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The Journal of Immunology

The AP-1 Transcription Factor c-Jun Promotes Arthritis by
Regulating Cyclooxygenase-2 and Arginase-1 Expression in

Macrophages

Nicole Hannemann,* Jutta Jordan,” Sushmita Paul,’* Stephen Reid,® Hanns-Wolf Baenkler,*
Sophia Sonnewald,§ Tobias Biuerle,” Julio Vera,” Georg Schett,* and Aline Bozec*

Activation of proinflammatory macrophages is associated with the inflammatory state of rheumatoid arthritis. Their polarization
and activation are controlled by transcription factors such as NF-kB and the AP-1 transcription factor member c-Fos. Surprisingly,
little is known about the role of the AP-1 transcription factor c-Jun in macrophage activation. In this study, we show that mRNA
and protein levels of c-Jun are increased in macrophages following pro- or anti-inflammatory stimulations. Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes pathway enrichment cluster analyses of microarray data using wild-type and c-Jun—
deleted macrophages highlight the central function of c-Jun in macrophages, in particular for immune responses, IL production,
and hypoxia pathways. Mice deficient for c-Jun in macrophages show an amelioration of inflammation and bone destruction in the
serum-induced arthritis model. In vivo and in vitro gene profiling, together with chromatin immunoprecipitation analysis of
macrophages, revealed direct activation of the proinflammatory factor cyclooxygenase-2 and indirect inhibition of the anti-
inflammatory factor arginase-1 by c-Jun. Thus, c-Jun regulates the activation state of macrophages and promotes arthritis via

differentially regulating cyclooxygenase-2 and arginase-1 levels.

he transcription factor family AP-1 is composed of homo-
and heterodimeric complexes, which consist of Jun, Fos,
activating transcription factor, and musculoaponeurotic
fibrosarcoma proteins. These dimers are involved in different
cellular processes, such as proliferation, apoptosis, and differen-
tiation (1). In macrophages, AP-1 proteins can regulate inflam-
matory processes through activation of cytokine production. For
instance, the activation of IL and TLR leads to the initiation of an
MAPK signaling cascade through MyD88, resulting in the acti-
vation of AP-1 in macrophages (2, 3).
Macrophages perform diverse homeostatic functions in the de-
velopment, tissue repair, and immune responses against pathogens.
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Whereas resident macrophages regulate tissue homeostasis,
macrophages recruited from the bloodstream activate specific
transcriptional programs, which allow them to polarize into pro- or
anti-inflammatory macrophages (4). AP-1 transcription factors
have been described to orchestrate inflammatory responses in
macrophages, in particular by the expression of inflammatory
mediators (5). JunD for instance was recently shown to induce
macrophage activation and cytokine secretion, by modulating their
gene expression levels (6, 7). Furthermore, activation of JNK in
macrophages is required for the establishment of obesity-induced
insulin resistance and inflammation. JNK-deficient macrophages
expressed fewer proinflammatory chemokines and cytokines, such
as Ccl2, Ccl5, IL-6, IL-12, and TNF (8). Additionally, JNK
blockade suppresses matrix metalloproteinases and thus inhibits ar-
thritic joint destruction in a rat adjuvant-induced arthritis model (9).
One JNK target is c-Jun, suggesting that c-Jun could also represent a
potent regulator of macrophage activation during inflammation.
About 1% of the population worldwide is afflicted by rheumatoid
arthritis, a chronic inflammatory disease of the joints, which is
characterized by synovial hyperplasia, cartilage degradation, and
bone destruction (10). Macrophages are centrally involved in the
process of arthritis (11). Their numbers in the synovial membrane
are increased during arthritis and exhibit a highly activated phe-
notype with increased expression of proinflammatory cytokines
(12). In addition to their proinflammatory properties, they contrib-
ute to the destruction of bone and cartilage in the acute and chronic
phases of arthritis (12). However, whether AP-1 proteins in mac-
rophages influence inflammatory arthritis still remains unknown.
In this study, we show that c-Jun participates in macrophage
activation by regulating the expression pattern of pro- and anti-
inflammatory genes upon the stimulation with diverse Thl or
Th2 cytokines, pro- or anti-inflammatory stimulations, and mi-
crobial products. Gene Ontology (GO) cluster analysis unravels the
important role of c-Jun in immune pathways and IL production.
Two targets of c-Jun identified were the proinflammatory enzyme
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cyclooxygenase-2 (Cox2, also known as PG-endoperoxide syn-
thase 2) and the anti-inflammatory enzyme arginase-1 (Argl).
Using two conditionally deleted c-Jun mice, controlled under the
Mx-1 or the lysozyme 2 promoter, named c-Jun®™* or c-Jun®¥*M,
respectively, we confirmed the direct activation of Cox2 and the
indirect inhibition of Argl by c-Jun. Moreover, using the K/BxN
arthritis model, we showed reduced joint inflammation in c-Jun—
deficient mice by histological analyses and in vivo magnetic res-
onance imaging (MRI). Finally, we confirmed the direct binding
of c-Jun on the Cox2 promoter in macrophages through chromatin
immunoprecipitation (ChIP). Hence, c-Jun deletion in macro-
phages alters their activation state and ameliorates arthritis.

Materials and Methods
Animals

AMx ALysM

The generation of Jun and c-Jun mice was described elsewhere
(13-15). The mice were bred and maintained on a 129/C57BL/6 back-
ground. Littermate mice were used as controls. All experiments were
performed with male or female mice at the age of 12 wk. Animals were
housed in standardized conditions following the guidelines of the Ger-
man Animal Welfare Act. Animals were kept on a standard diet and
water ad libitum and kept with a 12-h light/dark cycle. All animal ex-
periments were authorized by the local ethics committee. The deletion of
c-Jun by Mx1 promoter was induced by 250 g of polyinosinic-
polycytidylic acid (InvivoGen, San Diego, CA) injected i.p. three
times every second day.

Thioglycollate-elicited peritoneal macrophages

Brewer’s thioglycollate broth (4%; Sigma-Aldrich, Munich, Germany) was
boiled, autoclaved, and aged for at least 1 mo prior to use. Mice were
injected i.p. with 2.5 ml of 4% thioglycollate and sacrificed 72 h after.
Peritoneal cells were harvested by peritoneal lavage with ice-cold PBS;
cells were counted using a Neubauer chamber. Cells (1 X 10°) were plated
in RPMI 1640 (Life Technologies, Thermo Fisher Scientific) supplemented
with 10% FCS (Life Technologies, Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Life Technologies, Thermo Fisher Scientific).
Adherent cells were used the next day for stimulation with 50 ng/ml PMA
(Sigma-Aldrich), 1 pwg/ml LPS (Sigma-Aldrich), 50 ng/ml flagellin (Invi-
voGen), 50 ng/ml poly(deoxyadenylic-deoxythymidylic) acid (InvivoGen),
100 ng/ml IL-4 (Miltenyi Biotec, Bergisch Gladbach, Germany), 50 ng/ml
IL-13 (Sigma-Aldrich), 50 ng/ml IFN-y (PeproTech, Rocky Hill, NJ),
310 pg/ml TNF (Sigma-Aldrich), 1 ng/m] IL-6 (Sigma-Aldrich), 340 pg/ml
IL-1B (Sigma-Aldrich), and 5 X 10” apoptotic cells (AC).

Generation of AC

To generate AC, splenocytes isolated from C57BL/6 mice were incubated
in RPMI 1640 (Life Technologies, Thermo Fisher Scientific) supplemented
with 10% FCS (Life Technologies, Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Life Technologies, Thermo Fisher Scientific) and
in the presence of 1 wM dexamethasone (Sigma-Aldrich). After 12 h, the
splenocytes were washed several times with PBS, spun through an FCS
cushion to eliminate the dexamethasone, and resuspended in complete
medium again. AC were checked by annexin V/propidium iodide staining
and the macrophages were incubated with AC (1:5 ratio) at 37°C for the
indicated times.

RNA isolation, reverse transcription, and real-time PCR

Total RNA of paws was isolated with peqGOLD TriFast and total RNA of cells
was isolated with TriFast (Peqlab-Life Science/VWR International, Radnor,
PA) according to the manufacturer’s instruction. One microgram of total
RNA was digested with 1 U DNase I (Invitrogen, Life Technologies)
according to the manufacturer’s instructions and subsequently used to syn-
thesize cDNA with reagents from a high-capacity cDNA reverse transcription
kit (Applied Biosystems, Life Technologies). The quantitative PCR reactions
were performed using SYBR select master mix (Applied Biosystems, Life
Technologies). The 2724 method was used to quantify amplified fragments,
and B-actin as a housekeeping gene was used for normalization.

ChIP

ChIP was performed as described previously (16). Cox2 and Argl promoter
regions were amplified with specific primers for the corresponding pro-
moter sites by real-time PCR. The percentage binding of input was de-
termined as (2t IoPut — Ctsampley e 100

Western blot analysis

Cells were lysed using Frackelton buffer (10 mM Tris, 50 mM NaCl, 30 mM
NaPPi, 50 mM NaF, 1% Triton X-100) supplemented with protease inhibitor
mixture (cOmplete ULTRA; Roche, Basel) followed by three freeze and
thaw cycles in liquid nitrogen. Afterward, lysates were boiled for 5 min in
1X Laemmli buffer and centrifuged. Cell extracts from 0.25 X 10° mac-
rophages were separated by NaDodSO,-PAGE on a 10% acrylamide gel.
Semidry immunoblotting was carried out on polyvinylidene difluoride
membrane, which was further incubated overnight at 4°C with rabbit anti-
mouse c-Jun (1:1000; Cell Signaling Technology, Leiden, the Nether-
lands), rabbit anti-mouse GAPDH (1:5000; Cell Signaling Technology),
and mouse anti-mouse (3-actin Ab (1:5000; Sigma-Aldrich, St. Louis, MO)
and the respective secondary Ab, rabbit IgG or mouse IgG conjugated with
HRP (Promega, Madison, WI).

PGE, enzyme immunoassay

PGE, was measured in whole-paw lysates using an enzyme immunoassay
kit-monoclonal (Cayman Chemical, Ann Arbor, MI), according to the
manufacturer’s instructions.

Arginase activity assay

Arginase assays were performed with whole-paw lysates as described
previously (17).

Microarray gene expression profiling

Total RNA was isolated from 1 X 10° peritoneal macrophages from
c-Jun*¥M or wild-type littermates, respectively, with an RNeasy mini kit
(Qiagen, Hilden, Germany). cRNA was synthesized with Cy3 labeling,
quantified, and hybridized on 8 X 60K arrays (design ID 028005; Agilent
Technologies, Santa Clara CA). Data were extracted by the Feature Ex-
traction software package (v11.7.1; Agilent Technologies) using a standard
protocol. Text files generated by the Feature Extraction software were im-
ported into GeneSpring GX v12.5 (Silicon Genetics, Palo Alto, CA). Data
were log, transformed followed by normalization to the 75th percentile and
corrected to the median of all samples. Features passing the quality check
(flags detected in at least one condition) and showing changes in expression
levels =2-fold were selected for further analysis. A volcano plot was applied
to identify statistically significant (p > 0.05), >2-fold differentially
expressed genes between two conditions including the Benjamini—
Hochberg multiple test correction. The data are deposited in National
Center for Biotechnology Information’s Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88898).

Coregulation networks and comparative bioinformatics

For the biological interpretation of selected differentially expressed genes,
the Cytoscape (18) plugin ClueGO (19) was used. It visualizes the non-
redundant biological terms for large clusters of genes in a functionally
grouped network. The related terms that share similar associated genes can
be fused to reduce redundancy; those terms have the same color code. The
ClueGO network is created with k statistics and reflects the relationships
between the terms based on the similarity of their associated genes. In the
network, the node color can be switched between functional groups and
cluster distributions. The association of genes with a term is calculated in
terms of p value. For correction of a p value, the Bonferroni step-down
method was used. The lower the p value, the more significant is the term.
The size of the nodes in the network represents the statistical significance
level of that term. The largest node in the cluster denotes that the term is
the most significant one and that it is also the representative term of the
cluster. For the current analysis, the threshold for statistical significance
was set to p = 0.05 and the minimum number of genes associated with a
term was set to three. The ClueGO plugin was used to do both GO en-
richment analysis as well as to do pathway enrichment analysis using
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.

KRN TCR-transgenic mouse serum—induced arthritis model

KRN TCR-transgenic mice were bred to NOD/Lt mice to generate K/BxN
mice (20). K/BxN serum pools were prepared from adult arthritic mice.
Arthritis was induced by i.p. injection of 150 wl of K/BxN serum. Arthritis
was monitored by measuring the thickness of both hind paws using a dial
caliper. The arthritis score was determined as described elsewhere (21).

Histological analysis

Mouse paws were dissected, fixed in 4% formalin, and decalcified in 14%
(w/v) EDTA until the bone became fragile. The paws were paraffin
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embedded and cut into 2-pm sections. The sections were stained for tartrate-
resistant acid phosphatase using a leukocyte acid phosphatase kit (Sigma-
Aldrich) according to the manufacturer’s instructions or with H&E. The
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analyses were performed using a microscope (Nikon) and an image
analysis system for performing histomorphometry (OsteoMeasure;
OsteoMetrics, Decatur, GA).

FIGURE 1. Genome-wide analyses of c-Jun network in macrophages. (A and B) Thioglycollate-elicited macrophages (I X 10°% from c-Jun®™*™M or control mice
were stimulated with 50 ng/ml PMA, 1 pg/ml LPS, 50 ng/ml flagellin (FLA), 50 ng/ml dsDNA, 100 ng/ml IL-4, 50 ng/ml IL-13, 50 ng/ml IFN-y, 310 pg/ml TNE 1 ng/ml
IL-6, 340 pg/ml IL-1(3, and 5 X 10° AC. (A) Quantitative real-time PCR of c-Jun mRNA levels were determined 30 min after stimulations. Data are shown as means of
three independent experiments, and the error bars represent SEM. **p < 0.01, **¥p < 0.001 by Student 7 test. (B) c-Jun protein levels were determined by Western
blotting at the indicated time points after stimulations. The same c-Jun and GAPDH blots from time O (unstimulated macrophage) were taken as reference for all the
stimulations. (C) Heat map of differentially expressed genes ascertained from microarray analysis of mRNA isolated from peritoneal macrophages of cJun®¥M (= 2)
or littermate controls (n = 3). (D—G) GO cluster analysis (cutout from Supplemental Fig. 2) based on the differentially expressed genes found in the microarray analysis.
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Flow cytometry

For flow cytometry analysis of the paw, single-cell suspensions were
prepared by mincing the tissue and subsequent collagenase A (Biochrom,
Merck Millipore, Berlin, Germany) digestion for 60 min at 37°C. For cell
surface staining the cell suspension was blocked with 0.5 pg/ml anti-
mouse CDI16/32 (BioLegend, San Diego, CA) for 10 min at 4°C
and subsequently incubated with directly conjugated Abs: 0.5 pg/ml anti-
mouse CD45—eFluor 780 (eBioscience, San Diego, CA), 0.5 wg/ml anti-
mouse F4/80-PE (BioLegend), 0.5 pg/ml anti-mouse CDI11b-PE-Cy7
(eBioscience), and 0.6 pg/ml anti-mouse I-A/I-E-Pacific Blue (Bio-
Legend). For intracellular staining of Cox2, an intracellular fixation
and permeabilization buffer set (eBioscience) was used, blocked with
PBS containing 2% rabbit serum/0.1% BSA and 0.5 pwg/ml anti-mouse
CD16/32 (BioLegend), and subsequently stained with the following
Abs: 1.6 pg/ml goat anti-mouse Cox2 (Abcam, Cambridge, MA) or
1.6 pg/ml goat IgG isotype (Abcam), 0.5 wg/ml rabbit anti-goat IgG-
biotin (Abcam), and streptavidin-FITC (SouthernBiotech, Birming-
ham, AL).

Magnetic resonance imaging

For determination of soft tissue paw volume ex vivo, excised hind legs were
processed in 4% agarose and placed in a small animal ultra-high-field
magnetic resonance scanner (ClinScan 7 Tesla; Bruker, Ettlingen, Ger-
many). A standard T1-weighted gradient echo sequence was used for
segmentation of the soft tissue volume by dedicated software (aycan
OsiriX with a plugin; aycan Digitalsysteme, Wiirzburg, Germany and
Chimaera, Erlangen, Germany).

For in vivo MRI, mice under inhalation anesthesia were imaged using the
whole-body mouse coil in the ultra—high-field magnetic resonance scanner
(ClinScan 7 Tesla; Bruker). A standard T1-weighted spin echo sequence
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was used for segmentation of the paw volume. Furthermore, dynamic
contrast-enhanced MRI was performed by a three-dimensional flash se-
quence before, during, and after i.v. contrast agent application (0.2 mmol/kg,
Gadavist; Bayer, Leverkusen, Germany). For postprocessing of imaging
data, a region of interest was placed in the foot to determine dynamic
contrast-enhanced MRI parameters of vascularization on signal intensity—
versus—time curves, that is, area under the curve, peak enhancement, and
time to peak using the above-mentioned software (aycan OsiriX; aycan
Digitalsysteme).

Statistical analysis

All experiments were repeated at least three times. Statistical analysis
was performed using GraphPad Prism software (version 5.03). Prior to
statistical analysis, Gaussian distribution of the values was tested;
when the values passed the normality test, a Student ¢ test was used for
comparison of two groups. For not normally distributed values, a
Mann—Whitney U test was used. For multiple comparisons, a two-way
ANOVA with a Bonferroni posttest was used. A p value <0.05 was
considered significant. Data are shown as means, and the error bars
represent SEM.

Results
Increased expression of c-Jun following macrophage
stimulations

To determine the importance of c-Jun during macrophage acti-
vation, we analyzed the expression of c-Jun at mRNA and protein
levels in thioglycollate-elicited macrophages following various

Arg1
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FIGURE 2. Differentially expressed genes in c-Jun—deleted macrophage mice following pro- and anti-inflammatory stimulations. Thioglycollate-

elicited macrophages (1 X 10°) from c-JunY*M

or littermate control mice were stimulated with 50 ng/ml PMA, 1 pg/ml LPS, 100 ng/ml IL-4, 50

ng/ml IFN-vy, or 5 X 10° AC. The mRNA levels of (A) anti-inflammatory molecules (1110, 1113, 114, and Argl), (B) proinflammatory molecules (16,
1112b, Tnf, and 111b), and (C) signaling molecules (Kif4, Irf4, Idol, and Cox2) were determined 2 h after stimulations by quantitative real-time
PCR. Data are shown as means of three independent experiments, and the error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001

by Student ¢ test.
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stimulations. Quantitative analyses of c-Jun mRNA levels in
macrophages revealed an increased c-Jun expression 30 min after
stimulation with AC, PMA, the Thl cytokines IFN-y and TNF,
and the Th2 cytokines IL-4 and IL-13, but also microbial products
such as LPS and flagellin (Fig. 1A, Supplemental Fig. 1A).

FIGURE 3. Alleviated arthritis in c-Jun"**
mice. Arthritis was induced by K/BxN serum
transfer in c-Jun®™™ or wild-type littermate
mice. (A) c-Jun mRNA levels in whole paws
were measured at day 10 after serum transfer by
quantitative real-time PCR (n = 10). (B) The
arthritis score was evaluated and (C) the
paw thickness was determined at the in-
dicated time points (n = 7). (D) Repre-
sentative images of in vivo MRI analysis
of healthy controls (naive) as well as wild-
type and c-Jun®¥*M paws at days 3, 7, and
10 after serum transfer and the corre-
sponding quantification of the paw volume
(n = 6). (E) Histological analysis of H&E
and tartrate-resistant acid phosphatase
(TRAP) staining was performed at day 10
after serum transfer and the respective
quantification of the inflammatory area,
erosion area, and number of osteoclasts
(n = 6). (F) The cell populations were
quantified by flow cytometry at day 10
after serum transfer in the paws. Macro-
phages were defined as CD45" and F4/80*
cells, and the presence of MHC class II was
used to determine their subpopulations.
Shown are representative dot plots and the
quantification of the gating in percentage.
Data are shown as means, and the error bars
represent SEM. *p < 0.05, **p < 0.01 by
Student 7 test (A, E, and F), Mann—Whitney
U test (B and C), or ANOVA (D).
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However, dsDNA did not induce c-Jun expression in macrophages
(Fig. 1A). In accordance, protein analysis revealed increased c-Jun
protein and c-Jun phosphorylation already 30 min after stimula-
tion (Fig. 1B, Supplemental Fig. 1B), suggesting an active role of
c-Jun during macrophage signaling.
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Table I. Macrophage numbers in paws of arthritic mice
c-Jun™" c-JuntyM
Macrophages 15,883 + 2,798 15,392 = 2,974
MHC™ 8,862 = 1,561 9,344 + 1,805
MHC* 7,021 * 1,237 6,041 + 1,167

The cell populations were quantified by FACS at day 10 after serum transfer in the paws of wild-type and c-Jun

ALysM

mice. Macrophages were defined as CD45" and F4/80" cells, and the presence of MHC class II was used to determine their
pro- and anti-inflammatory potential. Data are shown as mean values of absolute cell numbers per paw * SD (n = 10).

Distinct transcriptional programs in c-Jun—deleted
macrophages

To analyze the role of c-Jun in macrophages, we generated c-Jun
conditional knockout mice using either lysozyme 2 (c-Jun®*M) or
Mx1 (c-Jun®™*) promoters driving deletion. The analyses of
thioglycollate-elicited macrophages isolated from c-Jun®YM or
c-Jun®™* mice confirmed the deletion of c-Jun at the mRNA and
protein levels (Fig. 1A, 1B, Supplemental Fig. 1). To determine
the full profile of the c-Jun network, microarray RNA expression
analysis using the Agilent Technologies platform was performed
in wild-type and c-JunAysM macrophages. More than 700 genes
were detected to be differentially expressed when comparing
peritoneal macrophages isolated from wild-type and c-Jun®¥*M
mice (Fig. 1C). KEGG pathway enrichment and cluster analyses
linked the differentially expressed transcripts to various signaling
pathways important in autoimmune diseases, such as type 1 dia-
betes mellitus, inflammatory bowel disease, or rheumatoid ar-
thritis (Supplemental Fig. 2A). Additionally, GO enrichment and
cluster analysis revealed several pro- and anti-inflammatory gene-
associated networks, such as immune cell proliferation, regulation
of IL production, immune response signaling, and response
to hypoxia (Fig. 1D-G, Supplemental Fig. 2B). Taken together,
these data reveal that c-Jun is a central transcription factor during
macrophage activation.

Decreased expression of Cox2 and increased expression of
Argl in c-Jun—deleted macrophages

Based on microarray expression data, genes found altered in c-Jun—
deleted unstimulated macrophages (Fig. 1D-G) were also tested at
mRNA levels after macrophage stimulation in wild-type and
c-Jun—deficient thioglycollate-elicited macrophages. As shown in
Fig. 2, 1113, Argl, 1112b, Ido1, and Cox2 were found differentially
expressed following distinct stimulations (Fig. 2). Other pro- and
anti-inflammatory cytokines, such as 1110, 1l4, 116, Tnf, and 111b, or
signaling molecules, such as Kif4 and Irf4 mRNA levels, were
not changed in c-Jun—deficient macrophages, as compared with
wild-type macrophages (Fig. 2). Interestingly, the mRNA levels of
the proinflammatory gene Cox2 was significantly decreased in
c-Jun—deleted macrophages at 2 h after PMA, LPS, or IFN-y
stimulations (Fig. 2C). However, the expression level of the anti-
inflammatory gene Argl was significantly increased 2 h after
stimulation in c-Jun—deleted macrophages compared with wild-
type macrophages (Fig. 2A). These data suggest that c-Jun
might regulate the inflammatory state of macrophages by con-
trolling Cox2, Idol, and Argl expression.

Two different genetic approaches of c-Jun deletion in
macrophages show amelioration of arthritis

Next, we determined whether c-Jun expression in macrophages is
of pathophysiological relevance. As suggested by the KEGG
clustered microarray results (Supplemental Fig. 2A), inflamma-
tory diseases such as rheumatoid arthritis could be a suitable
readout to address this question. Indeed, c-Jun expression was

significantly increased in arthritic mice joints as compared with
nonarthritic mice (Supplemental Fig. 3A). Then, we induced
serum-induced arthritis by K/BxN serum transfer in c-Jun®™* or
c-Jun®*™ mice and their respective littermate controls. First,
c-Jun expression was determined after serum-induced arthritis
induction in the joints of wild-type and c-Jun—deficient mice. The

c-Jun deletion controlled by the Mx1 promoter leads to ~50%
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FIGURE 4. Differentially expressed genes in arthritic paws from
c-Jun®*M mice compared with control mice. Arthritis was induced by
K/BxN serum transfer in c-Jun®™*™ or littermate mice (n = 10). The mRNA
from whole paws was isolated at day 10 after serum transfer, and the ex-
pression levels were determined by quantitative real-time PCR. (A) Anti-
inflammatory molecules: Ccl24, Chia, Chi3ll, Cd206, Fizzl, 1110, Illrn,
TgfB, and Yml. (B) Proinflammatory molecules: Ccli2, Cxcll3, I112b, I11b,
1123p19, 116, Mmp13, and Tnf. (C) Signaling molecules: cFos, Irf4, Kif4,
Socs2, and Socs3. Data are shown as means of three independent experi-
ments, and the error bars represent SEM. *p < 0.05 by Student ¢ test.
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decreased c-Jun mRNA levels in paws from arthritic mice
(Supplemental Fig. 3B). Interestingly, c-Jun®™* mice had reduced
arthritis scores and paw swelling when compared with littermate
controls (Supplemental Fig. 3C, 3D). Additionally, MRI analyses
of the paws showed a reduced soft tissue volume in c-Jun®™* mice
10 d after induction of arthritis (Supplemental Fig. 3E). In ac-
cordance, the histological analysis of the mice paws revealed re-
duced cell infiltration in c-Jun®™* mice (Supplemental Fig. 3F).
Additionally, the number of osteoclasts was reduced and the
amount of arthritic bone erosion was decreased in c-Jun“™* mice,
indicating a proinflammatory role of c-Jun during arthritis either
due to regulation of the monocyte polarization or alteration of the
cytokine expression pattern (Supplemental Fig. 3F).

Next, to restrict c-Jun deletion to macrophages and granulocytes,
we induced arthritis in c-Jun®™*™ and littermate controls. Fol-
lowing induction of arthritis, c-Jun mRNA level was quantified in
the joints of wild-type and mutant mice paws. Only ~25% de-
creased c-Jun mRNA levels could be detected in c-Jun*™¥*M ar-
thritic mice when compared with arthritic littermates, probably
due to the expression of c-Jun by other cells present in the mice
paws (Fig. 3A). However, similar to c-Jun®™* mice, c-Jun®¥*M
mice showed less severe arthritis compared with littermate con-
trols (Fig. 3B, 3C). In vivo MRI analysis confirmed reduced in-
flammation in c-Jun®™*™ mice, as shown by smaller paw volume
and less contrast enhancement in the paws (Fig. 3D). Consistent
with less severe arthritis, c-Jun®¥*™ mice also showed a reduction
of histological features of inflammation, bone erosion, and oste-
oclast accumulation when compared with wild-type controls
(Fig. 3E). Taken together, these data revealed that c-Jun deletion
in the myeloid lineage alleviates arthritic inflammation.

No altered macrophage numbers in the joints of c-Jun
mutant mice

To investigate whether macrophage numbers were altered in ar-
thritic c-Jun®™* and c¢-Jun®™*™ mice, flow cytometry analysis of
the joints and the secondary lymphatic organs was performed. No
differences in the percentages or absolute number of F4/80" cells
or MHC class IT* macrophages could be detected in bone marrow,
spleen, blood, and ankle joints of respective wild-type controls
and c-Jun®™* or c-Jun®¥*M mice (Fig. 3F, Supplemental Fig. 3G,
Table 1, and data not shown). Also, the numbers of Ly-6C*
monocytes and Ly-6G* granulocytes were not altered in the joints
of mutant and wild-type controls (data not shown). Apart from
macrophages, we could not detect any differences in the distri-
bution of T cell subsets in the arthritic joints, inguinal lymph
nodes, blood, or the spleen between c-Jun®™*™M mice and wild-
type controls (data not shown). Collectively, these data suggest
that c-Jun influences arthritis by affecting macrophage signaling
and proinflammatory mediator production rather than macrophage
polarization or migration into inflammatory ankles.

c-Jun induces Cox2 but inhibits Argl expression in
macrophages

To identify the molecular mechanism by which deficiency of c-Jun
in macrophages mitigates arthritis, expression of target genes
identified in the microarray was assessed in the joints of mutant and
wild-type mice. Although subtle differences in expression patterns
were found between c-Jun®™* and c-Jun®™*M mice, several

changes in pro- and anti-inflammatory factors were consistent
among the two mutant strains. Reduced inflammation of paws in
the c-Jun“™*™ mice was associated with increased mRNA levels
of anti-inflammatory markers /170 and Yml, as well as with de-
creased proinflammatory markers, such as //12b, and signaling
molecules, such as Irf4, Kif4, and Socs2 (Fig. 4). Similarly, we
also found upregulation of Ym/ and a downregulation of K/f4 and
Socs2 in the joints of c-Jun®™* mice as observed in the c-Jun®¥*M
mutants (Supplemental Fig. 4A-C). In accordance with the
in vitro findings, Cox2 mRNA level was significantly decreased
in the ankles of c-Jun®™* mice (Supplemental Fig. 4D). In
c-Jun®™*™ mice, we did not find a significant decrease of Cox2
mRNA, but quantification of Cox2 protein level by intracellular
flow cytometry in macrophages isolated from arthritic ankles
showed decreased Cox2 protein levels in c-Jun®P*™M mice (Fig.
5A, 5B).

c-Jun transcriptionally regulates Cox2 expression

Next, we determined whether c-Jun can transcriptionally regulate
Cox2 expression in macrophages. Bioinformatic promoter analysis
revealed several AP-1 binding sites 3 kbp upstream of the Cox2
gene. Indeed, ChIP analysis revealed that c-Jun can bind to the
promoter ~1000 bp upstream of the Cox2 starting site (Fig. 5C).
Additionally, ChIP analysis for other AP-1 members revealed that
c-Jun binds preferentially with the FOS member Fra-2 on the
Cox2 promoter site (Fig. 5D). Moreover, decreased Cox2 levels in
the joints of c-Jun®¥*M and c-Jun*™* mice were associated with
decreased expression of the Cox2 downstream gene Ido! (22, 23)
(Fig. 5E, Supplemental Fig. 4E). Additionally, the level of PGE,,
which is produced by Cox2, was also reduced in the paws of
c-Jun®¥*M mice when compared with wild-type controls (Fig. 5F).
These data suggest that c-Jun, together with Fra-2, induces Cox2
expression in macrophages and increases proinflammatory PGE,
levels at the site of inflammation.

In addition to the induction of Cox2, c-Jun appears to repress
Argl. In vivo, Argl was increased at mRNA levels in c-Jun®™¥M
and c-Jun*™* ankles (Fig. 5G, Supplemental Fig. 4F). The in-
creased expression of Argl led to a tendency of higher arginase
activity in ankle lysates from the mutant mice (Fig. SH). The
direct binding of c-Jun to the Argl promoter was investigated
using ChIP analysis. However, unlike to the promoter of Cox2,
c-Jun does not directly bind to the Argl promoter (Fig. 5I). The
specific binding of the Abs used for ChIP analysis was verified
using c-Jun—deficient macrophages (Fig. 5C, 5D, 5I). These data
demonstrate that c-Jun indirectly abrogates Argl expression,
which may also contribute to the proinflammatory effects of c-Jun.

Taken together, these results demonstrate that c-Jun is involved
in proinflammatory macrophage activation. In particular, c-Jun
transcriptionally regulates Cox2 and indirectly inhibits Argl.
Consequently, the expression of c-Jun in macrophages promotes
arthritic inflammation and bone erosion in the serum-induced ar-
thritis model (Fig. 5J).

Discussion

AP-1 transcription factors have been involved in the regulation of
inflammatory processes such as TLR4-mediated activation of
macrophages by LPS. Indeed, AP-1 activation can act synergis-
tically with NF-kB, resulting in the regulation of proinflammatory

thioglycollate-elicited macrophages from c-JunA¥M

or control mice. The method of ChIP analysis is described above. Data are shown as means, and the

error bars represent SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student ¢ test (A, E and G) or ANOVA (B-D, F, H
and ). (J) Scheme of c-Jun mechanism in macrophages: c-Jun regulates macrophage signaling through direct activation of Cox2 and indirect inhibition of

Argl, which subsequently increases arthritis.
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cytokines or chemokines (5, 24). In this study, we described a
novel pathway of AP-1 regulating macrophage activation. We
found that c-Jun is not only increased after LPS activation of
macrophages, but it senses a wide range of macrophage activation
signals, including Th1l and Th2 cytokines and pro- and anti-
inflammatory stimuli, but also microbial products. Microarray
expression data followed by GO and KEGG cluster analyses of
c-Jun—deficient macrophages underscored the central role of c-Jun
in regulating the expression of a wide range of cytokines produced
by macrophages.

The functional role of c-Jun in regulating cytokine responses and
inflammatory disease was supported by our data using two dif-
ferent conditional c-Jun—deficient mouse models (c-Jun®™* and
c-Jun®™*), which lack c-Jun in macrophages. Whereas the
c-Jun®™* line shows a wider deletion in the hematopoietic line-
age (13), c-Jun®*™ mice show a more specific deletion in the
monocytic lineage (14). Although c-Jun was still detectable at
mRNA and protein levels in joints of c-Jun®™*M and c-Jun®™*
mice, upon the induction of arthritis inflammatory responses, the
structural damages were mitigated in both c-Jun mutant lines with
remarkably similar results. These findings extend previous find-
ings by Fahmy et al. (25) who showed that global knockdown of
c-Jun mitigated collagen Ab-induced arthritis.

c-Jun appears to represent a key transcriptional checkpoint in
macrophages regulating the expression of several proinflammatory
mediators. For instance, ChIP and in vitro gene profiling of
stimulated mutant and wild-type macrophages showed that Cox2 in
macrophages is directly controlled by c-Jun. Cox2 is responsible
for elevated PGE, production (26, 27), which causes bone re-
sorption and stimulates the release of matrix metalloproteinases
that degrade cartilage (28). Cox2 inhibitors are widely used anti-
inflammatory drugs in patients with arthritis, as they competitively
inhibit Cox2 and block PG production at sites of inflammation
(29, 30). In accordance with human data obtained in rheumatoid
arthritis patients (31, 32), we also showed that Cox2 protein level
is increased in articular macrophages from arthritic mice. Fur-
thermore, our study showed a decrease of Cox2 activity in c-Jun—
deficient mice correlating with reduced PGE, protein level in the
joint of mutant mice. The PGE, production by Cox2 was not
completely abrogated, which might be due to other regulators of
Cox2 expression (33, 34) and Cox2 expression by other cells in the
synovium, such as osteoblasts and synovial fibroblasts (35, 36).
An additional interesting observation from the c-Jun regulatory
network analysis was that Cox2 was located in the response-to-
hypoxia cluster, which attributes to the fact that Cox2 stabilizes
Hif-1a and that the articular tissue is hypoxic in arthritis (37, 38).

Another pathway by which c-Jun regulates the severity of
inflammation is the Argl pathway that we found increased in the
c-Jun—deleted macrophages. Argl is an enzyme that hydrolyzes
arginine to urea and ornithine. The expression of Argl in the
myeloid lineage is predominantly regulated by exogenous stimuli
in a STAT3- or STAT6-dependent manner and is commonly
thought to characterize alternatively activated macrophages in-
volved in resolution of inflammation and tissue repair (39-42).
Only recently, it was shown that alternatively activated macro-
phages expressing Arg/ contribute to resolve the inflammation of
inflammatory arthritis (43). c-Jun downregulates Arg/ possibly by
involving other AP-1 members and thereby counteracts the reso-
lution of inflammation. The factors acting downstream of c-Jun
abrogating Argl expression need to be further investigated.

In summary, we show that c-Jun regulates a program of pro- and
anti-inflammatory gene expression during macrophage activation
and thereby influences the severity of arthritis. First, the direct
regulation of Cox2 by c-Jun increases PGE, levels and sustains
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arthritis. Second, c-Jun inhibits Arg/ expression, which blocks
resolution of arthritis and negatively regulate tissue repair. Taken
together, our results show that c-Jun acts as a checkpoint during
macrophage activation, shifting their responses toward a proin-
flammatory phenotype. Hence, c-Jun may represent an interesting
therapeutic target in rheumatoid arthritis.
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