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Interference with autoimmune-mediated cytokine production is a key yet poorly
developed approach to treat autoimmune and in�ammatory diseases such as rheumatoid
arthritis. Herein, we show that soluble CD83 (sCD83) enhances the resolution of
autoimmune antigen-induced arthritis (AIA) by strongly reducing the expression levels
of cytokines such as IL-17A, IFNg, IL-6, and TNFa within the joints. Noteworthy,
also the expression of RANKL, osteoclast differentiation,and joint destruction was
signi�cantly inhibited by sCD83. In addition, osteoclastswhich were cultured in the
presence of synovial T cells, derived from sCD83 treated AIAmice, showed a
strongly reduced number of multinuclear large osteoclastscompared to mock controls.
Enhanced resolution of arthritis by sCD83 was mechanistically based on IDO, since
inhibition of IDO by 1-methyltryptophan completely abrogated sCD83 effects on AIA.
Blocking experiments, using anti-TGF-b antibodies further revealed that also TGF-b
is mechanistically involved in the sCD83 induced reductionof bone destruction and
cartilage damage as well as enhanced resolution of in�ammation. Resolution of arthritis
was associated with increased numbers of regulatory T cells, which are induced in a
sCD83-IDO-TGF-b dependent manner. Taken together, sCD83 represents an interesting
approach for downregulating cytokine production, inducing regulatory T cells and
inducing resolution of autoimmune arthritis.

Keywords: soluble CD83, arthritis, IDO, osteoclasts, Treg s

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune in�ammatory disease a�ecting up to 1% of
the population (1). Both epigenetic and environmental factors are considered to promote the
disease leading to loss of tolerance to self-antigens (2). RA manifests through local symptoms,
such as swelling and pain (3) as well as systemic complications like myocardial infarction (4),
atherosclerosis (5), lymphoma (6), and functional disability. Current treatment of RA aims to block
pro-in�ammatory e�ector cytokines such as TNFa and IL6, which are produced in the synovium
and trigger arthritis (7, 8). However, only a fraction of RA patients responds to these therapies and,
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even if responding, these treatments have to be given life-
long to prevent recurrence of the disease (9). Better approaches
to modulate the link between autoimmunity and cytokine
productions are therefore needed to allow long-term remission
or even cure of RA.

The soluble form of the CD83 molecule (sCD83), which
is highly expressed by mature dendritic cells (DC) but also
by activated B and T cells and especially Tregs, comprises
very interesting immunomodulatory properties (10–13). We
and others reported that sCD83 interferes with the maturation
process of DCs, thereby limiting immune responses and
inducing tolerogenic mechanisms (10, 12–14). DC activation by
autoantigens and persistent stimulation of T cells is considered
one of the main reasons for impaired resolution of in�ammation
in RA patients. Thus, by controlling DC maturation/activation,
one could regulate immune homeostasis and the balance between
tolerance and autoimmunity (15). Furthermore, manipulation
of DCs, and their maturation/activation status, i.e., via the
induction of immature, tolerogenic DC, and inhibition of mature
DC, having activating properties, represents an interesting
approach to interfere with the outcome of human in�ammatory
and autoimmune disorders such as RA.

Furthermore, Tregs play a crucial role during resolution
of in�ammation and also protect from bone destruction
in arthritis (16). Noteworthy, since sCD83 leads to the
induction/expansion of Tregs (10, 11) one may not only
block long-lasting proin�ammatory autoimmune responses, but
also induce intrinsic mechanisms leading to the resolution
of in�ammatory processes. Since Tregs suppress osteoclast
di�erentiation and reduce bone destruction (16), sCD83 may
additionally a�ect osteoclastogenesis and joint destruction by
induced Treg cells.

Interestingly, increased levels of sCD83 have been observed
in the synovial �uids of rheumatoid arthritis patients (17),
indicating a biological role of sCD83 in rheumatoid diseases. In
order to investigate whether sCD83 is indeed involved in the
modulation of the in�ammatory response in RA we studied the
e�ects of sCD83 using models of immune mediated arthritis (18).

MATERIALS AND METHODS

Mice
Female C57BL/6 mice (6–8 weeks old) were purchased from
Charles River Laboratories (Sulzfeld) and maintained under
pathogen free conditions according to the institutional and
national guidelines for the care and use of laboratory animals.
All studies were approved by the animal ethical committee of the
government of Unterfranken, Würzburg.

Abbreviations: AIA, antigen -induced arthritis; BMM, bone marrow derived
monocytes; CFA, complete Freund's adjuvant; cpm, counts per minute; DC,
dendritic cells; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; IFNg,
interferon-g; Kyn, Kynurenine; LN, lymph node; mBSA, methylated bovine
serum albumin; PBS, phosphate-bu�ered saline; RA, rheumatoid arthritis;
RANK/RANKL, receptor activator of nuclear factor kappa-B ligand;Rpl4,
Ribosomal Protein L4; sCD83, soluble CD83; SEM, standard error of the mean;
STA, serum transfer arthritis; TGF, transforming growth factor; TNFa, tumor
necrosis factora; Tregs, regulatory T cells; Trp, tryptophan.

Induction of AIA
Mice were pre-immunized at day� 21 and� 14 by s.c. injection
of 100ml complete Freund's adjuvant (CFA) emulsion (Sigma-
Aldrich) enriched with 10mg/ml Mycobacterium tuberculosis
strain H37RA (Difco) and methylated bovine serum albumin
(mBSA) (Sigma-Aldrich) in a �nal concentration of 1 mg/ml.
Along with the immunization, 200 ng Bordetella pertussis toxin
(Quadratech) was administered i.p. in 100ml phosphate-bu�ered
saline (PBS) (Lonza). The e�ector phase was induced on day 0 by
the intra-articular (i.a.) injection of 100mg mBSA into the right
knee of anesthetized mice. The left knee was injected with PBS
as a control. Knee joint swelling was assessed from the time of
induction (day 0) up to day 10 using a JD 50 TOP caliper (Käfer
Messuhrenfabrik). In speci�c experiments a �are up reaction was
induced by a second i.a. mBSA injection on day 7, analogous to
the �rst i.a. injection, and the knee swelling was assessed until
day 17. The maximum medial-to-lateral diameter was de�ned
at the widest point of each knee joint. Knee joint swelling was
calculated as the absolute di�erence to the knee joint diameter
determined at baseline before arthritis induction and expressed
as percentage of knee joint swelling. The mice were euthanized by
cervical dislocation at day 10 or 17 in case of a �are up reaction.
Blood samples were collected on day� 19,� 14,� 3, 3, and 10,
centrifuged in microtainer blood collection tubes (BD) andthe
sera stored at� 80� C for further use.

Serum Transfer Arthritis (STA)
Arthritis was induced by i.p. injection of 200ml pooled sera from
K/BxN mice kindly provided by Wolfgang Baum (Department
of Internal Medicine 3, University Hospital, Erlangen, Germany)
at day 0 into C57BL/6 mice. Serum was obtained from 8-week-
old K/BxN mice, as reported previously (19). On day 31, mice
were injected again with 200ml sera from K/BxN mice. sCD83
treatment during STA was performed by daily i.p. injections (100
mg in 100ml PBS), starting at day� 1 prior serum transfer until
day 13. The same amount of PBS was used as control. Joint
swelling was examined in all four paws, and a clinical score of
0–3 was assigned (0D no swelling, 1D mild, 2 D moderate
and 3 D severe swelling of the toes and ankle), as described
previously (20). Mice were sacri�ced 16 days after the second
serum transfer. The left hind paw of each mouse was used for
serial para�n sections.

In vitro Osteoclastogenesis
Total bone marrow cells were isolated from WT BL/6 (7
weeks) mice by �ushing femur and tibia. Afterwards, cells
were plated overnight in OC medium (aMEM C GlutaMAX
(Gibco) C 10%FCS/1%PS) supplemented with 5 ng/ml M-CSF
(Peprotech). Non-adherent bone marrow derived monocytes
(BMMs) were collected, washed and further cultured in OC
medium supplemented with 20 ng/ml M-CSF and 10 ng/ml
RANKL (Peprotech) in 96-well- (TRAP) and 48-well plates
(RNA) at a density of 1� 106 cells/ml. Additionally, a control
condition with 20 ng/ml M-CSF only was included. Medium was
changed every second day. From day 1, cells were incubated
daily with 10 or 25mg/ml sCD83. At day 5 fully di�erentiated
osteoclasts were washed with PBS and �xed with �xation bu�er
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(25 ml citrate bu�erC 65 ml acetoneC 8 ml 37%PFA). Osteoclast
di�erentiation was evaluated by TRAP staining using the
leukocyte acid phosphatase kit 386A (Sigma-Aldrich) according
to the manufacturer's instructions. For RNA analyses, cells were
harvested in peqGOLD TRIfast (peqlab).

Immuno�uorescence
BMMs were cultured on 12 mm circle cover slips (Thermo Fisher
Scienti�c) in 24-well plates with the above described cell density
and stimulation protocol. At day 4 the cells were �xed and stained
with Acti-stain 670 phalloidin (Cytoskeleton, Inc.), according
to the manufacturer's instructions, to visualize the F-actin ring
formation. After washing with PBS, cover slips were mounted
with FluoroshieldTM with DAPI (Sigma), and transferred upside
down on object slides.

Resorption Assay
BMMs were cultured on 24- well calcium phosphate-coated
plates (Corning) in OC medium with 20 ng/ml M-CSF and
20 ng/ml RANKL. BMMs were stimulated as aforementioned.
After 4 days of stimulation, osteoclasts were lysed with dH2O
and plates were incubated with 5% sodium hypochlorite for
5 min. Plates were washed twice with dH2O and dried at room
temperature (RT).

Co-culture With Synovial CD4 C Cell
Synovial cells were isolated as described below and CD4C MACS
separation was performed using the CD4C T cell isolation kit
(mouse) according to manufacturer's protocol (Miltenyi Biotec).
BMMs (1x106 cells/ml) were cultured with MACS-separated
CD4C cells from the synovium derived from mock or sCD83
treated arthritic mice, at a ratio of 1:10 (1� 105 CD4C cells/ml)
or 1:50 (2� 104 CD4C cells/ml) in OC medium in the presence
of 20 ng/ml M-CSF and 10 ng/ml RANKL. Medium was changed
after 2 days. At day 4 osteoclasts were �xed and TRAP stained.

Osteoclast cultures were analyzed using the BZ-X710-All-in-
One Fluorescence Microscope (Keyence) and the quanti�cation
of the osteoclast number and the percentage of resorbed area was
performed using ImageJ.

Viability Test of Preosteoclasts
BMMs (1 � 106 cells/ml) were cultured in 48-well plates in
OC medium supplemented with M-CSF (20 ng/ml) and RANKL
(10 ng/ml) or M-CSF (20 ng/ml) alone. At day 1 of culture, BMMs
were incubated with 10 or 75mg/ml sCD83 to exclude possible
toxic e�ects of the protein. After 24 h cells were detached from
the plate by incubation with Accutase (Thermo Fisher Scienti�c)
at 37� C for 10 min. Cells were then washed with PBS and
incubated with anti-CD16/CD32 blocking antibody (BioLegend)
for 10 min at RT, followed by staining with an antibody cocktail
for 30 min at 4� C in the dark. The following antibodies were
used to detect viability of preosteoclasts: APC-eFluor780-labeled
anti-CD45 (eBioscience), APC-labeled anti-F4/80 (BioLegend),
PE-labeled anti-OSCAR (Beckman coulter), DAPI (Roche), and
added shortly before measurement. Data were acquired on the
Gallios �ow cytometer (Beckman Counter) and analyzed with the
Kaluza software 1.5.

Treatment Conditions
Mice were treated using i.p. injections of sCD83 (100
mg/injection) or the corresponding volume of 100ml PBS
as mock control. The application was performed on day
� 22,� 21,� 20,� 15,� 14,� 13,� 3,� 2,� 1, and 0 as illustrated
in Figure 1A.

To block the TGF-b signaling pathway, mice were treated
from day� 21 until day� 12 and from day� 1 until day 7 with
anti a-TGF-b-antibody (150mg/injection).

To block the activity of indoleamine-2, 3-dioxygenase (IDO)
in vivo, the inhibitor 1-methyl-DL-tryptophan (1-MT) was
applied as polymer pellets impregnated with 1-Methyl-DL-
Tryptophan (1-MT) or placebo. Pellets (Innovative Research
of America) were inserted surgically at day� 22 as previously
described (10).

Micro-CT Analysis
Hind limbs were isolated, �xed overnight in 10% formalin
solution at 4� C (Sigma-Aldrich) and stored in 70% ethanol until
mCT measurements. Imaging was performed using a dedicated
preclinical scanner (Inveon, Siemens Healthineers) at a tube
voltage of 80 kV and a tube current of 500mA. Images were
acquired with an isotropic resolution of 50.67mm for measuring
mean density values within the femoral epiphyses, and with
8.98mm for high- resolution 3D surface reconstructions. For
image analyses, 3D multiplanar reconstructions were generated
using the freeware DICOM viewer Osirix (21), with a total of 6
regions of interest (ROI) placed in the femoral epiphysis of each
animal (2 in paraaxial, 2 in paracoronal, and 2 in parasagittal
orientation). Target size of each ROI was 0.5 mm2. The mean
density measures [Houns�eld units] of the six ROI were assessed
and averaged for each animal. For 3D surface reconstructions,the
Volume Rendering Technique included in the syngo.via package
(Version V20A, Siemens Healthineers,) was used.

mBSA Speci�c IgG1 ELISA
A 96-well �at-bottom half area plate (Costar) was coated with
10mg/ml mBSA in coating bu�er (15 mM Na2CO3 and 35 mM
NaHCO3) for 1 h and blocked with 2% FCS (PAA Laboratories
GmbH) in PBS for 2 h. Serum from AIA mice (day 10) was
diluted 1:150 with blocking bu�er and incubated for 2 h. HRP
conjugated goat anti-Mouse IgG1-antibody (Bethyl) was diluted
1:10.000 in blocking bu�er and loaded for further 1 h. The
horseradish peroxidase activity was induced by TMB-substrate
(Merck), stopped with 6% orthophosphoric acid and the signal
was assessed using a Wallac 1420 Victor2 Microplate Reader
(Perkin Elmer) at 450 nm. All incubation steps were performed
at RT.

Isolation of Synovial Cells
Synovial cells were isolated using the Multi Tissue Dissociation
Kit 1 (Miltenyi Biotec) according to manufacturer's protocol. In
brief, the synovial tissue was isolated and placed into gentleMACS
C Tubes (Miltenyi Biotec) containing 2.35 ml RPMI (Lonza), 100
ml enzyme D, 50ml enzyme R und 12.5ml enzyme A. Program
7C_Multi_A was ran on the gentleMACS Octo Dissociator
(Miltenyi Biotec). After homogenization the cell suspension
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FIGURE 1 | sCD83 ameliorates disease severity in the antigen-inducedarthritis model.(A) Treatment scheme of sCD83 in the antigen-induced arthritis(AIA) model.
(B) Percent increase of knee swelling (normalized to baseline)after the local i.a. injection of mBSA and sCD83 treatment (n D 15) or vehicle (n D 15). Data were pooled
from independent experiments.(C) Representative 4mm TRAP (left) and Safranin O (right) stained sections of sCD83 or mock treated mice at day 10.(D) Number of
osteoclasts located on eroded surfaces (sCD83n D 7, mock n D 4). (E) Histologic arthritic score based on cartilage degradation, bone resorption and in�ammation
obtained from Safranin O stained knee joint sections (0D normal and 5Dsevere; sCD83n D 5, mock n D 5). (F,G) Quanti�cation of the cartilage degradation and
in�ammation using histomorphometry (sCD83n D 5, mock n D 5). (H) Antigen speci�c T cell proliferation of LN cells upon mBSA re-stimulation (sCD83n D 7, mock n
D 6). Data are shown as mean� SEM. (B,H) Two way ANOVA and (D-G) Mann-Whitney test. Asterisks mark statistically signi�cant difference (*p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is nostatistical signi�cance.
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was applied on MACS SmartStrainer (Miltenyi Biotec) and
centrifuged for 10 min at 300 g. Cells were then resuspended in
1 ml R10 culture medium (RPMI 1640 (Lonza) supplemented
with 100 U/ml penicillin, 100mg/ml streptomycin, 2 mM
L-glutamine (L-Glutamine–Penicillin–Streptomycin solution,
Sigma-Aldrich), 50mM 2-mercaptoethanol (Sigma-Aldrich), and
10% heat-inactivated FCS (Merck) and used for restimulation
assays and �ow cytometric analyses.

Antigen Speci�c Re-stimulation
On day 10, inguinal lymph node (LN) cells and synovial cells were
harvested. After preparation of single cell suspensions, cells were
resuspended in R10 Medium. LN cells and synovial cells (each
4 � 105) were cultured in the presence of indicated amounts
of mBSA (25, 2.5, and 0.25mg/ml) in 96-well plates for 72 h,
followed by the incorporation with 0.2 Ci/mmol Thymidine [3H]
(PerkinElmer). The plates were harvested using the ICH-110

FIGURE 2 | sCD83 inhibits the expression of pro-in�ammatory cytokineswithin the synovium.(A) qPCR analyses of synovial RNA expression levels for arthritis related
genes. Rpl4 was used as housekeeping gene (sCD83n D 8, mock n D 5). (B) Supernatants of synovial cell culture were analyzed using CBA method (sCD83n D 4,
mock n D 4). (C) Concentrations of RANKL were determined in day 10 serum samples by ELISA (sCD83n D 10, mock n D 11) Data are illustrated as mean� SEM
and statistically analyzed using(A,B) student's t test and (C) Mann-Whitney test. Asterisks mark statistically signi�cant difference (*p < 0.05 and **p < 0.01). The
absence of asterisks indicates that there is no statisticalsigni�cance.
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FIGURE 3 | sCD83 modulates cellular fusion of multinucleated osteoclasts. Osteoclast differentiation of bone marrow mononuclear cells treated with MCSF and
RANKL in the presence of different sCD83 concentrations. Osteoclasts were identi�ed as multinucleated tartrate resistant acid phosphatase positive cells (purple).
(A) Microphotographs showing osteoclasts.(B) Quanti�cation of small (left) and large (right) osteoclastswith n D 6. (C) Flow cytometric analysis for DAPIC osteoclasts
(n D 3). Data are illustrated as mean� SEM. (B) One-Way ANOVA. Asterisks mark statistically signi�cant difference (*p < 0.05). The absence of asterisks indicates
that there is no statistical signi�cance.
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FIGURE 4 | Osteoclastogenesis and their function is impaired in the presence of sCD83.(A) RT-PCR analyses regarding the expression of osteoclast related genes
(n D 3). (B) Representative pictures of �uorescent F-actin stainings (20 � magni�cation) and resorption assays (10� magni�cation), from osteoclasts generated in the

(Continued)
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FIGURE 4 | presence of sCD83.(C) Resorption activity data (n � 4). (D) Representative images used for the quanti�cation of small (E, left) and large (E, right)
multinucleated tartrate resistant acid phosphatase positive cells, which were co-cultured with synovial CD4C cells derived from mock- or sCD83-treated mice (n D 3).
Data are illustrated as mean� SEM. One-Way ANOVA. Asterisks mark statistically signi�cant difference (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). The
absence of asterisks indicates that there is no statisticalsigni�cance.

harvester (Inotech) and the antigen speci�c cell proliferation was
determined using a 1450-microplate counter (Wallac).

Intracellular Cytokine Expression of LN
and Synovial Cells
Naïve synovial cells were used to analyze their Foxp3 expression
pro�le, while the expression of IL-17A and IFNg was assessed
after in vitro stimulation of 8� 106 cells with 20 ng/ml PMA
(Sigma-Aldrich) and 1mg/ml Ionomycin (Sigma-Aldrich) in a
6-well �at-bottom plate (Falcon) for 6 h. To prevent cytokine
GolgiPlug (BD) (1ml/ml) and GolgiStop (0,6ml/ml) (BD) were
added after the �rst hour in culture. Afterwards cells were
washed and stained for the expression of CD3 (anti-CD3-BV421,
clone 17A2; BioLegend), CD4 (anti-CD4-APC-Fire, clone RM4-
5; BioLegend), CD8 (anti-CD8-FITC, clone 53-6.7; BioLegend),
CD19 (anti-CD19-PerCP Cy5.5, clone 6D5; BioLegend), CD25
(anti-CD25-PerCP Cy5.5, clone PC61; BioLegend), and living
cells using L/D Aqua in BV510 (BioLegend) for 40 min at
4� C. Further, cells were prepared for intracellular staining
using the Fixation/Permeabilization solution kit (Thermo
Fisher Scienti�c). Antibodies for Foxp3 (anti-Foxp3 AF647,
clone FJK-16s; eBioscience), IFNg (anti-IFNg-PE-Cy7, clone
XMG1.2; BD), and IL-17A (anti-IL-17A-AF647, clone TC11-
18H10.1; BioLegend) were diluted in permbu�er (Thermo Fisher
Scienti�c) and applied to the cells for 30 min at 4� C. The �ow
cytometric analyses were performed using a cyto�uorometer
(FACS Canto II, BD) and data were evaluated using FCS-express
5 (De Novo Software).

RNA-Isolation and cDNA Synthesis
Total RNA was isolated from inguinal LN and synovial cells
at the end of AIA using the RNeasy Mini Kit (Qiagen).
cDNA synthesis was performed according to First Strand cDNA
Synthesis Kit manual (Thermo Fisher Scienti�c). The PCR
mixture contained 10ml SsoAdvanced Universal SYBR Green
Supermix (Biorad), 1ml of 50and 30primer (forward and reverse,
each at 0.2mM), and 5 ml RNA reverse transcription product
corresponding 12.5 ng of cDNA. The reaction was adjusted
to 20 ml with aqua ad iniectabilia (Braun). After an initial
denaturation step at 95� C for 3 min, 45 cycles of denaturation
(94� C for 15 s), annealing (61� C for 15 s), and extension (72� C
for 15 s) were performed using Bio-Rad CFX96 Touch Real-Time
PCR Detection System (Biorad). Gene expression was calculated
relatively to the housekeeping geneRpl4(Ribosomal Protein L4)
or � -actin regarding osteoclast experiments. Primer sequences
are listed inSupplemental Table 1.

Histological Analyses and Arthritic Score
Bone tissue was �xed overnight in 10% formalin, decalci�ed
for 2 h in Osteomoll (Merck) and embedded in para�n.
Para�n sections (4mm) were stained with Safranin O for

the morphological evaluation of in�ammatory cell in�ux,
synovitis, cartilage degradation (proteoglycane content)and
bone resorption. Disease severity was assessed using the
OsteoMeasure Analyses System (Osteometrics). For histological
TRAP-analyses bone samples were gently decalci�ed in EDTA
solution (Teitel bu�er) and stainings were performed using the
leukocyte acid phosphatase kit 386A (Sigma-Aldrich), according
to manufacturer's instructions.

Bead Based Array for Cytokine Detection
Supernatants from mBSA-restimulated LN and synovial cells
were used to determine the cytokine expression pro�les,
using the LEGENDplex

TM
Mouse In�ammation Panel

(13-plex) cytometric bead array (BioLegend), according to
manufacturer's protocol.

TGF-b ELISA
The TGF-b levels in the supernatants of mBSA-restimulated
synovial cells were determined by ELISA according to
manufacturer's instructions (TGF beta-1 Human/Mouse
Uncoated ELISA Kit; Thermo Fisher Scienti�c).

RANK L-ELISA
RANKL concentrations in sera from day 10 AIA mice
were assessed using the TRANCE/RANK L/TNFSF11
Quantikine ELISA Kit (R&D Systems), according to
manufacturer's instructions.

HPLC-Analysis of Amino Acid metabolites
The amino acid assay is based on the derivatization of the
amino acids in the sample by using phenyl isothiocyanate in
the presence of isotope-labeled internal standards using liquid
chromatography (LC-) MS/MS. Separation and quantitation of
the resulting phenylthiocarbamyl derivatives is done by reverse-
phase liquid chromatography coupled with an MS/MS-system
for selective detection in MRM mode (API 6500 Q Trap; Sciex,
Framingham, USA).

Brie�y: All wells of a V-bottom microplate made from
polypropylene were preconditioned using 10ml of 0.2 M
NaHCO3. The plate was allowed to dry. Samples (10ml) and
internal standard solution (10ml) were pipetted into the cavities
of the microplate. Then the liquid in the cavities was dried
under nitrogen air �ow. The dried samples were wetted with
25 ml of derivatization bu�er (made of equal parts of pyridine,
ethanol and water) and dried again. After that 25ml of a freshly
prepared solution of derivatization bu�er and PITC (5%) was
added to the dried wells and allowed to react for 30 min on a
shaker. Following another drying step, the remaining substance
in the wells was dissolved in 250ml of an ammonium acetate
solution prepared with methanol. Two-hundred microliter of this
liquid were transferred to a deep well plate, and mixed with
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FIGURE 5 | sCD83 induces long term and antigen speci�c protection from arthritis. A �are up reaction of antigen-induced arthritis (AIA) was induced by a second i.a.
mBSA injection at day 7.(A) Percent increase of knee swelling (normalized to baseline)after the local i.a. injection of mBSA (sCD83n D 10, mock n D 10). (B) Arthritic
score based on cartilage degradation, bone resorption, andin�ammation obtained from Safranin O stained knee joint sections (0D normal and 5D severe; sCD83n
D 5, mock n D 5). (C) Representative 4mm Safranin O stained knee joint sections of sCD83 or mock treated mice at day 17. (D) antigen speci�c T cell proliferation of
lymph LN cells from day 17 after mBSA stimulation, analyzed by radioactive tritium incorporation (sCD83n D 9, mock n D 8). (E) IFNg and IL-17A levels in
supernatants from mBSA restimulated inguinal LN- (sCD83n D 5, mock n D 4) and synovial cells (sCD83n D 5, mock n D 5). (F) Flow cytometric analyses for
intracellular IL-17A and IFNg expression upon PMA and ionomycin stimulation for 6 h of inguinal LN- (sCD83n D 9, mock n D 10) and synovial cells (sCD83n D 4,
mock n D 4). Data are illustrated as mean� SEM. (A,D) Two way ANOVA and(B,E,F) Mann-Whitney test. Asterisks mark statistically signi�cant difference (**p <
0.01, ***p < 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is nostatistical signi�cance.
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water (200ml). After short centrifugation the prepared samples
were put into the auto-sampler of our LC-MS/MS-System
and measured. Separation and quantitation of the resulting
phenylthiocarbamyl derivatives was done by reverse-phase liquid
chromatography coupled with an MS/MS-system for selective
detection in MRM mode. For the liquid chromatography part
an Agilent Eclipse XDB-C18 3.5mm, 3 � 100 mm column was
used as stationary phase. Mobile Phase was made up out of
two solutions: 0.2% formic acid in water and 0.2% formic
acid in acetonitrile running a gradient ramping toward higher
acetonitrile content. The following transitions were usedfor
measurement in MRM-mode (including the matching deuterated
internal standards for evaluation): Kynurenin: 344.2/146.2, d6-
Kynurenin 350.2/151.2, Trp 340.2/188.2, d8-Trp 348.2/195.2,
Met 285.1/104.2, d3-Met 288.1/107.2.).

Generation of Synovial Fibroblast and
DC Cultures
Hind limbs were removed from healthy C57BL/6 mice and
cleared from residual tissue. The synovial area was digested
in 2 mg/ml collagenase I solution (Merck) on a shaking
incubator (2 h, 37� C, 1,200 rpm). The cell suspension was �ltered
through a 70mm strainer, centrifuged (5 min; 4� C; 1,200 rpm)
and the pellet resuspended and cultured in 10 ml �broblast
culture medium (RPMI 1640 (Lonza), supplemented with 100
U/ml penicillin, 100mg/ml streptomycin, 2 mM L-glutamine (L-
Glutamine–Penicillin–Streptomycin solution; Sigma-Aldrich), in
the presence of 10% heat-inactivated FCS (Merck) and 0.2%
amphotericin B (Gibco), in 25 cm² cell culture �asks (Thermo
Fisher Scienti�c). After passage 3, cells were transferred into 24
well plates (Falcon) until a con�uency of 80–90% was reached.
Cells were incubated with sCD83 (25mg/ml), or stimulated with
100 U/ml IFNg (PeproTech) as a positive control, and cultures
were harvested at indicated time points for RNA analyses.
DCs were generated as described before (22). Incubation with
sCD83 was performed analogously to �broblast culture. TGFb
(BioLegend) was used as positive control in a concentration of
10 ng/ml.

Statistical Analysis
All data are expressed as mean� SEM. Statistical signi�cance
was calculated using Student'st-tests for single comparison
or the Mann-Whitney U test for nonparametric distribution.
Grouped data were analyzed using One- or Two-way ANOVA.
All calculations were performed using GraphPad Prism 7
(GraphPad).P-values< 0.05 were considered signi�cant.

RESULTS

sCD83 Ameliorates Disease Severity in
Murine Arthritis
To investigate the modulatory e�ect of sCD83in vivo, murine
AIA was established in 8 weeks old mice and sCD83 was applied
during the immunization phase, as depicted inFigure 1A. The
sCD83 treated group showed signi�cantly reduced joint swelling
at peak of disease and an accelerated resolution of in�ammation,
compared to mock controls (Figure 1B). Also histological disease

severity and joint destruction were signi�cantly reduced in
sCD83 treated animals as shown by the decreased frequency
of large osteoclasts and Safranin O stainings of the knee
joints (Figures 1C,D). The total arthritic score, which is a
morphological assessment of synovitis, cartilage degradation
and bone resorption, showed a signi�cantly attenuated disease
progression in sCD83 treated animals (Figure 1E). Digital
histomorphometric quanti�cation of tissue using OsteoMeasure
demonstrated lower levels of cartilage destruction (Figure 1F) as
well as an up to 5-fold reduced in�ammatory area (Figure 1G),
in sCD83 treated mice compared to mock controls. When cells
from the inguinal LN were isolated at the end of the experiment
and inoculated with mBSA for 72 h to induce antigen speci�c T
cell proliferation, re-stimulated cells derived from sCD83 treated
mice showed a highly signi�cant reduced proliferation rate upon
antigen speci�c mBSA stimulation in a concentration dependent
manner (Figure 1H).

Disease modulation by sCD83 was also assessed in a
second arthritis model, i.e., the STA. Interestingly, also in
this model, sCD83 treated mice revealed a reduced clinical
score upon daily sCD83-administration over a period of
15 days (day� 1–13) (Supplemental Figure 1A). Even after
a second K/BxN serum-transfer on day 31, without any
additional sCD83 application, arthritic symptoms were reduced
in sCD83 mice (Supplemental Figure 1B). Histological analysis
of sCD83-treated mice demonstrated strongly reduced numbers
of in�ammatory cells (HE) as well as an enhanced protection
from cartilage destruction and bone resorption in comparison to
mock controls (Supplemental Figure 1C).

sCD83 Modulates Cytokine Expression
Within the Synovium of AIA Mice and
In�uences Osteoclastogenesis in vitro
To gain further insights into the local molecular mechanisms,
RT-PCR analyses of the synovial tissue, analyzing the expression
of in�ammatory transcripts associated with arthritis, were
performed as shown inFigure 2. Within the synovium of
sCD83 treated mice the expression levels of IL-17A, IFNg, IL-
6, and TNFa were signi�cantly reduced (Figure 2A). Moreover,
expression of RANKL, which is an essential cytokine for
osteoclastogenesis (23), was signi�cantly downregulated in
sCD83 treated mice. These results were also con�rmed on
protein level, using CBA analyses of supernatants derived
from cultured synovial cells (Figure 2B). Moreover, signi�cantly
reduced concentrations of RANKL were detected in sera derived
from sCD83 treated mice (Figure 2C).

In addition, bone marrow cells were isolated and subjected
to in vitro osteoclast di�erentiation. Di�erent concentrations of
sCD83 or PBS were added and TRAP-staining was performed
on day 5 to visualize osteoclast formation. The formation of
large osteoclasts, containing more than 15 nuclei per cell, was
clearly diminished by sCD83 (Figures 3A,B). In order to exclude
possible toxic e�ects of sCD83 during osteoclastogenesis, viability
of osteoclast cultures was assessed by DAPI-staining and �ow
cytometric analyses. Even at high sCD83 concentrations (up to
75mg/ml), no toxic e�ects were observed when compared to

Frontiers in Immunology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 633

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Royzman et al. Soluble CD83 Triggers Resolution of Arthritis

control incubated cells (Figure 3C). qPCR analyses of osteoclast
related genes, cultured in the presence of sCD83, revealed
a signi�cant, and concentration dependent downregulation of
transcripts associated with cell fusion (i.e.,DC-Stamp, OC-
Stamp) and bone resorption (i.e.,Cathepsin K, Mmp9, and
Trap). Additionally, the expression of RANK and Oscar was
signi�cantly reduced in the presence of 25mg/ml sCD83, while
no modulation was observed for Nfatc1 and Opn (Figure 4A).
To elucidate the impact of sCD83 on osteoclast activity, F-actin

staining and resorption assays were performed. Again, we
observed an inhibitory e�ect of sCD83 on the formation of
large osteoclasts and a signi�cantly reduced resorption activity,
which was further supported by a reduced F-actin ring formation,
a crucial structure for osteoclast-activity(24) (Figures 4B,C).
To further substantiate the link between thein vivo �ndings
observed in the AIA model and the impact of sCD83 on
osteoclast formationin vitro, osteoclastogenesis analyses were
performed in the presence of synovial CD4C lymphocytes,

FIGURE 6 | IDO plays a crucial role in sCD83 induced protection from bonedestruction. To analyse the functional role of IDO in sCD83 induced regulatory
mechanisms, 1-MT releasing pellets, which block IDO activity, were inserted s.c. at day� 22 before the �rst application of sCD83.(A) Percent increase of knee
swelling (normalized to baseline) after the local i.a. injection of mBSA (sCD83n D 11, mock n D 10, 1-MT C sCD83 n D 11, 1-MT C PBS n D 8). (B) Representative
m-computed tomograpy images of knee joints.(C) Quanti�cation of bone mass of femoral epiphysis (sCD83n D 8, mock n D 10, 1-MT C sCD83 n D 10, 1-MT C
PBS n D 6). Data are illustrated as mean� SEM. (A) Two way ANOVA and(C) One-Way ANOVA. Asterisks mark statistically signi�cant difference (*p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is nostatistical signi�cance.
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since T cells play a crucial role in the onset of AIA (25).
Interestingly, cells which were cultured in the presence of
synovial T cells, derived from sCD83-treated AIA mice, showed
a strongly reduced number of multinuclear large osteoclasts
compared to mock controls. Moreover, at the higher ratio, i.e.,
1:10, synovial CD4C T cells from sCD83-treated mice, not only
hampered osteoclast fusion, but also osteoclast di�erentiation
from precursor cells (Figures 4D,E).

sCD83 Enhances Resolution of
In�ammation Also in a Flare Up Reaction
and Provides Antigen Speci�c Long Term
Modulation of In�ammatory Immune
Responses in Arthritis
Rheumatoid arthritis is accompanied by relapse associated with
swelling, pain, and in�ammation. Hence, to investigate the long-
term disease modulating e�ect of sCD83, a �are-up reaction
was induced in the AIA-model (Figure 5). Thus, a second i.a.
injection of mBSA was performed on day 7 (after the �rst mBSA
i.a. injection), without any additional application of sCD83.
Noteworthy, within 3 days, joint swelling was signi�cantly
resolved in the sCD83 treated group, while control animals
showed typical AIA-associated symptoms for signi�cantly longer
time periods (Figure 5A). Histological analyses of the a�ected
joints of sCD83 treated mice con�rmed reduced synovitis and
reduced degradation of cartilage as well as bone in comparison to
control mice (Figure 5B). Representative histologies are shown
in Figure 5C and Supplemental Figure 2. Further, mBSA-
speci�c T cell proliferation of inguinal LN cells was reduced in
sCD83 treated mice compared to mock controls (Figure 5D).
mBSA-restimulated synovial and LN cells, derived from sCD83
treated mice showed reduced IFNg levels, while IL-17A was
not a�ected (Figure 5E). In contrary, equal IFNg and IL-17A
secretion levels were observed in sCD83- and mock treated
mice after PMA- and ionomycin stimulation (Figure 5F; gating
strategy seeSupplemental Figure 3). These data indicate that
sCD83 modulates antigen-speci�c T cell rather than broadly
inhibiting T cell activation.

Indoleamine 2,3-dioxygenase (IDO) Plays a
Crucial Role in sCD83 Induced Resolution
of In�ammation
IDO is a key regulator of the T cell immune response and was
described as a therapeutic target for RA therapy (26). Due to
its enzymatic activity IDO is able to convert tryptophan, which
is an essential amino acid for T cell proliferation and survival
(27), into kynurenine. On the one hand tryptophan starvation
leads to reduced T cell activation, while kynurenine itselfon the
other hand, enhances Treg induction/ expansion via the Ahr-
signaling pathway (28, 29). Further, the signaling activity of IDO
was shown to induce TGF-b which is crucial for Treg function
(30) and long term tolerance induction (31). To elucidate
the functional role of IDO in sCD83 induced mechanisms in
arthritis the enzymatic activity of IDO was blocked by 1-MT
(see Figure 6), which is a potent IDO inhibitor (32). Mice
receiving sCD83 in the presence of 1-MT showed a progressive
arthritis comparable to the mock or 1-MTC PBS treated animals

(Figure 6A) (33). Furthermore, mock controls, 1-MTC PBS and
1-MT C sCD83 treated mice developed bone damage on day
10 after mBSA injection (Figure 6B, see white arrows in the
representativemCT reconstructions). In sharp contrast, joints
derived from sCD83 treated mice, showed almost no bone
destruction (Figure 6B, right panel). In addition, mock as well
as 1-MT treated controls developed severe loss at the femoral
epiphysis (Figure 6C), while sCD83 treated mice revealed hardly
any resorption of bone tissue and were comparable to samples
derived from non-arthritic animals.

To gain further insights into the local regulatory mechanisms
in the joints, synovial cells were isolated and analyzed by �ow
cytometry (Figure 7). Most notably regulatory T cells were
signi�cantly increased in their frequency after sCD83 treatment,
but not in mock controls or mice treated with sCD83 but
receiving the IDO inhibitor 1-MT (Figure 7A, representative
FACS plotsSupplemental Figure 4). The percentage of CD4C T
cells was similar in all di�erent treatment groups (Figure 7B).
These observations were con�rmed by qPCR-analyses of synovial
cells, where the sCD83 treated group showed an enhanced
expression of Foxp3 (Figure 7C). In sharp contrast, application
of 1-MT abrogated the sCD83 induced accumulation of Tregs.

Since antibodies play a crucial role in RA, we analyzed the
presence of mBSA-speci�c IgG1 in the sera of AIA mice, and
observed signi�cantly reduced anti-mBSA-IgG1 levels in sCD83
treated mice on day 10 (Figure 7D). However, application of 1-
MT completely reversed sCD83 mediated e�ects on anti-mBSA-
IgG1 levels. mBSA restimulation of synovial and LN cells showed
again reduced levels of antigen-speci�c T cell proliferation
within the sCD83 treated group (Figures 7E,F). In contrast
the proliferation rate of the 1-MTC sCD83 treated mice was
comparable to mock controls, both for LN and synovial cells. To
determine the enzymatic kinetics of IDO during AIAin vivo, sera
were collected at di�erent time points from di�erent treatment
groups and analyzed regarding to their tryptophan to kynurenine
ratio, using HPLC. A strong and highly signi�cant induction
of IDO activity was observed in sCD83 treated mice especially
on day � 3 (Figure 7G), indicating the induction of an anti-
in�ammatory environment just before the onset of the e�ector
phase. This upregulation of IDO activity was blocked by 1-MT.
Moreover, and unexpectedly, at day� 3 and C3 we observed
signi�cantly increased levels of methionine in the sCD83-,but
not in mock- or 1-MT C sCD83 treated mice (Figure 7H). This
is a very interesting �nding, since methionine has been described
to attenuate disease severity in arthritis (34).

Furthermore, analysis of cytokine secretion of these
restimulated LN and synovial T cells showed that IL-6, IL-
17A, TNFa, and IFNg levels were strongly reduced in LN cells
from sCD83 treated mice compared to mock controls or to those
treated with 1-MTC sCD83 (Figure 8A). Likewise, in synovial
cells production of IL-6, IL-17A, and IFNg was reduced after
sCD83 treatment (Figure 8B).

TGF-b Is Mechanistically Involved in sCD83
Induced Modulation in Arthritis
Since TGF-b is an important mediator in Treg cell function we
analyzed whether sCD83 treatment induces TGF-b. In synovial
cell cultures from sCD83 treated arthritic mice we detected
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FIGURE 7 | IDO plays a crucial role in the sCD83 mediated induction of Tregs within the synovium and regulates methionine balance.(A–C) CD4C T cell as well as
regulatory T cell numbers (CD4C , CD25C , and Foxp3C ; pool from three independent experiments normalized to mock control) within the synovium assessed by �ow

(Continued)
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FIGURE 7 | cytometry (sCD83n D 14, mock n D 13, 1-MT C sCD83 n D 9) and qPCR (sCD83n D 4, mock n D 4, 1-MT C sCD83 n D 4). (D) Anti-mBSA speci�c
IgG1 antibody levels in the sera of AIA mice on day 10 (sCD83n D 13, mock n D 13, 1-MT C sCD83 n D 5). (E) Antigen speci�c T cell proliferation of inguinal LN cells
upon mBSA restimulation analyzed by radioactive tritium incorporation (sCD83n D 5, mock n D 5, 1-MT C sCD83 n D 10). (F) Antigen speci�c T cell proliferation of
synovial cells after mBSA restimulation (sCD83n D 4, mock n D 4, 1-MT C sCD83 n D 4). (G) Sera from AIA mice were collected and analyzed by HPLC to assess
the kynurenine to tryptophan ratio and methionine concentration (H) (sCD83n D 5, mock n D 5, 1-MT C sCD83 n D 5). Data are illustrated as mean� SEM.
Statistical analysis was performed using the One-way ANOVA(A–D,F) and Two way ANOVA(E,G,H). Asterisks mark statistically signi�cant difference (*p < 0.05, ***p
< 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is nostatistical signi�cance.

increased levels of TGF-b (Figure 9A), supporting a functional
implication of the TGF-b-IDO pathway in sCD83 mediated
resolution of in�ammation. We therefore investigated, whether
TGF-b plays a mechanistic role in sCD83 induced immune
modulation. Hence, TGF-b activity was blockedin vivo by the
daily injection of anti-TGF-b antibody during immunization
phase (i.e., day� 21 until day � 12) and e�ector phase (i.e.,
day � 1 until day 7) (33). Mice which received the anti-TGF-b
antibody alone, showed a slightly but not signi�cant increased
joint swelling, compared to mock-treated mice (Figure 9B).
However, in the presence of anti-TGF-b, the proresolving e�ect
of sCD83 was partially abolished. Hence, the degree of arthritis in
the sCD83/TGF-b treated group was between the one of sCD83
treatment and mock treated mice, indicating that TGF-b plays
a role but is not exclusively responsible for sCD83 mediated
anti-arthritic e�ects. This �nding is in line with previous data
that suggested that TGF-b induces IDO mediated long-term
tolerogenic e�ects (31).

When assessing the e�ect of TGF-b inhibition on LN cell
proliferation we found a slightly increased T cell proliferation
upon mBSA-restimulationin vitro, when TGF-b was inhibited,
(Figure 9C) supporting thein vivodata.

DISCUSSION

The immune-modulatory potential of sCD83 has been described
in di�erent autoimmune (13, 35) and transplantation models
(10, 14). However, no data were available regarding arthritis,
even though increased levels of sCD83 have been observed in the
synovial �uid of RA patients (17, 36). Thus, in the present study
we investigated the immune-modulatory properties of sCD83
in the AIA-model. We show that sCD83 has anti-in�ammatory
properties in arthritis and induces resolution of in�ammation.
This e�ect critically depends on sCD83 induced IDO activation,
in conjunction with TGF-b expression. Application of sCD83
not only reduced the clinical symptoms of arthritis, but also
inhibited the antigen-speci�c T cell proliferation upon mBSA-
restimulation and impaired production of key in�ammatory
e�ectors, including IL-17A, TNFa, IFNg, and IL-6. In accordance
with these immune regulatory e�ects, joint destruction was
also strongly reduced in sCD83 treated mice. Noteworthy, also
RANKL expression, a key mediator for osteoclast di�erentiation,
was strongly reduced in the synovium of sCD83 receiving
mice, which explains the observed attenuated destruction of
cartilage and bone. Thus, sCD83 obviously has the potential to
inhibit bone destruction by osteoclasts in arthritis. In support
of this hypothesis,in vitro osteoclastogenesis was impaired by
sCD83 in a concentration dependent manner. qPCR analyses

revealed a downregulated expression of osteoclast-fusion and
bone resorption related genes in the presence of sCD83, which
most likely contributes to the observed impaired phenotype.
Thus, sCD83 does not directly modulate the di�erentiation
of osteoclasts, but rather interferes with osteoclast fusionand
activity. Recently, Horvatinovitch et al. reported the TLR4/MD2-
complex as a receptor for sCD83 on monocytes (37). Since
monocytes, which di�erentiate into osteoclasts (38) still maintain
the expression of TLR4 on their surface (39), it is conceivable
that sCD83 may modulate osteoclastogenesis via this pathway.
Therefore, increased sCD83 concentrations, as detected in
the synovial �uids of RA patients (17), might contribute
to temporary resolution of arthritic symptoms and hamper
osteoclast formation and activity. Furthermore, we observed an
interesting modulatory e�ect of sCD83 on F-actin ring formation
in mature osteoclasts. In 2004 Kotzor et al. described sCD83
mediated changes in the cytoskeleton of DCs which subsequently
hampered DC clustering and their stimulatory activity (40).
Thus, sCD83 might induce an impaired osteoclast phenotype
by the modulation of the cell architecture and subsequently
their activity.

In �are-up experiments for arthritis, which were performed
by a second mBSA injection without additional sCD83 exposure,
mice which received sCD83 only during the �rst mBSA
injection were still maintaining better control of arthritis
and faster resolution. This �nding of prolonged tolerance
reiterates previous data reporting sCD83 mediated long-term
induction of regulatory mechanisms in the experimental-
autoimmune-encephalitis (EAE) model (13). Furthermore,
these data indicated, that such sCD83 induced e�ect is antigen-
speci�c, since restimulation of LN cells, derived from sCD83
treated animals, with mBSA showed reduced IFNg secretion,
while there was no di�erence in cytokine expression after
PMA/ionomycin stimulation. These results are in agreement
with previous reports regarding heart and cornea transplantation
experiments, also showing an antigen-speci�c immune
modulation (10, 14).

Interestingly, the protective e�ect of sCD83 was completely
abrogated in the presence of the IDO inhibitor 1-MT. We thus
postulate that the enzymatic IDO activity is crucial for the sCD83
mediated e�ects. Induction of IDO via the application of sCD83
and its interaction with DC, T cells and osteoclasts marks the
induction of regulatory pathways. IDO expression in myeloid
cells has been shown to induce the generation of regulatory DCs,
to inhibit di�erentiation of osteoclasts (41) and, as shown in
this work, to inhibit proin�ammatory cytokine production by
LN and synovial cells. Analysis of bone structure in arthritis
con�rmed the crucial role of IDO, since the bene�cial e�ects
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FIGURE 8 | sCD83 induced inhibition of pro-in�ammatory mediators is IDOdependent. (A) Cytokine production in mBSA restimulated inguinal LN cells(sCD83n D 5,
mock n D 5, 1-MT C sCD83 n D 5) and (B) synovial cells (sCD83n D 4, mock n D 4, 1-MT C sCD83 n D 4). Data are illustrated as mean� SEM. Mann-Whitney test.
Asterisks mark statistically signi�cant difference (*p < 0.05, **p < 0.01,). The absence of asterisks indicates that there is no statistical signi�cance.

Frontiers in Immunology | www.frontiersin.org 15 April 2019 | Volume 10 | Article 633



Royzman et al. Soluble CD83 Triggers Resolution of Arthritis

FIGURE 9 | TGF-b is involved in sCD83 induced inhibition of arthritis. TGF-b was blocked by the systemic application of an anti-TGF-b antibody from day 0–9 and
20–28. (A) TGF-b levels in supernatants of mBSA restimulated synovial cellswere determined by ELISA (sCD83n D 4, mock n D 4, 1-MT C sCD83 n D 4).
(B) Percent increase of knee swelling (normalized to baseline)after the local i.a. injection of mBSA (sCD83n D 5, mock n D 5, a-TGF-b n D 5, a-TGF-b C sCD83 n D
5). (C) Antigen speci�c T cell proliferation of LN cells upon mBSA stimulation analyzed by tritium incorporation (sCD83n D 5, mock n D 5, a-TGF-b n D 3, a-TGF-b C
sCD83 n D 4). Data are illustrated as mean� SEM. (B) Two way ANOVA and(A,C) One-Way ANOVA. Asterisks mark statistically signi�cant difference (*p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is nostatistical signi�cance.

of sCD83 regarding bone destruction were abrogated when IDO
was inhibited by 1-MT.

Further, IDO is a potent modulator of T cell immunity
by two means. On the one hand IDO induces the enzymatic
conversion of tryptophan into kynurenine (42). Tryptophan
starvation induces an inhibitory e�ect on T cell proliferation(43),

while on the other hand kynurenine potently induces regulatory
T cells (44). In agreement with these reports we observed a highly
increased kynurenine/tryptophan ratio in sCD83 treated mice,
thereby inducing an anti-in�ammatory environment shortly
before the onset of the e�ector phase. Within the synovial cavities,
synovial �broblasts possess strong IDO activity (45), which could
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be induced upon sCD83 stimulation (Supplemental Figure 5)
and therefore these cells may be responsible for the observed
increased concentrations of sCD83 in the synovial �uids of RA
patients (17).

Furthermore, an increased frequency of Foxp3C regulatory
T cells was found in the synovium of sCD83 treated mice,
which was again IDO dependent since 1-MT reversed this sCD83
e�ect (Figure 5B). Tregs are important players during resolution
of in�ammation, which can be mediated via the expression of
soluble factors such as TGF-b and IL10 (46, 47), the suppression
of e�ector T cells (48) or metabolic modulation, via e.g., IL-
2 deprivation (49). In addition to its enzymatic properties,
IDO possesses also a signaling activity which promotes TGF-b
expression, thereby enhancing the di�erentiation of regulatory T
cells and �nally the induction of long term tolerance mechanisms
(28, 50).

Treg cells have been reported to regulate osteoclastogenesis
e.g., via the secretion of TGF-b (46) and furthermore protect from
bone destruction in arthritis (16). As described above in sCD83
treated animals we observed an increase in TGF-b production
and enhanced numbers of Foxp3C regulatory T cells, which
correlated with reduced bone and cartilage destruction in AIA,
extending previous observations (16, 46). In addition it has been
reported that Tregs regulate osteoclast di�erentiation, in aCTLA-
4 and IDO-dependent manner (41). Since sCD83 induces IDO
expression and subsequently increases Treg numbers, it is very
likely that this represents the underlying mechanism by which
sCD83 inhibits bone and cartilage destruction in addition to

the induction of resolution of in�ammation. Additionally, when
osteoclastogenesis was performed in the presence of synovial
CD4C T lymphocytes, derived from sCD83 or mock treated
AIA mice, osteoclast formation was dramatically reduced in the
sCD83 group. Since no additional sCD83 was added to these
cultures, our results emphasize the role of a Treg mediated
inhibitory environmental and/or direct e�ects on osteoclast
formation within the synovia of sCD83-treated mice.

Interestingly, sCD83 induced the expression of TGF-b in
an IDO dependent manner. To de�ne the functional role of
TGF-b in sCD83 mediated e�ects in arthritis we blocked TGF-
b activity in vivo, using an inhibitory anti-TGF-b antibody.
Noteworthy, blockade of TGF-b partially reversed the anti-
arthritic e�ects of sCD83. Similar results were also observedby
others, where the application of anti TGF-b antibodies resulted
in increased AIA severity (33). These data indicate, that not
only IDO but also TGF-b plays a role in sCD83 induced
regulatory mechanisms in arthritis, and that both may exert
synergistic e�ects. Thus, we hypothesize, that sCD83 induces
TGF-b expression, which subsequently increases IDO levels and
long term regulatory mechanisms, associated with resolution
of in�ammation.

An unexpected �nding was the increase in the levels of the
essential amino acid methionine in sCD83 treated mice. Since
methionine cannot be synthetizedde novo,sCD83 may in�uence
the conversion of homocysteine to methionine, as it has been
described previously (51). Increased levels of homocysteine
are pro-in�ammatory and associated with cardiovascular

FIGURE 10 | Schematic representation of sCD83 induced immune modulation in arthritis. sCD83 is expressed in arthritic joints and accumulates within the synovial
�uid. There, sCD83 induces the enzymatic activity of IDO in responder cells (e.g., DCs, �broblasts) enhancing the tryptophan (Trp) to kynurenine (Kyn) conversion.
Tryptophan starvation induces an inhibitory effect on T cell proliferation, while on the other hand kynurenine potently induces regulatory T cells. In addition, sCD83
induces TGF-b expression and thereby long lasting IDO mediated Treg differentiation. Thus, we hypothesize, that sCD83 induces long term regulatory mechanisms,
associated with resolution of in�ammation and inhibition ofbone destruction and cartilage damage in arthritis.
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mortality in RA patients (52). A sCD83 induced shift toward
methionine synthesis would therefore provide anti-in�ammatory
properties in RA (53). Also, methionine accumulation was
IDO-dependent, since in the presence of 1-MT this e�ect
was abrogated.

Taken together, sCD83 leads to a long-term and antigen-
speci�c modulation of the immune response in arthritis
(summarized in Figure 10). IDO and TGF-b play a crucial
role in sCD83 induced reduction of in�ammation and joint
destruction in arthritis. Regulatory T cells, which are induced via
a sCD83-IDO dependent mechanism, are essential for resolution
of in�ammation and long-lasting tolerogenic e�ects. Therefore,
sCD83 provides an interesting candidate for inducing long-term
control of the immune response and resolution of in�ammation
in RA.

ETHICS STATEMENT

Animal housing and experimental studies were approved by local
authorities in Würzburg.

AUTHOR CONTRIBUTIONS

EZ and AS conceived and designed the study,
supervised experiments, and wrote the manuscript. DR and
EZ performed and analyzed the majority of experiments. DR also
prepared the manuscript. DA and AB performed and analyzed
osteoclastogenesis experiments, quanti�ed histological samples,
and edited the manuscript. MR conducted HPLC and metabolite

analyses. TB, SE, and MK performed micro-CT and radiological
analyses. LS performed some experiments and analyzed the
corresponding data. KP was responsible for DC cultures and the
analyses of IDO expression. LB providedaTGF-ß antibody and
edited the manuscript. GS provided scienti�c insight and edited
the manuscript.

FUNDING

This work was supported by the Deutsche
Forschungsgemeinschaft (DFG) via the DFG - CRC1181
projects B03 (to AS), A01 (to AB and GS), and Z02 (to TB). EZ
and KP were supported by the DFG grant ZI 1225/1-1.

ACKNOWLEDGMENTS

We would like to thank the Preclinical Imaging Platform
Erlangen (PIPE) as well as the Optical Imaging Center Erlangen
(OICE) for their advice, help and support regardingin vitro as
well asin vivoimaging analyses. Our thanks also go to Madeleine
Hahn for the support regarding the isolation and handling of
synovial �broblasts and to Barbara Happich for her help with
histological analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/�mmu.
2019.00633/full#supplementary-material

REFERENCES

1. Silman AJ, Pearson JE. Epidemiology and genetics of rheumatoid arthritis.
Arthritis Res.(2002) 4(Suppl. 3):S265–72. doi: 10.1186/ar578

2. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis.N Engl J Med.
(2011) 365:2205–19. doi: 10.1056/NEJMra1004965

3. Heidari B. Rheumatoid arthritis: early diagnosis and treatment outcomes.
Caspian J Intern Med.(2011) 2:161–70.

4. Chung WS, Lin CL, Peng CL, Chen YF, Lu CC, Sung FC, et al.
Rheumatoid arthritis and risk of acute myocardial infarction–a
nationwide retrospective cohort study.Int J Cardiol. (2013) 168:4750–4.
doi: 10.1016/j.ijcard.2013.07.233

5. Skeoch S, Cristinacce PLH, Williams H, Pemberton P, Xu D, Sun J, et al.
Imaging atherosclerosis in rheumatoid arthritis: evidence for increased
prevalence, altered phenotype and a link between systemic and localised
plaque in�ammation.Sci Rep.(2017) 7:827. doi: 10.1038/s41598-017-00989-w

6. Hellgren K, Baecklund E, Backlin C, Sundstrom C, Smedby KE, Askling
J. Rheumatoid arthritis and risk of malignant lymphoma: is the risk still
increased?Arthritis Rheumatol.(2017) 69:700–8. doi: 10.1002/art.40017

7. Malviya G, Salemi S, Lagana B, Diamanti AP, D'Amelio R, Signore A.
Biological therapies for rheumatoid arthritis: progress to date.BioDrugs.
(2013) 27:329–45. doi: 10.1007/s40259-013-0021-x

8. Fan PT, Leong KH. The use of biological agents in the treatment of rheumatoid
arthritis.Ann Acad Med Singapore.(2007) 36:128–34.

9. Seymour HE, Worsley A, Smith JM, Thomas SH. Anti-TNF agents
for rheumatoid arthritis. Br J Clin Pharmacol. (2001) 51:201–8.
doi: 10.1046/j.1365-2125.2001.00321.x

10. Bock F, Rossner S, Onderka J, Lechmann M, Pallotta MT, Fallarino F,
et al. Topical application of soluble CD83 induces IDO-mediated immune

modulation, increases Foxp3C T cells, and prolongs allogeneic corneal graft
survival.J Immunol.(2013) 191:1965–75. doi: 10.4049/jimmunol.1201531

11. Doebbeler M, Koenig C, Krzyzak L, Seitz C, Wild A, Ulas T, et al. CD83
expression is essential for Treg cell di�erentiation and stability. JCI Insight.
3:99712. doi: 10.1172/jci.insight.99712

12. Lechmann M, Krooshoop DJ, Dudziak D, Kremmer E, Kuhnt C, FigdorCG,
et al. The extracellular domain of CD83 inhibits dendritic cell-mediated T
cell stimulation and binds to a ligand on dendritic cells.J Exp Med.(2001)
194:1813–21. doi: 10.1084/jem.194.12.1813

13. Zinser E, Lechmann M, Golka A, Lutz MB, Steinkasserer A. Prevention
and treatment of experimental autoimmune encephalomyelitis by soluble
CD8(2018) 3.J Exp Med.(2004) 200:345–51. doi: 10.1084/jem.20030973

14. Ge W, Arp J, Lian D, Liu W, Baroja ML, Jiang J, et al. Immunosuppression
involving soluble CD83 induces tolerogenic dendritic cells that
prevent cardiac allograft rejection.Transplantation. (2010) 90:1145–56.
doi: 10.1097/TP.0b013e3181f95718

15. Blanco P, Palucka AK, Pascual V, Banchereau J. Dendritic cells and cytokines
in human in�ammatory and autoimmune diseases.Cytokine Growth Factor
Rev.(2008) 19:41–52. doi: 10.1016/j.cytogfr.2007.10.004

16. Zaiss MM, Frey B, Hess A, Zwerina J, Luther J, Nimmerjahn F, et al.Regulatory
T cells protect from local and systemic bone destruction in arthritis.J
Immunol.(2010) 184:7238–46. doi: 10.4049/jimmunol.0903841

17. Hock BD, O'Donnell JL, Taylor K, Steinkasserer A, McKenzie JL, Rothwell
AG, et al. Levels of the soluble forms of CD80, CD86, and CD83 are elevated
in the synovial �uid of rheumatoid arthritis patients.Tissue Antigens.(2006)
67:57–60. doi: 10.1111/j.1399-0039.2005.00524.x

18. Brackertz D, Mitchell GF, Mackay IR. Antigen-induced arthritis in mice. I
Induction of arthritis in various strains of mice.Arthritis Rheum.(1977)
20:841–50. doi: 10.1002/art.1780200314

Frontiers in Immunology | www.frontiersin.org 18 April 2019 | Volume 10 | Article 633



Royzman et al. Soluble CD83 Triggers Resolution of Arthritis

19. Korganow AS, Ji H, Mangialaio S, Duchatelle V, Pelanda R, Martin
T, et al. From systemic T cell self-reactivity to organ-speci�c
autoimmune disease via immunoglobulins.Immunity. (1999) 10:451–61.
doi: 10.1016/S1074-7613(00)80045-X

20. Ruiz-Heiland G, Horn A, Zerr P, Hofstetter W, Baum W, Stock M, et al.
Blockade of the hedgehog pathway inhibits osteophyte formation in arthritis.
Ann Rheum Dis.(2012) 71:400–7. doi: 10.1136/ard.2010.148262

21. Rosset A, Spadola L, Ratib O. OsiriX: an open-source software for navigating
in multidimensional DICOM images.J Digit Imaging.(2004) 17:205–16.
doi: 10.1007/s10278-004-1014-6

22. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N,et al.
An advanced culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow.J Immunol Methods.(1999) 223:77–
92. doi: 10.1016/S0022-1759(98)00204-X

23. Feng X. RANKing intracellular signaling in osteoclasts.IUBMB Life.(2005)
57:389–95. doi: 10.1080/15216540500137669

24. Teitelbaum SL. Bone resorption by osteoclasts.Science.(2000) 289:1504–8.
doi: 10.1126/science.289.5484.1504

25. van den Berg WB, Joosten LA, van Lent PL. Murine antigen-induced arthritis.
Methods Mol Med.(2007) 136:243–53. doi: 10.1007/978-1-59745-402-5_18

26. Williams RO. Exploitation of the IDO pathway in the therapy of rheumatoid
arthritis. Int J Tryptophan Res.(2013) 6:67–73. doi: 10.4137/IJTR.S11737

27. Lee GK, Park HJ, Macleod M, Chandler P, Munn DH, Mellor AL. Tryptophan
deprivation sensitizes activated T cells to apoptosis prior to cell division.
Immunology.(2002) 107:452–60. doi: 10.1046/j.1365-2567.2002.01526.x

28. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Brad�eld
CA. An interaction between kynurenine and the aryl hydrocarbon
receptor can generate regulatory T cells.J Immunol. (2010) 185:3190–8.
doi: 10.4049/jimmunol.0903670

29. Bessede A, Gargaro M, Pallotta MT, Matino D, Servillo G, Brunacci C, et al.
Aryl hydrocarbon receptor control of a disease tolerance defence pathway.
Nature.(2014) 511:184–90. doi: 10.1038/nature13323

30. Konkel JE, Zhang D, Zanvit P, Chia C, Zangarle-Murray T, Jin W,et al.
Transforming growth factor-beta signaling in regulatory T cells controls
T helper-17 cells and tissue-speci�c immune responses.Immunity. (2017)
46:660–74. doi: 10.1016/j.immuni.2017.03.015

31. Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, Bianchi R, et al.
Indoleamine 2,3-dioxygenase is a signaling protein in long-term tolerance by
dendritic cells.Nat Immunol.(2011) 12:870–8. doi: 10.1038/ni.2077

32. Lob S, Konigsrainer A, Schafer R, Rammensee HG, Opelz G, Terness P.
Levo- but not dextro-1-methyl tryptophan abrogates the IDO activity of
human dendritic cells.Blood.(2008) 111:2152–4. doi: 10.1182/blood-2007-10-
116111

33. Chalise JP, Pallotta MT, Narendra SC, Carlsson B, Iacono A, Namale
J, et al. IDO1 and TGF-beta mediate protective e�ects of IFN-
alpha in antigen-induced arthritis.J Immunol. (2016) 197:3142–51.
doi: 10.4049/jimmunol.1502125

34. Li M, Zhai L, Wei W. High-methionine diet attenuates severity of arthritis and
modulates IGF-I related gene expressions in an adjuvant arthritis rats model.
Mediators In�amm.(2016) 2016:9280529. doi: 10.1155/2016/9280529

35. Eckhardt J, Kreiser S, Dobbeler M, Nicolette C, DeBenedette MA,
Tcherepanova IY, et al. Soluble CD83 ameliorates experimental colitis inmice.
Mucosal Immunol.(2014) 7:1006–18. doi: 10.1038/mi.2013.119

36. Kristensen AM, Stengaard-Pedersen K, Hetland ML, Horslev-Petersen K,
Junker P, Ostergaard M, et al. Expression of soluble CD83 in plasma from
early-stage rheumatoid arthritis patients is not modi�ed by anti-TNF-alpha
therapy.Cytokine.(2017) 96:1–7. doi: 10.1016/j.cyto.2017.02.017

37. Horvatinovich JM, Grogan EW, Norris M, Steinkasserer A, Lemos H,
Mellor AL, et al. Soluble CD83 inhibits T cell activation by bindingto the
TLR4/MD-2 complex on CD14(C) monocytes.J Immunol.(2017) 198:2286–
301. doi: 10.4049/jimmunol.1600802

38. Fujikawa Y, Sabokbar A, Neale S, Athanasou NA. Human osteoclast
formation and bone resorption by monocytes and synovial macrophages in
rheumatoid arthritis.Ann Rheum Dis.(1996) 55:816–22. doi: 10.1136/ard.55.
11.816

39. Takami M, Kim N, Rho J, Choi Y. Stimulation by toll-like receptors
inhibits osteoclast di�erentiation. J Immunol. (2002) 169:1516–23.
doi: 10.4049/jimmunol.169.3.1516

40. Kotzor N, Lechmann M, Zinser E, Steinkasserer A. The soluble form of CD83
dramatically changes the cytoskeleton of dendritic cells.Immunobiology.
(2004) 209:129–40. doi: 10.1016/j.imbio.2004.04.003

41. Bozec A, Zaiss MM, Kagwiria R, Voll R, Rauh M, Chen Z, et al. T
cell costimulation molecules CD80/86 inhibit osteoclast di�erentiation by
inducing the IDO/tryptophan pathway.Sci Transl Med.(2014) 6:235ra260.
doi: 10.1126/scitranslmed.3007764

42. Chen W. IDO: more than an enzyme.Nat Immunol. (2011) 12:809–11.
doi: 10.1038/ni.2088

43. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, et al.
GCN2 kinase in T cells mediates proliferative arrest and anergy induction
in response to indoleamine 2,3-dioxygenase.Immunity. (2005) 22:633–42.
doi: 10.1016/j.immuni.2005.03.013

44. Yan Y, Zhang GX, Gran B, Fallarino F, Yu S, Li H, et al. IDO upregulates
regulatory T cells via tryptophan catabolite and suppresses encephalitogenic
T cell responses in experimental autoimmune encephalomyelitis.J Immunol.
(2010) 185:5953–61. doi: 10.4049/jimmunol.1001628

45. Park MK, Oh HJ, Heo YM, Park EM, Cho ML, Kim HY, et al. Myeloid
di�erentiation primary response protein 88 blockade upregulates
indoleamine 2,3-dioxygenase expression in rheumatoid synovial
�broblasts. Exp Mol Med. (2011) 43:446–54. doi: 10.3858/emm.2011.
43.8.050

46. Wan YY, Flavell RA. 'Yin-Yang' functions of transforming growth factor-
beta and T regulatory cells in immune regulation.Immunol Rev.(2007)
220:199–213. doi: 10.1111/j.1600-065X.2007.00565.x

47. Asseman C, Mauze S, Leach MW, Co�man RL, Powrie F. An essential role
for interleukin 10 in the function of regulatory T cells that inhibitintestinal
in�ammation. J Exp Med.(1999) 190:995–1004. doi: 10.1084/jem.190.7.995

48. Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ. Cutting edge:
contact-mediated suppression by CD4CCD25C regulatory cells involves a
granzyme B-dependent, perforin-independent mechanism.J Immunol.(2005)
174:1783–6. doi: 10.4049/jimmunol.174.4.1783

49. de la Rosa M, Rutz S, Dorninger H, Sche�old A. Interleukin-2 is essential for
CD4CCD25C regulatory T cell function.Eur J Immunol. (2004) 34:2480–8.
doi: 10.1002/eji.200425274

50. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion
of peripheral CD4CCD25- naive T cells to CD4CCD25C regulatory T cells
by TGF-beta induction of transcription factor Foxp3.J Exp Med.(2003)
198:1875–86. doi: 10.1084/jem.20030152

51. Miller AL. The methionine-homocysteine cycle and its e�ects on cognitive
diseases.Altern Med Rev.(2003) 8:7–19. doi: 10.1007/978-3-322-81541-5_2

52. Roubeno� R, Dellaripa P, Nadeau MR, Abad LW, Muldoon BA, Selhub J,
et al. Abnormal homocysteine metabolism in rheumatoid arthritis.Arthritis
Rheum.(1997) 40:718–22. doi: 10.1002/art.1780400418

53. Unnikrishnan MK, Rao MN. Antiin�ammatory activity of methionine,
methionine sulfoxide and methionine sulfone.Agents Actions.(1990) 31:110–
2. doi: 10.1007/BF02003229

Con�ict of Interest Statement: LB is employed by Bioceros.

The remaining authors declare that the research was conducted in the absence of
any commercial or �nancial relationships that could be construed asa potential
con�ict of interest.

Copyright © 2019 Royzman, Andreev, Stich, Rauh, Bäuerle, Ellmann,Boon,
Kindermann, Peckert, Bozec, Schett, Steinkasserer and Zinser. This is an open-access
article distributed under the terms of the Creative CommonsAttribution License (CC
BY). The use, distribution or reproduction in other forums ispermitted, provided
the original author(s) and the copyright owner(s) 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.

Frontiers in Immunology | www.frontiersin.org 19 April 2019 | Volume 10 | Article 633


