ 0.08 pg/ml). Accordingly, the IgG1/IgG2c ratio
was much higher in the CD163—/— mice compared to wild-type mice (Fig. 3f; p=0.02; CD163+/+ 118.8+£77.9,
CD163—/- 1,083+317.5), indicating a prevalent systemic Th2 response and dampened Thl response in the
CD163—/— mice compared to the wild-type mice.

Cytokine and chemokine profiles in the inflamed paws of collagen-immunized mice. Gene
expression profiling of inflamed paws showed significant gene expression differences between the CD163—/-
and CD163+/+ mice (Table 1). Several cytokine and chemokines genes involved in the inflammatory signaling
cascade during development of human arthritis were up- or down-regulated in CD163—/— mice compared to the
wildtype mice (Table 1). A prominent feature was down-regulation of gene expression of a number of RA- and
CIA-associated Th1 cytokines including IL-17A, IL-23 and CSF-2 indicating that the increased arthritis disease
was not driven by development of autoreactive Th17 cells and an enhanced Th17 response®. This interesting
observation was further validated by immunohistochemical analysis of inflamed paws of CIA mice showing a
significant lower accumulation of IL17-producing CD4 cells in the inflamed area in the CD163—/— mice com-
pared to CD163+/+ mice (Supplementary Fig.S1; p=0.011). RNA expression of TNF-a, a key pro-inflammatory
cytokine in RA and CIA, was up-regulated locally in the paws of the CD163—/— mice (Table 1). Of note, the
RNA expression of Th2 related chemokine (C-C motif) ligand 1 (CCL1), CCL20 and CCL22 (MIP3a) was also
increased. The complete panel of the 92 investigated genes is shown in Supplementary Table S1.
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CIA CD163+/+ (n=12) vs CIA Naive CD163+/+ (n=8) vs Naive
CD163-/- (n=15) CD163-/- (n=8)
Pathway/ immune responses® | Gene description Gene symbol | Fold regulation Fold regulation
Aminoacyl tRNA synthetase complex Aimp2 - 4.9*
Bone morphogenetic protein 2 BMP2 —-5.5%
M2,Th2 related Chemokine (C-C motif) ligand 1 Ccll +2.5%
M1,Th2 related Chemokine (C-C motif) ligand 11 Cclll —4.5%
M2,Th2 related Chemokine (C-C motif) ligand 20 Ccl20 +12.1*
M2,Th2 related Chemokine (C-C motif) ligand 22 Ccl22 +2.2%
M2,Th2 related Chemokine (C-C motif) ligand 24 Ccl24 - 7.5%
Chemokine (C-C motif) ligand 6 Ccl6 -4.0*
Th2 related Chemokine (C-C motif) receptor 8 Ccr8 +3.9%
M2 Colony stimulating factor (M-CSF)) Csf1 -3.9*
M1,Th17 related Colony stimulating factor 2 (GM-CSF) Csf2 —48*
M1, Thl related Chemokine (C-X3-C motif) ligand 1 Cx3cll - 4.6*
M2 Chemokine (C-X-C motif) ligand 12 Cxcl12 —3.5%
Th1 marker Chemokine (C-X-C motif) receptor 3 Cxcr3 - 7.5%
Th1 marker Interferon gamma Ifng - 60* -7.7
Th2 related Interleukin 10 receptor, beta I110rb —19.5*
Th1 related Interleukin 12 subunit alpha IL12a -65
CD4+T cell marker Interleukin 15 1115 -7.1*
Th17,Th1 related Interleukin 17 subunit alpha I17a —113*
Th17, Th1 related Interleukin 17 subunit beta 1117b 5.4*
Th17, Th1 related Interleukin 23 subunit alpha IL23a -61* -77
Th1 responses Interleukin 27 1127 - 6.8**
Th1,Th2dif Interleukin 2 receptor, alpha IL2ra +4.2%
Th2 related Interleukin 3 113 - 83.3*
Th2 related Interleukin 33 1133 2.7*
Th2 related Interleukin 5 15 —244* -75
Th2 related Interleukin 5 receptor, alpha Il5ra -6.1%
Th1,Th2, Th17 Interleukin 7 17 +3.2%
Thl Lymphotoxin alpha Lta -4.4*
Thl Lymphotoxin beta Ltb —-2.0%
Th17 related Nicotinamide phosphoribosyltransferase | Nampt -2.3%
Th17 Patelet factor 4 (Cxcl4) Pf4 —15.5%
Thl Tumor necrosis factor Tnf +5.3%
;11";1mor necrosis factor receptor superfam- Tnfesfl1b 40+
B stim ;ll";lmor necrosis factor receptor superfam- Tnfsf13b 55+ 103"
Th1 related Vascular endothelial growth factor A Vegfa -3.0%

Table 1. Genes significantly up- or down-regulated > twofold in paws of CD163—/— compared to CD163+/+
mice with or without CIA. Significant differences between the CD163+/+ and CD163—/— groups are indicated
by *p <0.05, **p<0.01 (Student’s t-test). “The designation of M1/M2 and Th1/Th2 mediators was mainly based
on refs'»!62448-55 However, it should be noted that many cytokines and chemokines are pleiotropic and possess
dual/overlapping functions and the overall cytokine milieu/balance often is of greater importance than the
actions of one or two cytokines.

Synovial inflammatory cell infiltrates in CIA. Immunohistochemical analyses showed marked infiltra-
tion of CD68-positive macrophages (Fig. 4) in the synovial membrane of the joints of the CD163—/— mice as well
as severe cartilage destruction was evident (Fig. 4). The infiltrating macrophages expressed the mannose scaven-
ger receptor (CD206) (Fig. 4), specifically expressed in M2-type macrophages and dendritic cells. It is involved
in collagen internalization and degradation® with an overall anti-inflammatory effect in line with M2-type mac-
rophage expansion in several experimental arthritis models®. Quantitative analysis of CD68 (M1 + M2), CD206
(M2) and iNOS (M1) staining of inflamed joints (Fig. 5) further supported predominant M2-type macrophage
responses in the CD163—/— mice (Fig. 5¢; p=0.006) and predominant M1 responses in the CD163+/+ mice
(Fig. 5b; p=0.023). This indicates that the CD163 deficient mice have a strong resolution phase along with and
in response to the strong inflammation activity. The presence of multinucleated CD68-positive macrophages
(Fig. 4), as well as the detection of tartrate-resistant acid phosphatase (TRAP) activity in multinucleated oste-
oclast-like cells (Supplementary Fig.S2), suggests pronounced osteoclast bone reabsorption and remodeling in
the CD163—/— mice. Further, CD3 staining of the joints showed high influx of T cells in the CD163—/— mice
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Figure 4. Macrophage infiltration of paw joints in the CIA model. Representative immunohistochemical CD68,
Collagen IV and CD206 stainings of formalin fixed and paraffin embedded joint sections in CD163+/+ (n=10)
and CD163—/— mice (n=11). The single arrow indicates synovial membrane and the double arrow indicates

the joint cartilage. Enlarged insert shows the presence of multinucleated CD68 macrophages likely to represent
osteoclasts. Magnification x 20. Scale bars equals 50 pm.
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Figure 5. Quantification of M1- and M2-type macrophages in the inflamed joints in the CIA model. (a)
Representative CD68 (M1 +M2), iNOS (M1) and CD206 (M2) stainings of serial joint sections shown at x40
magnification. Scale bar equals 100 um. (b-d) Quantitative analysis showing the ratio of iNOS +/CD68 + (b),
CD206+/CD68 + (c) and iNOS +/CD206 + cells (d). Measurements of paw sections from CD163+/+ (n=6)
and CD163—/— mice (n=6) were made in areas of inflammation at x 20 magnification (3 frames per section).
Unpaired t-test performed for significance; *p <0.05, **p <0.01 versus wildtype.

compared to the wild-type mice (Fig. 6). The majority of T cells expressed the T cell immunoglobulin domain
and mucin domain 2 (TIM-2) in the CD163—/— mice in line with up-regulation of Th2 cell responses. The pres-
ence of the GATA-binding protein3 (GATA-3) (Fig. 6), which is necessary for Th2 differentiation also supports
prevalent Th2 responses in the CD163—/— mice.

Systemic responses in CIA. In accordance with the findings in the joints, the serum level of the Thl-
related cytokine IFN-y was lower in the CD163—/— mice (Table 2; p=0.047), whereas the Th2-related mac-
rophage inflammatory protein (MIP3a)/ CCL20) was highly up-regulated compared to the wild-type mice
(Table 2; p <0.0001). Serum TNF-a was lower in the CD163—/— mice (Table 2; p=0.042), albeit RNA expression
of TNF-a was up-regulated locally in the inflamed joints of the CD163—/— mice (Table 1). Serum levels of the
acute-phase protein Hp, (and CD163 ligand when complexed to hemoglobin), were higher in the CD163—/-
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Figure 6. T cell infiltration and T cell subtypes in the CIA model. Representative formalin fixed and paraffin
embedded joints sections stained with CD3 antibody recognizing the total pool of T cells and TIM-2 and TIM-3
antibodies specifically binding to the T cell helper cells Th1 and Th2, respectively. Staining of the Th2 specific
transcription factor GATA-3 verifies the presence of Th2 cells in CD163-deficient mice. Magnification x 20.
Scale bars equals 50 um. Each staining was repeated with sections from 8 CD163+/+ and 10 CD163—/— mice,

respectively.
Naive CD163+/+ (n=9) | Naive CD163—/- (n=10) | CIA CD163+/+ (n=8-18) | CIA CD163-/- (n=9-21)

Joint levels
Hemoglobin (mg/ml) 0.18+0.06 0.24+0.03
Haptoglobin (ug/ml) 0.29+0.03 0.72+0.17*
Synovial fluid levels
Hemoglobin (mg/ml) 0.22+0.07 0.16+0.04
Haptoglobin (ug/ml) 15.50£5.20 91.50+31.5%
TNF-a (pg/ml 161.2+23.9 87.8+6.6*
Systemic serum levels
Hemoglobin (mg/ml) 0.60+0.04 0.56+0.02* 1.15+£0.23 0.49+0.25*
Haptoglobin (ug/ml) 11.76 £32.2 24.30+9.7 94.3+24.1 194.4+38.7%
CCL20/MIP3a (pg/ml) 39.1+£4.5 85.6 9.7
INF-y (pg/ml) 2102 1.7+02*
TNF-a (pg/ml) 124.0+27.2 68.9£6.9%
Spleen weight (g) 0.076+0.002 0.095+0.005**

Table 2. Local and systemic inflammatory characteristics in CD163+/+ and CD163—/— mice. Values
are means + SEM. Unpaired t-tests for significance. Significant differences between male CD163+/+ and
CD163—/- groups are indicated by *p <0.05, **p <0.01 and ****p <0.0001.

mice compared to wild-type mice (Table 2; p=0.029), whereas hemoglobin levels were lower in the CD163—/-
mice (Table 2; p=0.016). Further, Hp levels were elevated in arthritic mice compared to naive mice, and the
serum Hp correlated with disease severity at termination of the study (p=0.01, R=0.32). The spleen, which also
is a well-known indicator of systemic inflammation, was significantly larger in the CD163—/— mice compared to
wild-type mice (Table 2; p=0.009).
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Figure 7. Development of CAIA in wild-type and CD163—/— mice. Clinical scores of wildtype and CD163—/-
following i.v. injection of a cocktail of anti-collagen type II antibodies. Arrow indicates LPS boost injection.

N =15 of each group. Values are means + SEM. Paired t-test for significance;** p<0.01 versus wildtype. The
figure is representative of three independent experiments.

M1 and M2 gene signature in CD163-/-mice. To analyze if the increased severity of CIA in CD163—/—
mice was due to a difference in the phenotype of the macrophages and sensitivity to external stimulation, we
analyzed the expression of M1 and M2 gene signatures in in vitro-stimulated bone marrow derived macrophages
(BMDM) from wild type and CD163-deficient mice. BMDM were differentiated in vitro for 7 days and follow-
ing stimulated with either IL4, IL10, GM-CSF or IFNYy for 8 h (Supplementary Fig.S3). Gene expression analysis
showed the expected upregulation of primarily M1-associated genes in IFNy and GM-CSF stimulated cells and
upregulation of M2-associated genes in BMDMs stimulated with IL4 and IL10. No difference was observed
between wild type and CD163—/— mice. We then explored if the increase in arthritis severity was caused by a
CD163-dependent defect in the T cell compartment. CD4* naive T cells from wild type and CD163—/— mice
were isolated from spleen and subjected to in vitro- differentiation into either Thl, Th2 or Th17 cells. Gene
expression analysis (Supplementary Fig.S3) showed a specific upregulation of Th1-, Th2- and Th17-specific gene
signatures in Th1-, Th2- and Th17-differentiated T cells, respectively. The signatures were similar in CD163—/-
mice and CD163+/+ mice indicating that CD163-defiency does not alter the intrinsic ability of CD4" naive T
cells to differentiate into Th1, Th2 or Th17 cells.

Development of collagen antibody-induced arthritis (CAIA) in CD163+/+ versus CD163-/-
mice. The CAIA model, which is a more simple and largely T cell-independent model of rheumatoid arthri-
tis, was used to further address the effect of CD163 deficiency during inflammatory disease®*%. Arthritis was
induced by systemic administration of a cocktail of monoclonal antibodies directed to conserved epitopes found
on collagen type II, followed by an injection of LPS. The clinical disease severity was only slightly more pro-
nounced in CD163—/—- compared to the wild-type mice (Fig. 7; p=0.007).

Discussion

In the present study, we observed a much more severe development of CIA in C57BL/6 mice deficient in CD163
expression compared to wild-type C57BL/6 mice that have a genetic background characterized by a general low
susceptibility to collagen immunization in terms of arthritis development. In contrast, a similar difference was
not seen in the CAIA model, wherein arthritis was induced with collagen antibodies directly. In addition to the
strong anti-inflammatory effect of CD163 on disease activity in the CIA mice, we observed a major difference
in the apparent Th1/Th2 and M1/M2 balance, when comparing the collagen autoantibody IgG subclasses, T
cell and macrophage phenotypes as well as cytokine profiles of the collagen-immunized CD163—/— mice versus
CD163+/+ mice. Surprisingly, the enhanced arthritis disease in the CD163—/— mice was not accompanied by
an apparent increased Th17 response.

Previous studies have shown that development of CIA is highly dependent upon a Th1 and Th17 responses
in C57BL/6 mice and it is generally assumed that the induction phase of CIA is characterized by a Th1-like
cytokine response, whereas Th2 cytokines are suggested to have a more prominent role during the remission
phase of the disease?*>**. T cell responses are known to be Th1-related 6-8 weeks after onset of arthritis in
wildtype C57BL/6 mice*. On the other hand, mouse strains like BALB/c that have a predominant Th2 response
are much more prone to develop severe arthritis compared to C57BL/6 which is generally assumed to be predis-
posed to Th1%. Thus, Th2 cytokines may play a pro-inflammatory role. In this view, it is intriguing that we see a
predominant Th2 response in the CD163—/— mice after 52 days when the mice still have a strong and fulminant
disease. Thus, the increased inflammation and joint destruction in the CD163—/— mice is likely to reflect a
chronic and progressive inflammation characterized by pro-inflammatory Th2 responses rather than reflect-
ing a remission phase. Along this line, the upregulated cytokines IL-7 and IL-33 are potent pro-inflammatory
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Th2 mediators involved in osteoclasts differentiation, activation of synovial fibroblast and mast cells within
the arthritic joints®”". This is further supported by the increased expression of GATA-3, which is critical for
Th2 differentiation and proliferation*), locally in the synovium in the CD163—/- mice. Th2 cells are involved
in eosinophil recruitment and secretion of interleukin IL-3, IL-4, IL-5, and IL-13*2. However, the expression
of these genes was not significantly up-regulated, and instead IL-3 and IL-5, known to be positively correlated
with blood eosinophil number, were noticeable down-regulated in the CD163—/— mice. RNA up-regulation of
CCL22 supports Th2/Treg responses, whereas RNA expression of CCL24 and CCL11 implicated in Th2/Treg
recruitment and eosinophil function were down-regulated.

The molecular mechanism(s) for the enhanced inflammatory response and the increased Th2 activity by
CD163 inactivation is unknown and needs further investigation, but it is likely to relate to a function of the
M2-type macrophages, which is the major cell type for CD163 expression that exclusively is expressed in the
myelo-monocytic linage. Here we show an increased number of macrophages expressing CD206 as well as M2
responses in the inflamed joints of CD163—/— mice compared to the CD163+/+ mice. Importantly, CD163 defi-
ciency did not affect CD206 expression in bone marrow derived macrophages indicating that the altered mac-
rophage activity/phenotype in CD163—/— mice is not a result of an intrinsic defect in the macrophages. Although
M2 macrophages are termed ‘anti-inflammatory’ they also contribute largely to maintaining inflammation, e.g.
by production of pro-inflammatory cytokines. This inflammation-stabilizing role of the M2 macrophages is for
instance indicated by the strong reducing effect on the TNF-q, IL-1P and IL-6 plasma concentration when tar-
geting anti-inflammatory glucocorticoids to CD163 positive M2 cells in endotoxin-treated rats and pigs*>*. It is
possible that the anti-inflammatory effect of CD163 in arthritis as well as the changed Th1/Th2 balance relates to
the function of CD163 as an endocytic receptor in the macrophages. The receptor is an established receptor for
uptake of Hb released into plasma (free or in complex with Hp)! and this function is regarded to serve an anti-
inflammatory role because it removes pro-inflammatory heme/Hb and transforms it into the anti-inflammatory
metabolites bilirubin and CO*. CD163 is also reported as a receptor for uptake of other pro-inflammatory sub-
stances such HMGBI (also bound to Hp)” and TWEAK®. However, the endocytosis of any of these ligands does
not readily explain the strong effect on the change in Th1/Th2 balance and the increase in arthritis disease severity
in the CD163-deficient mice in the present study. Neither was increased hemoglobin metabolism indicated by
signs of intraarticular bleeding. We therefore find it is tempting to speculate that CD163 serves an additional
anti-inflammatory function by removal of yet unknown ligand (s) somehow regulating naive T cells and the
Th1/Th2 response, because CD163 deficiency per se does not affect in vitro Th1l, TH2 og Th17 differentiation
of CD4 cell. Most endocytic receptors are multi-ligand receptors and yet unknown pro-inflammatory ligands
to CD163 might therefore well remain to be discovered. In conclusion, the present data demonstrate a strong
anti-inflammatory role of CD163 that affects the T-cell response.

Furthermore, the present data provide a new model for studying experimental arthritis in gene knock-out
models by breeding into CD163 knock-out mice or by inactivation of CD163 expression/function by other means
(e.g. CRISP-Cas). Since most gene knock-out mouse models are on a C57/BL6 background and therefore rather
resistant to CIA, it will be straightforward to investigate other genes involved in chronic CIA inflammation using
the CD163-deficient CIA model. This may further define molecular mechanisms and signaling pathways that
drive T cell as well as macrophage polarization in experimental and human autoimmune arthritis. It would also
be highly relevant to further investigate the role of the MHC class II subtypes (such as I-Aq, I-Ar and H-2q not
present C57BL/6) that are regarded as important for susceptibility to collagen-induced arthritis in mice.

Methods

Animals. CD163 knockout mice (Cd163-/-;CD163tm1(KOMP)Vlcg) were generated on a C57/BL6 back-
ground using targeting constructs available from the University of California at Davis International Mouse
Consortium (KOMP) as previously described *. Animals for establishing a CD163—/- breed is available from
this institution. Wild-type mice on a C57/BL6 genetic background were used for all experiments including
litter-mate controls. The animals were maintained under controlled temperature (20+2 °C) and light (lights on
08:00-20:00 h) with acces to water and food ad libitum. One week before induction of arthritis, the mice were
allocated at random to cages according to standard requirements. The experimental protocols were approved
by The Danish Experimental Animal Inspectorate (permission no. 2014-15-0201-00240) and experiments were
performed in accordance with relevant guidelines and regulations of the institutions (Aarhus University and the
University of Southern Denmark).

Induction of collagen-induced arthritis (CIA). For induction of CIA, 10- to 12-wk old CD163—/-
(n=15),CD163+/-(n=7) and CD163+/+ (n=12) male mice (three independent experiments) were immunized
subcutaneously at the base of the tail with 200 ug of chicken collagen type II (CII) (Chondrex Inc., Redwood,
WA, USA) emulsified in Freund’s Complete Adjuvant (CFA) containing 150 pg heat inactivated M. tuberculosis,
and boosted with 100 ug of CII in Freund’s Incomplete Adjuvant (IFA) at day 21. CII was dissolved overnight
(ON) at 4 °C in 10 mM acetic acid. From day 15, the mice were scored three times per week for clinical signs of
arthritis and each of the 4 limbs were assessed by a clinical score of 0-4 (modified from', thus giving a total score
between 0 and 16; 0=normal, 0.5 =light redness of ankle or digits , 1 =mild, but definite redness and swelling
of the ankle or wrist, or apparent redness and swelling limited to individual digits, regardless of the number of
affected digits, 2 = moderate redness and swelling of ankle and wrist, 3 =severe redness and swelling of the entire
paw including digits and 4 =maximally inflamed limb with involvement of multiple joints Fifty-two days after
the first immunization with CII, the mice were sacrificed following retro-orbital bleeding and tissue samples
were collected and prepared as described below.
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Collagen antibody-induced arthritis (CAIA). CAIA was induced by intravenous injection of 4 mg of
a 5-clone antibody cocktail (recognizing conserved epitopes) of anti-collagen antibodies (Chondrex Inc.) in
CD163-/- (n=15) and wildtype mice (n=15) male mice (13-15 weeks, three independent experiments)". Dis-
ease progression was boosted by injection of LPS (40 ug/mouse) 3 days post the antibody injection. Disease
development and severity was determined daily as described above.

Serum and tissue preparation. At termination of the studies, the mice were anesthetized with isoflurane
and blood samples were collected by retro-orbital bleeding before killing by cervical dislocation. Serum was
prepared by centrifugation of coagulated blood samples at 4,000 rpm for 20 min and frozen at -20 °C. Tissue
samples for RNA and protein preparation was snap-frozen in liquid nitrogen and stored at -80 °C. Whole joints
including synovium, adjacent tissues and bones were homogenized in lysis buffer using a Polytron homogenizer
and the protein extracts were stored at -80 °C until further analysis. Paws for histology and spleens were fixed in
10% neutral buffered formalin. One week later, the paws were transferred to 15% EDTA pH 7.4 for decalcifica-
tion before histopathological examination.

Histological analysis. Paraffin-embedded Sects. (5 um) of the paws were prepared and then stained using
hematoxylin-eosin (HE) to evaluate pannus formation, synovial cell infiltrate and cartilage/bone erosion. For
immunohistochemical studies of the joints, the sections were incubated with 5% goat serum for 30 min at RT.
After rinsing and heat-induced epitope retrieval, the sections were incubated ON at 4 °C with rat anti-mouse
TIM2 (Biorad, Oxford, UK), rat anti-mouse TIM3 (Biorad), rat anti-mouse CD3 (Biorad), rabbit anti-mouse
CD4 (Abcam, Cambridge, UK), rabbit anti-mouse CD68 (Abcam), rabbit anti-mouse IL17A (NJS Bioreagents,
San Diego, CA), (rabbit anti-mouse CD206 (Abcam), rabbit anti-mouse CD163 (Abcam), iNOS (Abcam), rabbit
anti-mouse GATA3 (Abcam) and rabbit anti-mouse collagen IV (Abcam) antibodies. Blocking of endogen per-
oxidase was performed in 1.5% H,0, for 10 min before incubation with the secondary antibodies donkey anti-rat
IgG HRP (Abcam) or goat anti-rabbit IgG HRP (Abcam) for 2 h at RT. Quantitative measurements of CD68,
CD206, iNOS and IL17A staining were determined using ImageJ software (NIH). Staining of tissue sections
for osteoclast activity was performed by a leukocyte acid phosphatase kit, a cell-staining kit for the detection of
tartrate resistant acid phosphatase (TRAP) from Sigma-Aldrich (Copenhagen, Denmark). Images were taken
using an Olympus CKX41 microscope with a DP27 camera.

Measurement of paraclinical parameters. Serum levels of mouse type II collagen antibodies (Chon-
drex Inc.), TNF-a (eBioscience, San Diego, CA, USA), IFN-y (Abcam) and CCL20 (Abcam), Hp (Abcam) and
Hb (Abcam) were determined in CIA mice using commercial enzyme-linked immunosorbent assays (ELISAs)
according to the manufactures recommendations.

Cell culture. Bone marrow derived macrophages (BMDM) and CD4 +naive T cells were obtained from
10- to 12-wk old CD163—/— (n=5) and CD163+/+ (n=5). For BMDMs, femurs and tibiae were flushed and
cells collected by centrifugation at 400 g for 5 min at 4 °C. Cells were resuspended in RPMI1640 supplemented
with L-glutamine (2 mM), penicillin (100 U/ml)/streptomycin (100 mg/ml) (Gibco), 10% heat-inactivated FCS
and 10% L1929 conditioned medium, counted and cultured at a density of 2 x 10° cells/ml in non-tissue culture
treated plastic dishes (BD Pharmingen) at 37 °C and 5% CO2. After 7 days, adherent cells were collected and
resuspended in complete RPMI1640 containing 10% L1929 conditioned media and stimulated with 10 ng/pl
IFNg, IL10, GM-CSF or IL4 (all Peprotech Nordic, Stockholm, Sweden) for 8 h. CD4* naive T cells were iso-
lated by negative selection from single cell suspensions of splenocytes using the EasySep Mouse CD4+T cell
isolation kit (STEMCELL Technologies, Cambridge, UK). In vitro differentiation of Th1, Th2 and Th17 T cells
were following done in 24 well plates precoated with anti-CD3e antibodies (clone 2C11, Bioxcell, US) exactly as
described in*. For subsequent in vitro differentiation, CD4" naive t-cells were resuspended in RPMI1640 sup-
plemented with 10% FBS, NEAA, antibiotics, and 55 pM B-mercaptoethanol and incubated for 96 h at 37 °C,
5% CO, with Thl, Th2 and T17 supplements as follows; Thl: 0.5 ug/mL anti-CD28 (clone PV1.17, Bioxcell)
and 1 pug/mL anti-IL-4 antibodies (Clone 11B11, Bioxcell), 5 ng/mL IL-2, and 10 ng/mL IL-12 (Peprotech); Th2,
0.5 ug/mL anti-CD28 and 1 pg/mL anti-IFN-y antibody (Clone R4-6A2, Bioxcell) , 5 ng/mL IL-2, and 10 ng/ mL
IL-4 (peprotech); Th17, 0.5 ug/mL anti-CD28, 1 ug/mL anti-IFN-y, 1 ug/mL anti-IL-2 (Clone JES6-1A12, biox-
cell), and 1 ug/mL anti-IL-4 antibodies, 10 ng/mL mouse IL-6, and 1 ng/mL TGF-p1 (Cell signaling, MA, US).

Gene expression profiling. Total RNA was purified using the RNeasy Mini Kit (Qiagen, Kebenhavn @,
Denmark). RT? Profiler™ PCR Arrays with 92 arthritis biomarkers were designed for Fluidigm® BioMark™ analy-
sis (see Supplementary Excel file for target and primer details). Reverse-transcription of RNA and preamplifi-
cation of genes of interest was done using the Fluidigm Reverse Transcription Master Mix and the Fluidigm
PreAmp Master Mix (Fluidigm Corporation, South San Francisco, CA, USA) in accordance with the manufac-
tures instructions. In short, for initial cDNA synthesis 10 ng of RNA was mixed with the RT mastermix (5x) in
a 1:1 ratio and diluted 5 times in RNAse-free H20 followed by incubation at the following conditions: 25 °C for
5 min, 42 °C for 30 min and finally 85 °C for 5 min. To increase sensitivity, genes were pre-amplified by pooling
96 deltagene assays (Fluidigm,) allowing a final concentration of 500 nM per assay. In the final pre-amplification
reaction mixture cDNA was diluted 1:4 with Fluidigm PreAmp Master Mix (5X), pooled deltagene assays (10X)
and H2O. Reaction mixture was incubated at the following PCR conditions: 95 °C for 2 min followed by 14
cycles of 95 °C for 15 s and 60 °C for 4 min. To remove unincorporated primers pre-amplified cDNA was incu-
bated with 1,25U/ul Exonuclease I at 37 °C for 30 min followed by 80 °C for 15 min. After Exonuclease I treat-
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ment pre-amplified cDNA was diluted 1:5 with TE buffer (10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0)
and stored at -20 °C. Gene expression analysis was carried out using the 96.96 dynamic arrays and Biomark HD
system from Fluidigm (Fluidigm Europe B.V., Amsterdam, Netherlands). Specifically, a 6 pl sample mixture was
prepared for each sample containing 1 x SsoFast EvaGreen Supermix with low ROX (BioRad), 1x DNA Binding
Dye Sample Loading Reagent and each of diluted pre-amplified samples. Six pl of Assay mix was prepared with
1x Assay Loading Reagent, 100 uM of each of the different Deltagene Assays and TE buffer. The 96.96 dynamic
arrays were primed and loaded in an IFC controller with in between additions of samples and assay mixes in the
appropriate inlets. After loading, the chip was placed in the BioMark HD Instrument for an initial thermal mix
that included incubation at 70 °C for 40 min followed by 60 °C for 0.5 min. Subsequent qPCR was performed by
1 cycle of hot start at 95 °C for 1 min, followed by 30 cycles at 96° C for 5 s and 60 °C for 20 s with fluorescent
recording after each cycle. For analysis of PCR products, the qPCR run was followed by a melting curve analysis
where the fluorescent signal from dsDNA was measured at 60 °C-95°C with 1 °C increment. The data was ana-
lyzed with Real-Time PCR Analysis Software (Fluidigm Europe B.V.). The RT2 Profiler PCR Array Data Analysis
Webportal (www.sabioscience.com) was used to analyze CT values and to calculate changes in gene expression.
The relative expression levels of each target gene was normalized to actin- beta, beta-2 microglobulin, glyceral-
dehyde-3-phosphate dehydrogenase, beta-glucuronidase and heat-shock protein 90 alpha and calculated by the
2-delta delta Ct method?’.

Statistical analysis. All statistical analysis was performed in Graphpad Prism 6. All data variables were
tested by the Shapiro-Wilk normality test to determine appropriate statistical analysis. Normally distributed
variables are presented as mean + SEM. For comparison of the two groups, parametric data were analysed using
two-tailed, paired or unpaired Student’s t-test. Nonparametric data were tested using Kruskal-Wallis test, fol-
lowed by the Wilcoxon Mann-Whitney Rank sum test. P-values < 0.05 were considered significant.

Data availability
The data sets generated and/or analysed during the current study are available from the corresponding author
on reasonable request.

Received: 18 July 2019; Accepted: 7 July 2020
Published online: 24 July 2020

References
1. Kristiansen, M. et al. Identification of the haemoglobin scavenger receptor. Nature 409, 198-201. https://doi.org/10.1038/35051
594 (2001).
2. Barbe, E., Damoiseaux, J. G., Dopp, E. A. & Dijkstra, C. D. Characterization and expression of the antigen present on resident rat
macrophages recognized by monoclonal antibody ED2. Immunobiology 182, 88-99. https://doi.org/10.1016/S0171-2985(11)80586
-3 (1990).
3. Etzerodt, A. et al. Plasma clearance of hemoglobin and haptoglobin in mice and effect of CD163 gene targeting disruption. Antioxid.
Redox Signal. 18, 2254-2263. https://doi.org/10.1089/ars.2012.4605 (2013).
4. Etzerodt, A. et al. Tissue-resident macrophages in omentum promote metastatic spread of ovarian cancer. J. Exp. Med. https://doi.
0rg/10.1084/jem.20191869 (2020).
5. Etzerodt, A. & Moestrup, S. K. CD163 and inflammation: biological, diagnostic, and therapeutic aspects. Antioxid. Redox Signal.
18, 2352-2363. https://doi.org/10.1089/ars.2012.4834 (2013).
6. Bover, L. C. et al. A previously unrecognized protein-protein interaction between TWEAK and CD163: potential biological
implications. J. Immunol. 178, 8183-8194. https://doi.org/10.4049/jimmunol.178.12.8183 (2007).
7. Yang, H. et al. Identification of CD163 as an antiinflammatory receptor for HMGB1-haptoglobin complexes. JCI Insight 1, e85375.
https://doi.org/10.1172/jci.insight.85375 (2016).
8. Etzerodt, A. et al. Structural basis for inflammation-driven shedding of CD163 ectodomain and tumor necrosis factor-alpha in
macrophages. J. Biol. Chem. 289, 778-788. https://doi.org/10.1074/jbc.M113.520213 (2014).
9. Black, R. A. et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells. Nature 385, 729-733. https
://doi.org/10.1038/385729a0 (1997).
10. Etzerodt, A. et al. Soluble ectodomain CD163 and extracellular vesicle-associated CD163 are two differently regulated forms of
“soluble CD163” in plasma. Sci. Rep. 7, 40286. https://doi.org/10.1038/srep40286 (2017).
11. van Baarsen, L. G. et al. Synovial tissue heterogeneity in rheumatoid arthritis in relation to disease activity and biomarkers in
peripheral blood. Arthritis Rheumatol. 62, 1602-1607. https://doi.org/10.1002/art.27415 (2010).
12. Liu, Y. C,, Zou, X. B., Chai, Y. E & Yao, Y. M. Macrophage polarization in inflammatory diseases. Int. J. Biol. Sci. 10, 520-529. https
://doi.org/10.7150/ijbs.8879 (2014).
13. Culemann, S. et al. Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature 572, 670-675.
https://doi.org/10.1038/s41586-019-1471-1 (2019).
14. Baeten, D. et al. Association of CD163+ macrophages and local production of soluble CD163 with decreased lymphocyte activation
in spondylarthropathy synovitis. Arthritis Rheumatol. 50, 1611-1623. https://doi.org/10.1002/art.20174 (2004).
15. Greisen, S. R. et al. Macrophage activity assessed by soluble CD163 in early rheumatoid arthritis: association with disease activity
but different response patterns to synthetic and biologic DMARDs. Clin. Exp. Rheumatol. 33, 498-502 (2015).
16. Martinez, F. O. & Gordon, S. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep. 6, 13.
https://doi.org/10.12703/P6-13 (2014).
17. Inglis, J. J., Simelyte, E., McCann, E. E., Criado, G. & Williams, R. O. Protocol for the induction of arthritis in C57BL/6 mice. Nat.
Protoc. 3, 612-618. https://doi.org/10.1038/nprot.2008.19 (2008).
18. Brand, D. D., Latham, K. A. & Rosloniec, E. E Collagen-induced arthritis. Nat. Protocols 2, 1269-1275. https://doi.org/10.1038/
nprot.2007.173 (2007).
19. Khachigian, L. M. Collagen antibody-induced arthritis. Nat. Protocols 1, 2512-2516 (2006).
20. Inglis, J. J. et al. Collagen-induced arthritis in C57BL/6 mice is associated with a robust and sustained T-cell response to type II
collagen. Arthritis Res. Therapy 9, R113. https://doi.org/10.1186/ar2319 (2007).

SCIENTIFIC REPORTS |

(2020) 10:12447 | https://doi.org/10.1038/s41598-020-69018-7


http://www.sabioscience.com
https://doi.org/10.1038/35051594
https://doi.org/10.1038/35051594
https://doi.org/10.1016/S0171-2985(11)80586-3
https://doi.org/10.1016/S0171-2985(11)80586-3
https://doi.org/10.1089/ars.2012.4605
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1089/ars.2012.4834
https://doi.org/10.4049/jimmunol.178.12.8183
https://doi.org/10.1172/jci.insight.85375
https://doi.org/10.1074/jbc.M113.520213
https://doi.org/10.1038/385729a0
https://doi.org/10.1038/385729a0
https://doi.org/10.1038/srep40286
https://doi.org/10.1002/art.27415
https://doi.org/10.7150/ijbs.8879
https://doi.org/10.7150/ijbs.8879
https://doi.org/10.1038/s41586-019-1471-1
https://doi.org/10.1002/art.20174
https://doi.org/10.12703/P6-13
https://doi.org/10.1038/nprot.2008.19
https://doi.org/10.1038/nprot.2007.173
https://doi.org/10.1038/nprot.2007.173
https://doi.org/10.1186/ar2319

www.nature.com/scientificreports/

21. Campbell, I. K., Hamilton, J. A. & Wicks, L. P. Collagen-induced arthritis in C57BL/6 (H-2b) mice: new insights into an important
disease model of rheumatoid arthritis. Eur. J. Immunol. https://doi.org/10.1002/1521-4141(200006)30:6<1568::AID-IMMU1
568>3.0.CO;2-R (2000).

22. Holmdahl, R., Bockermann, R., Backlund, J. & Yamada, H. The molecular pathogenesis of collagen-induced arthritis in mice—a
model for rheumatoid arthritis. Ageing Res Rev. https://doi.org/10.1016/s0047-6374(01)00371-2 (2002).

23. Watanabe, H., Numata, K., Ito, T., Takagi, K. & Matsukawa, A. Innate immune response in Th1- and Th2-dominant mouse strains.
Shock (Augusta, Ga.) 22, 460-466 (2004).

24. Muraille, E., Leo, O. & Moser, M. Th1/Th2 paradigm extended: macrophage polarization as an unappreciated pathogen-driven
escape mechanism?. Front. Immunol. 5, 603. https://doi.org/10.3389/fimmu.2014.00603 (2014).

25. Brand, D. D. et al. Autoantibodies to murine type II collagen in collagen-induced arthritis: a comparison of susceptible and non-
susceptible strains. J. Immunol. 157, 5178-5184 (1996).

26. Finkelman, E. D. et al. Lymphokine control of in vivo immunoglobulin isotype selection. Annu. Rev. Immunol. 8, 303-333. https
://doi.org/10.1146/annurev.iy.08.040190.001511 (1990).

27. Coffman, R. L., Lebman, D. A. & Rothman, P. Mechanism and regulation of immunoglobulin isotype switching. Adv. Immunol.
54,229-270 (1993).

28. Hashimoto, M. Th17 in animal models of rheumatoid arthritis. J Clin Med. https://doi.org/10.3390/jcm6070073 (2017).

29. Madsen, D. H. et al. M2-like macrophages are responsible for collagen degradation through a mannose receptor-mediated pathway.
J. Cell Biol. 202, 951-966. https://doi.org/10.1083/jcb.201301081 (2013).

30. Hagert, C., Sareila, O., Kelkka, T., Jalkanen, S. & Holmdahl, R. The macrophage mannose receptor regulate mannan-induced
psoriasis, psoriatic arthritis, and rheumatoid arthritis-like disease models. Front. Immunol. 9, 114. https://doi.org/10.3389/fimmu
.2018.00114 (2018).

31. Nandakumar, K. S., Bicklund, J., Vestberg, M. & Holmdahl, R. Collagen type II (CII)-specific antibodies induce arthritis in the
absence of T or B cells but the arthritis progression is enhanced by ClI-reactive T cells. Arthritis Res. Ther. 6, R544. https://doi.
org/10.1186/ar1217 (2004).

32. Hagert, C. et al. Chronic active arthritis driven by macrophages without involvement of T cells. Arthritis Rheumatol. (Hoboken,
N.J.) https://doi.org/10.1002/art.40482 (2018).

33. Arend, W. P. & Dayer, J. M. Inhibition of the production and effects of interleukin-1 and tumor necrosis factor alpha in rheumatoid
arthritis. Arthritis Rheumatol. 38, 151-160 (1995).

34. Horsfall, A. C. et al. Suppression of collagen-induced arthritis by continuous administration of IL-4. J. Immunol. 159, 5687-5696
(1997).

35. Inglis, J. ]. et al. Collagen-induced arthritis in C57BL/6 mice is associated with a robust and sustained T-cell response to type II
collagen. Arthritis Res. Ther. 9, R113. https://doi.org/10.1186/ar2319 (2007).

36. Nandakumar, K. S. & Holmdahl, R. Arthritis induced with cartilage-specific antibodiesis IL-4-dependent. Eur. J. Immunol. 36,
1608-1618. https://doi.org/10.1002/€ji.200535633 (2006).

37. Miller, A. M. Role of IL-33 in inflammation and disease. J. Inflamm. (London, England) 8, 22-22. https://doi.org/10.1186/1476-
9255-8-22 (2011).

38. Xu, D. et al. IL-33 exacerbates antigen-induced arthritis by activating mast cells. Proc. Natl. Acad. Sci. USA 105, 10913-10918.
https://doi.org/10.1073/pnas.0801898105 (2008).

39. Liu, X. et al. Crucial role of interleukin-7 in T helper type 17 survival and expansion in autoimmune disease. Nat. Med. 16, 191-197.
https://doi.org/10.1038/nm.2077 (2010).

40. Churchman, S. M. & Ponchel, E. Interleukin-7 in rheumatoid arthritis. Rheumatology (Oxford) 47, 753-759. https://doi.org/10.1093/
rheumatology/ken053 (2008).

41. Zhu, J., Yamane, H., Cote-Sierra, J., Guo, L. & Paul, W. E. GATA-3 promotes Th2 responses through three different mechanisms:
induction of Th2 cytokine production, selective growth of Th2 cells and inhibition of Th1 cell-specific factors. Cell Res. 16, 3-10.
https://doi.org/10.1038/sj.cr.7310002 (2006).

42. Guo, L. et al. Innate immunological function of TH2 cells in vivo. Nat. Immunol. 16, 1051-1059. https://doi.org/10.1038/ni.3244
(2015).

43. Graversen, J. H. et al. Targeting the hemoglobin scavenger receptor CD163 in macrophages highly increases the anti-inflammatory
potency of dexamethasone. Mol. Ther. 20, 1550-1558. https://doi.org/10.1038/mt.2012.103 (2012).

44. Granfeldt, A. et al. Targeting dexamethasone to macrophages in a porcine endotoxemic model. Crit Care Med. 41, €309-318. https
://doi.org/10.1097/CCM.0b013e31828a45ef (2013).

45. Moestrup, S. K. & Moller, H. J. CD163: a regulated hemoglobin scavenger receptor with a role in the anti-inflammatory response.
Ann. Med. 36, 347-354 (2004).

46. Sekiya, T. & Yoshimura, A. In vitro Th differentiation protocol. Methods Mol. Biol. 1344, 183-191. https://doi.org/10.1007/978-1-
4939-2966-5_10 (2016).

47. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods (San Diego, Calif.) 25, 402-408. https://doi.org/10.1006/meth.2001.1262 (2001).

48. Italiani, P. & Boraschi, D. From Monocytes to M1/M2 macrophages: phenotypical vs. functional differentiation. Front. Immunol.
https://doi.org/10.3389/fimmu.2014.00514 (2014).

49. Mantovani, A. et al. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol. 25,
677-686. https://doi.org/10.1016/.it.2004.09.015 (2004).

50. Wang, N,, Liang, H. & Zen, K. Molecular mechanisms that influence the macrophage M1-M2 polarization balance. Front. Immunol.
https://doi.org/10.3389/fimmu.2014.00614 (2014).

51. Xuan, W,, Qu, Q., Zheng, B., Xiong, S. & Fan, G. H. The chemotaxis of M1 and M2 macrophages is regulated by different
chemokines. J. Leukoc. Biol. 97, 61-69. https://doi.org/10.1189/jlb.1A0314-170R (2015).

52. Hirahara, K. & Nakayama, T. CD4+ T-cell subsets in inflammatory diseases: beyond the Th1/Th2 paradigm. Int. Immunol. 28,
163-171. https://doi.org/10.1093/intimm/dxw006 (2016).

53. Mauri, C., Feldmann, M. & Williams, R. O. Down-regulation of Th1-mediated pathology in experimental arthritis by stimulation
of the Th2 arm of the immune response. Arthritis Rheumatol. 48, 839-845. https://doi.org/10.1002/art.10832 (2003).

54. Schulze-Koops, H. & Kalden, J. R. The balance of Th1/Th2 cytokines in rheumatoid arthritis. Best Pract. Res. Clin. Rheumatol. 15,
677-691. https://doi.org/10.1053/berh.2001.0187 (2001).

55. Udalova, I. A., Mantovani, A. & Feldmann, M. Macrophage heterogeneity in the context of rheumatoid arthritis. Nat. Rev. Rheu-
matol. 12, 472-485. https://doi.org/10.1038/nrrheum.2016.91 (2016).

Acknowledgments

We would like to thank Signe M. Andersen and Malene B. Jorgensen for their excellent technical assistance and
Dr Seren Werner K. Hansen for valuable critical reading of the manuscript. This research was supported by the
Danish Council for Independent Research 4004-0011B, Lundbeck Foundation R180-2014-36497 and Novo
Nordisk Foundation NNF140C0011537.

SCIENTIFIC REPORTS |

(2020) 10:12447 | https://doi.org/10.1038/s41598-020-69018-7


https://doi.org/10.1002/1521-4141(200006)30:6<1568::AID-IMMU1568>3.0.CO;2-R
https://doi.org/10.1002/1521-4141(200006)30:6<1568::AID-IMMU1568>3.0.CO;2-R
https://doi.org/10.1016/s0047-6374(01)00371-2
https://doi.org/10.3389/fimmu.2014.00603
https://doi.org/10.1146/annurev.iy.08.040190.001511
https://doi.org/10.1146/annurev.iy.08.040190.001511
https://doi.org/10.3390/jcm6070073
https://doi.org/10.1083/jcb.201301081
https://doi.org/10.3389/fimmu.2018.00114
https://doi.org/10.3389/fimmu.2018.00114
https://doi.org/10.1186/ar1217
https://doi.org/10.1186/ar1217
https://doi.org/10.1002/art.40482
https://doi.org/10.1186/ar2319
https://doi.org/10.1002/eji.200535633
https://doi.org/10.1186/1476-9255-8-22
https://doi.org/10.1186/1476-9255-8-22
https://doi.org/10.1073/pnas.0801898105
https://doi.org/10.1038/nm.2077
https://doi.org/10.1093/rheumatology/ken053
https://doi.org/10.1093/rheumatology/ken053
https://doi.org/10.1038/sj.cr.7310002
https://doi.org/10.1038/ni.3244
https://doi.org/10.1038/mt.2012.103
https://doi.org/10.1097/CCM.0b013e31828a45ef
https://doi.org/10.1097/CCM.0b013e31828a45ef
https://doi.org/10.1007/978-1-4939-2966-5_10
https://doi.org/10.1007/978-1-4939-2966-5_10
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1189/jlb.1A0314-170R
https://doi.org/10.1093/intimm/dxw006
https://doi.org/10.1002/art.10832
https://doi.org/10.1053/berh.2001.0187
https://doi.org/10.1038/nrrheum.2016.91

www.nature.com/scientificreports/

Author contributions

Study design: P.S. (MSc, PhD), S.K.M. (MD, PhD), B.D. (MD, PhD); Acquisition of data: P.S., A.E. (MSc, PhD);
Data analysis: P.S., S.K.M.; Manuscript drafting and commenting: P.S., S.K.M., B.D., A.E.; Supervision and fund-
ing: S.K.M.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-69018-7.

Correspondence and requests for materials should be addressed to S.K.M.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

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

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:12447 | https://doi.org/10.1038/s41598-020-69018-7


https://doi.org/10.1038/s41598-020-69018-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mouse CD163 deficiency strongly enhances experimental collagen-induced arthritis
	Anchor 2
	Anchor 3
	Results
	CD163 deficiency strongly enhances disease severity in experimental CIA. 
	Altered antibody isotype response against type II collagen in CD163-deficient mice. 
	Cytokine and chemokine profiles in the inflamed paws of collagen-immunized mice. 
	Synovial inflammatory cell infiltrates in CIA. 
	Systemic responses in CIA. 
	M1 and M2 gene signature in CD163−− mice. 
	Development of collagen antibody-induced arthritis (CAIA) in CD163++ versus CD163−− mice. 

	Discussion
	Methods
	Animals. 
	Induction of collagen-induced arthritis (CIA). 
	Collagen antibody-induced arthritis (CAIA). 
	Serum and tissue preparation. 
	Histological analysis. 
	Measurement of paraclinical parameters. 
	Cell culture. 
	Gene expression profiling. 
	Statistical analysis. 

	References
	Acknowledgments


