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The polarization of macrophages is regulated by transcription factors, such as NF-κB and activator protein 1 (AP-1). In
this manuscript, we delineated the role of the transcription factor Fos-related antigen 1 (Fra-1) during macrophage
activation and development of arthritis. Network level interaction analysis of microarray data derived from Fra-1– or Fra-
2–deficient macrophages revealed a central role of Fra-1, but not of Fra-2, in orchestrating the expression of genes
related to wound response, Toll-like receptor activation, and interleukin signaling. ChIP sequencing and standard ChIP
analyses of macrophages identified arginase 1 (Arg1) as a target of Fra-1. Luciferase reporter assays revealed that Fra-1
downregulated Arg1 expression by direct binding to the promoter region. Using macrophage-specific Fra-1– or Fra-2–
deficient mice, we observed enhanced expression and activity of Arg1 and a reduction of arthritis in the absence of Fra-1,
but not of Fra-2. This phenotype was reversed by treatment with the arginase inhibitor Nω-hydroxy-nor-ʟ-arginine, while ʟ-
arginine supplementation increased arginase activity and alleviated arthritis, supporting the notion that reduced arthritis in
macrophage-specific Fra-1–deficient mice resulted from enhanced Arg1 expression and activity. Moreover, patients with
active rheumatoid arthritis (RA) showed increased Fra-1 expression in the peripheral blood and elevated Fra-1 protein in
synovial macrophages compared with RA patients in remission. In addition, the Fra-1/ARG1 ratio in synovial
macrophages was related to RA disease activity. In conclusion, […]
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Introduction
Macrophages are remarkably diverse in their plasticity, allowing 
adaptation to a broad range of environmental stimuli. They par-
ticipate in various processes essential for homeostatic functions 
and development, but also in inflammatory and immune respons-
es. To do so, macrophages adapt their responses in a well-orches-
trated transcriptional regulatory network, tailoring their response 
according to the respective stimuli and microenvironmental 
factors (1). Hence, macrophages generate a large variety of mol-
ecules, such as IL-1, IL-6, TNF, and NOS2, that exert proinflam-
matory effects. Besides their ability to initiate immune responses 
and eliminate invading pathogens, macrophages also secrete mol-
ecules, such as TGF-β or PDGF, that activate fibroblasts and medi-
ate tissue repair and regeneration (2). Thus, macrophages partici-
pate in the resolution of inflammation and wound healing, which 
are indispensable functions for maintaining tissue homeostasis.

During the development of chronic inflammatory disease, 
such as rheumatoid arthritis (RA), which is characterized by syno-

vial hyperplasia, cartilage degradation, and bone destruction (3), 
proinflammatory macrophages are deeply involved in the induc-
tion phase, whereas antiinflammatory macrophages promote 
the resolution of inflammation (4, 5). During the initial phase of 
arthritis, macrophage numbers rise in the synovial membrane, 
where they exhibit a proinflammatory phenotype characterized by 
the production of TNF and IL-1, IL-6, and IL-8 (4). In the acute 
or chronic phases of arthritis, proinflammatory macrophages 
contribute to the local and systemic inflammation by enhancing 
monocyte migration to the inflammatory site and by destroying 
the bone and cartilage through osteoclast activation (4). Howev-
er, macrophages effectively initiate and promote the resolution of 
inflammation and thus help to restore tissue homeostasis. Exam-
ples of macrophage-derived molecules that are critically involved 
in tissue repair are TGF-β, VEGF, resistin-like α (Relmα/Retnla/
FIZZ1), chitinase-like proteins, and arginase 1 (Arg1), which alter 
the duration of immune responses, activate fibroblasts, and/or 
regulate matrix deposition (6).

The cytosolic enzyme Arg1 is a constitutive component of 
the hepatic urea cycle. Arg1 catalyses the conversion of ʟ-argi-
nine (ʟ-arg) into urea and ʟ-ornithine, which is further converted 
into polyamines and ʟ-proline. However, Arg1 can also regulate 
immune responses, mainly by 3 mechanisms. First, polyamines 
induce cell proliferation and counterregulate proinflammatory 
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ulatory factors (IRFs), STATs, and activator protein 1 (AP-1) (17). 
The AP-1 transcription factor family is composed of homo- and 
heterodimeric complexes, which consist of JUN and FOS proteins. 
Several studies have demonstrated the importance of AP-1 signal-
ing during macrophage responses. For example, activation of JUN 
proteins in macrophages induced the proinflammatory enzyme 
cyclooxygenase-2, which increased prostaglandin E2 formation 
and arthritis development (18). On the other hand, FOS proteins, 
which comprise Fos-related antigen 1 (Fra-1) (Fosl1), Fra-2 (Fosl2), 
FosB, and c-Fos, interact with JUN, leading to the formation of 
transactivating or transrepressing complexes (19). c-Fos has been 
shown to suppress the expression of cytokines (20, 21) and Nos2 as 
well as the production of NO in macrophages (22). However, c-Jun 
has also been reported to induce Nos2 expression in hepatocytes 
(23), indicating that the function of AP-1 members might vary with 
the cell type and the type and duration of stimulation. Likewise, 
Fra-1 has been shown to regulate pro- and antiinflammatory cyto-
kine expression, modulating profibrotic responses (24) and pro-
moting LPS-induced injury in mice (25). Notably, the role of Fra-1 

cytokine production. For instance, spermine downregulate the 
monocyte proinflammatory cytokine response of TNF and MIP-
1α posttranscriptionally, which prevents local inflammation (7). 
Aside from that, ʟ-proline produced by the arginase pathway 
serves as an essential substrate for collagen synthesis. On the one 
hand, the increased production by Arg1 promotes wound healing 
and tissue regeneration, but on the other hand, its excessive pro-
duction can lead to pathological vascular remodelling, fibrosis, 
and stiffness (8, 9). Second, Arg1-expressing macrophages can 
also suppress Th2-dependent inflammation by arginine depletion, 
which impairs T cell activation and proliferation (10–13). Third, 
Arg1 activity limits the supply of ʟ-arg needed for the formation 
of cytotoxic levels of NO by iNOS (14–16). Therefore, Arg1 has a 
regulatory role that seems to be highly dependent on the context 
of its activation.

The dual role of macrophages, to initiate and resolve immune 
responses, requires a mechanism for comprehensive reprogram-
ming of macrophage function. This process involves the cooper-
ation of several transcription factors including NF-κB, IFN reg-

Figure 1. GO enrichment analysis links Fra-1 in macrophages 
to cell proliferation, response to growth factors, and 
wounding. Thioglycollate-elicited macrophages were isolated 
from Fra-1ΔMx and control mice (n = 2). (A) The deletion 
efficiency of Fra-1 was quantified by real time PCR (RT-PCR). 
Data are shown as mean of 2 samples with duplicates and 
error bars represent SEM. ***P < 0.01, Student’s t test. 
(B) Heatmap of differentially expressed genes ascertained 
from microarray analysis. (C–E) GO enrichment analysis of 
differentially expressed genes found in the microarray anal-
ysis (related to Supplemental Figure 2). Depicted are genes 
associated with the terms in the cluster.
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However, how the FRA proteins Fra-1 and Fra-2 influence macro-
phage functions in other diseases is less well studied. As macro-
phages are critically involved in many inflammatory and autoim-
mune diseases, the modulation of their responses might affect not 

in macrophages has mainly been investigated in models of lung 
inflammation, as it is expressed in alveolar macrophages, where 
it modulates LPS-stimulated inflammatory cytokine expression, 
such as IL-10 and IL-1β, during inflammatory lung injury (26, 27). 

Figure 2. Fra-1 modulates expression and activity of Arg1 and Nos2. Thioglycollate-elicited macrophages or BMDMs were isolated from Fra-1ΔMx or control 
littermate mice. 1 × 106 Macrophages were stimulated with 50 ng/ml IFN-γ, 1 μg/ml LPS, 100 ng/ml IL-4, or 5 × 106 ACs for the indicated time points. (A) 
Fra-1 mRNA levels in WT thioglycollate-elicited macrophages were determined by RT-PCR. (B) Fra-1 protein levels in thioglycollate-elicited macrophages 
isolated from Fra-1ΔMx or control mice. Shown are representative data from 1 out of 3 experiments. (C) Fra-1 mRNA levels in WT BMDMs after stimulation. 
(D and E) Fra-1 mRNA levels in WT and mutant (D) thioglycollate-elicited macrophages or (E) BMDMs stimulated with LPS or AC. (F and G) Arg1 mRNA 
levels in WT and mutant (F) thioglycollate-elicited macrophages or (G) BMDMs stimulated with LPS or AC. (H and I) Nos2 mRNA levels in WT and mutant 
(H) thioglycollate-elicited macrophages or (I) BMDMs stimulated with LPS or AC. (J) Arginase activity was determined in cell lysates of thioglycollate-elic-
ited macrophages (left) or BMDMs (right). (K) iNOS activity was determined by Griess assay in supernatants of WT and mutant thioglycollate-elicited 
macrophages (left) or BMDMs (right). Data are shown as mean values of 3 independent experiments, and error bars represent SEM. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001, ANOVA.
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in BMDMs following LPS stimulation also peaked 1 hour after 
challenge in a manner similar to that seen in thioglycollate-elicit-
ed macrophages (Figure 2C). In cases of AC stimulation, the Fra-
1 expression in BMDMs was 4 times increased 30 minutes after 
stimulation compared with that in unstimulated BMDMs (Figure 
2C). However, Fra-1 expression in both types of macrophages 
remained unaffected by IL-4 or IFN-γ treatment (Figure 2, A and 
C). These data suggest that Fra-1 might be involved in macrophage 
immune responses.

Fra-1 controls Arg1 and Nos2 expression as well as macrophage 
activity. To confirm the deregulation of Arg1 and Nos2 in Fra-1–defi-
cient macrophages (Figure 1, C–E), differentially expressed mole-
cules found in the GO clusters during macrophage responses were 
profiled. To do so, thioglycollate-elicited macrophages or BMDMs 
isolated from Fra-1ΔMx mice or littermate controls were stimulated 
with LPS or AC as stimuli for Fra-1 (Figure 2, A and C). Both types 
of Fra-1ΔMx macrophages showed a proper deletion of Fra-1 at the 
protein and mRNA levels in untreated or in AC- and LPS-treated 
cells when compared with WT cells (Figure 2, B, D, and E). Next, a 
decreased expression of Il6 in thioglycollate-elicited Fra-1ΔMx mac-
rophages compared with WT macrophages following LPS or AC 
stimulation was observed, as previously described by Wang et al. 
(Supplemental Figure 3) (33). No significant difference in Tnf, Il10, 
Il12b, Il1b, or Retnla levels following AC or LPS stimulation was 
detected in Fra-1–deficient thioglycollate-elicited macrophages. 
However, Il1rn expression in these cells was slightly decreased 
following LPS treatment (Supplemental Figure 3). In control thio-
glycollate-elicited macrophages and BMDMs, the Arg1 expression 
following LPS stimulation was 6 times increased 1 hour after stim-
ulation. Interestingly, in thioglycollate-elicited macrophages and 
BMDMs generated from Fra-1ΔMx mice, the Arg1 mRNA expression 
was more than 10-fold increased following AC or LPS stimulation 
compared with WT cells (Figure 2, F and G), while Nos2 expression 
was reduced following AC and was 40-fold lower following LPS 
stimulation in Fra-1ΔMx compared with WT macrophages (Figure 
2, H and I). Accordingly, an increase of Arg1 enzyme activity was 
observed in Fra-1–deficient macrophages when compared with 
control 4 hours after LPS and AC stimulation in thioglycollate-elic-
ited macrophages and 24 hours after LPS stimulation in BMDMs 
(Figure 2J). A decrease of NO synthesis (measured as nitrite accu-
mulation) was only observed in Fra-1–deficient thioglycollate-elic-
ited macrophages 4 hours after LPS and AC stimulation, but no lon-
ger at 24 hours after stimulation, whereas Fra-1–deficient BMDMs 
still showed decreased NOS2 activity 24 hours after LPS stimula-
tion (Figure 2K). These data suggest that Fra-1 is a key switch in 
determining the expression of Nos2 and Arg1, shifting macrophages 
to a proinflammatory activation status.

Since Fra-1 and Fra-2 display similar primary protein struc-
ture, we investigated the regulation of Fra-2 expression in thio-
glycollate-elicited WT macrophages following LPS, AC, IL-4, and 
IFN-γ stimulation. Similarly to Fra-1 expression, Fra-2 expression 
was induced following LPS or AC challenge, but in contrast to 
Fra-1, it was also increased following IL-4 or IFN-γ stimulation 
(Supplemental Figure 4A). These data suggest that Fra-1 and Fra-2 
are differentially regulated depending on the stimulation and the 
microenvironment of macrophages. Thus, Fra-1 and Fra-2 might 
possess distinct functions in macrophages. Next, we investigated 

only inflammation, but also tissue and organ homeostasis. There-
fore, a comprehensive identification of the role of FRA proteins 
during macrophage activation could help to delineate new path-
ways to terminate the acute inflammatory phase and to initiate the 
resolution phase.

In the present study, we have discovered an important role of 
Fra-1 for the functional reprogramming of macrophages. Analy-
ses of the K/BxN arthritis mouse model and of tissue sections of 
patients with active or inactive RA revealed an inverse correla-
tion between Fra-1 and Arg1. Fra-1 directly suppressed Arg1 gene 
transcription and thereby altered macrophage responses, which 
impeded the resolution of inflammation.

Results
Fra-1 expression in macrophages is linked to inflammation. To inves-
tigate the role of Fra-1 and Fra-2 in macrophages, Fra-1 or Fra-2 
floxed mice were crossed to mice carrying the Cre recombinase 
controlled by the Mx1 (Fra-1ΔMx) or the Lysozyme2 (Fra-1ΔLysM and 
Fra-2ΔLysM) promoter, respectively. The regulatory spectrum of Fra-
1 and Fra-2 in macrophages was determined through microarray 
analysis, using Agilent Technologies platforms, performed with 
thioglycollate-elicited macrophages isolated from Fra-1ΔMx and 
Fra-2ΔLysM mice and their respective littermate controls. First, the 
deletion of Fra-2 and Fra-1 in macrophages from each strain was 
determined by real-time PCR. Both lines showed decreases of 
gene expression by 85 % when the Fra-deficient cells were com-
pared with their respective controls (Figure 1A and Supplemental 
Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI96832DS1). Subsequent microarray 
analysis and the comparison of each deletion strain to its respec-
tive control strain revealed more than 500 genes differentially 
expressed in Fra-1ΔMx or Fra-2ΔLysM compared with WT macro-
phages (Figure 1B and data not shown).

Gene ontology (GO) cluster analyses were performed, defin-
ing the molecular pathways associated with the differentially 
expressed genes. Surprisingly, differentially expressed genes in 
Fra-2–deficient macrophages were assembled in terms related 
to developmental functions (Supplemental Figure 1B). This con-
firms the essential function of Fra-2 during development (28–30). 
In contrast, GO cluster analysis based on differentially expressed 
genes in Fra-1–deficient macrophages revealed essential cellular 
pathways, such as wound response, proliferation, and responses to 
diverse stimuli (Figure 1, C–E, and Supplemental Figure 2). Inter-
estingly, GO cluster analysis also indicated a dysregulation of Arg1 
and Nos2 expression, as both genes were differentially expressed 
in Fra-1–deficient macrophages (Figure 1, C–E). Considering that 
the Arg1 and NOS2 pathways can define macrophage responses 
(16, 31, 32), these data indicate that Fra-1 could shape the pro- and 
antiinflammatory properties of macrophages.

To ascertain whether Fra-1 expression is regulated following 
macrophage stimulation, mRNA and protein levels of Fra-1 were 
determined in thioglycollate-elicited macrophages and BM- 
derived macrophages (BMDMs). Cells were isolated from WT 
mice and stimulated with IL-4, apoptotic cells (AC), IFN-γ, or LPS. 
Fra-1 mRNA levels in thioglycollate-elicited macrophages peaked 
prominently at 1 hour, and protein levels increased 2 hours after 
AC or LPS challenge in vitro (Figure 2, A and B). Fra-1 expression 

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7
https://www.jci.org/articles/view/96832#sd
https://www.jci.org/articles/view/96832#sd
https://www.jci.org/articles/view/96832#sd
https://www.jci.org/articles/view/96832#sd
https://www.jci.org/articles/view/96832#sd
https://doi.org/10.1172/JCI96832DS1
https://www.jci.org/articles/view/96832#sd
https://www.jci.org/articles/view/96832#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 6 7 3jci.org   Volume 129   Number 7   July 2019

macrophages following LPS or AC stimulation (Supplemental Fig-
ure 4B). These results demonstrate that Fra-2 is unable to regulate 
these genes under these conditions.

Fra-1 controls Arg1, but not Nos2, expression in macrophages. 
The AP-1 transcription factors have been shown to bind noncon-
sensus tetradecanoyl-phorbol-13-acetate response element (TRE) 
sequences at promoter levels and regulate the expression of a 

whether Fra-2 deficiency would affect Arg1 and Nos2 expression 
in macrophages. Fra-2 deletion in macrophages was confirmed 
by quantitative PCR analysis in LPS- or AC-stimulated thiogly-
collate-elicited macrophages isolated from Fra-2ΔLysM compared 
with WT mice (Supplemental Figure 4B). However, Arg1 and 
Nos2 mRNA levels, as well as proinflammatory (Il6, Tnf) and anti-
inflammatory (Il10) cytokines, were similar in Fra-2ΔLysM and WT 

Figure 3. Fra-1 transcriptionally regulates Arg1 at the promoter level. Thioglycollate-elicited macrophages from Fra-1ΔMx or control littermate mice unstim-
ulated or stimulated with LPS or AC were used for ChIP analysis. Chromatin was precipitated using an anti-mouse Fra-1 antibody or IgG isotype control; the 
obtained eluate was analyzed by sequencing or real-time PCR. (A and B) Peak of Fra-1 binding on the (A) Arg1 and (B) Nos2 promoters assessed by ChIP-Seq 
of LPS- or AC-stimulated WT macrophages. (C and D) AP-1 consensus sequences on the (C) Arg1 or the (D) Nos2 promoter were determined by the online tool 
TF search and are indicated by gray boxes. Additionally, the locations of the primers (arrows) are indicated. (E and F) Fra-1 ChIP analysis by real-time PCR for 
(E) Arg1 and (F) Nos2 promoters. The eluates arose from Fra-1ΔMx or control macrophages, and the Ct values are normalized to input. (G) Fra-1 ChIP analysis by 
real-time PCR for Arg1 and Nos2 promoters. The eluates arose from control macrophages stimulated for 1 hour with LPS or AC, and the Ct values normalized 
to the input were subsequently normalized to Fra-1 binding in unstimulated macrophages. (H) Jun protein ChIP analysis for Arg1 and Nos2 promoters. The 
eluates arose from control macrophages that were precipitated using anti-mouse JunB, JunD, cJun, or IgG isotype. Ct values were normalized to input. (I) 
AP-1 consensus sequences (Arg1-1/2/4/5/8 and Nos2-10) were cloned into a luciferase reporter construct and transfected into 293T cells; luciferase activity 
was determined. Mutated reporter constructs deleted for the respective binding sites were used as negative and renilla as internal control. The luciferase/
renilla ratio was normalized to an empty pGL4.23 luciferase construct (n = 3). Data are shown as mean values of 3 independent experiments, and the error 
bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA.
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multitude of genes (34). Therefore, the whole spectrum of Fra-1 
target genes in macrophages was determined. To do so, WT thio-
glycollate-elicited macrophages were left untreated or stimulated 
with LPS or AC before the cells were subjected to Fra-1 ChIP-Seq 
analyses. In unstimulated macrophages, more than 3000 genes 
are predicted to be regulated by Fra-1, according to the peak bind-
ing found, and this number doubled after LPS or AC treatment, 
respectively (Supplemental Table 1). To narrow down each stimu-
lus’s effect, genes that were found under more than one condition 
were discarded; subsequently, an interaction network for each of 
the remaining gene lists was constructed (Supplemental Table 1). 
The genes for which interactors were found were then analyzed 
using GO enrichment analysis to pinpoint molecular pathways 
associated with the predicted genes. The GO enrichment con-
firmed that Fra-1 is a key player in macrophage immune responses 
(Supplemental Figure 5, A and B). Genes predicted to be regulat-
ed by Fra-1 following LPS stimulation were clustered to myeloid 
differentiation primary response gene 88–dependent (MyD88- 
dependent) mechanisms, involving Toll-like receptor-3,-4,-5, and 
-9 pathways as well as IL-6 and IL-7 signaling (Supplemental Fig-
ure 5A). Predicted genes regulated by Fra-1 following AC stimu-
lation hinted at new aspects of Fra-1 in myogenesis and apoptosis 
pathways (Supplemental Figure 5B).

ChIP-Seq analyses suggested that Arg1 and Nos2 might be 
transcriptionally controlled by Fra-1 in macrophages, according 
to the binding peaks found in the promoters of these genes (Fig-
ure 3, A and B). To pursue the functionality of potential Fra-1 

binding on Arg1 and Nos2 promoters, we performed convention-
al ChIP analyses. Therefore, we first determined the putative 
AP-1–binding sites up to 4000 bp upstream of the transcription 
starting site using the online tool TFSEARCH (http://diyhpl.
us/~bryan/irc/protocol-online/protocol-cache/TFSEARCH.
html). Consistent with the ChIP-Seq data, the promoter regions 
of Arg1 and Nos2 genes were predicted to harbor numerous 
TRE consensus sequences for AP-1 proteins (Figure 3, C and 
D). Fra-1 ChIP analyses in thioglycollate-elicited macrophages 
from WT or Fra-1ΔMx mice confirmed a Fra-1 binding in the Arg1 
promoter region at the 1, 2, 4, 5, and 8 (Figure 3E). However, 
out of the 10 potential binding sites of the Nos2 promoter, Fra-1  
only bound to the consensus sequence located around 500 bp 
upstream of the Nos2 transcription starting site (Nos2-10) (Fig-
ure 3F). Next, we hypothesized that LPS and AC stimulation, 
which induce Fra-1 expression, might increase its binding. 
Indeed, ChIP analysis using macrophages stimulated with LPS 
or AC for 1 hour and precipitating with a Fra-1 antibody showed 
an increased binding of Fra-1 to the Arg1 promoter region (Fig-
ure 3G). Binding of Fra-1 to the Nos2 promoter region was also 
increased after LPS and AC stimulation compared with unstim-
ulated macrophages, suggesting that Fra-1 binds the Arg1 and 
Nos2 promoters after macrophage activation and controls its 
expression (Figure 3G).

Fra-1 forms transcriptionally active heterodimers with JUN 
family members; therefore, the binding potential of cJun, JunB, 
and JunD on the Arg1 and Nos2 promoters was analyzed. To do 

Figure 4. Ameliorated joint inflammation in Fra-1ΔMx arthritic mice. K/BxN arthritis was induced in Fra-1 mutant mice and their respective control mice. Healthy 
or arthritic mice were analyzed 10 days after serum transfer. (A) Fra-1 mRNA levels in paws of healthy and arthritic control mice (n = 4). (B) Fra-1 mRNA levels in 
stromal cells (CD11b–), neutrophils (CD11b+Ly6G+), monocytes (CD11b+Ly6C+), and macrophages (CD11b+F4/80+) sorted from arthritic Fra-1ΔMx, Fra-1ΔLysM, and control 
littermate mice. (C) Arthritis scores of control, controlΔMx, and Fra-1ΔMx mice and quantification of AUC. (D) Quantification and representative images of paw vol-
ume ascertained from in vivo MRI analysis of healthy, arthritic Fra-1ΔMx and arthritic control mice. Graph points indicate individual mice. Data are shown as mean 
values, and the error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test (A and B) or ANOVA (C and D).
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so, ChIPs for c-Jun, JunB, and JunD proteins were performed 
using unstimulated thioglycollate-elicited WT macrophages. 
As shown in Figure 3H, only JunB and JunD bound to Arg1 and 
Nos2 promoters, whereas cJun showed no binding at the tested 
TRE elements (Figure 3H).

To determine whether Fra-1 can regulate the transcription 
of Arg1 and Nos2 expression, the promoter fragments 1, 2, 4, 5, 
and 8 of the Arg1 and 10 of the Nos2 promoter were cloned into 
an expression reporter plasmid. The plasmid carried a lucifer-
ase gene with a minimal promoter in front of which the respec-
tive promoter fragment was inserted. The transfection of 293T 
cells and subsequent luciferase assay showed that the presence 
of the Arg1 promoter fragment 1 increased luciferase expres-
sion, suggesting Fra-1 activates fragment 1 of the Arg1 promot-
er, located around 170 bp upstream of the transcription start 
site of the Arg1 gene (Figure 3I). However, direct regulation of 
Fra-1 through fragment 10 of the Nos2 promoter was not seen 
under unstimulated conditions (Figure 3I).

With respect to Fra-1 and Fra-2’s similar protein structures, 
we aimed to exclude that Fra-2 can replace Fra-1 on the Arg1 
promoter in its absence. Therefore, we performed ChIP anal-
yses for Fra-1 and Fra-2 on the AP-1 consensus element found 
on the Arg1 promoter using thioglycollate-elicited macrophages 
from control or Fra-1ΔMx mice. The ChIP analyses denied the 
ability of Fra-2 to bind the Arg1 promoter in control and Fra-1–
deleted macrophages when compared with Fra-1 binding (Sup-
plemental Figure 6, A and B).

Together, these data suggest that Fra-1 transcriptionally reg-
ulated Arg1 expression in macrophages, likely in cooperation with 
JunD or JunB, but could not confirm that Fra-1 directly regulates 
Nos2 expression in macrophages.

Fra-1 in myeloid cells exacerbates arthritis. To determine the 
functional relevance of Fra-1 in macrophages, a KEGG cluster 
analysis was performed, allowing interpretation of high-level bio-
logical functions. This bioinformatic analysis linked macrophage 
Fra-1 expression to melanoma, prostate cancer, insulin resistance, 

Figure 5. Fra-1 in myeloid cells exacerbates the development of K/BxN SIA inflammation in joints. BM from Fra-1ΔMx or control mice was trans-
ferred to previously irradiated Fra-1ΔMx or WT mice (WT→WT, WT→Fra-1ΔMx, Fra-1ΔMx→WT, and Fra-1ΔMx→Fra-1ΔMx). Six weeks after BM reconstitu-
tion, K/BxN arthritis was induced in recipient mice. (A) Fra-1 expression in arthritic paws. (B) Arthritis score as well as quantification of the AUC. 
(C) Quantification and representative images of paw volume ascertained by MRI analysis of healthy control paws and arthritic paws from WT→WT 
and Fra-1ΔMx→WT mice. (D) Quantification of the inflammatory area, erosion area, and number of osteoclast and representative images ascertained 
from H&E (top) and TRAP (bottom) staining of arthritic paws. The arrows indicate cell infiltrated areas in H&E staining and osteoclasts in TRAP 
staining, respectively. Scale bars: 500 μm. (E) Representative μCT imaging analysis of arthritic ankles from WT→WT and Fra-1ΔMx→WT. The arrows 
indicate osteophyte formation. Graph points indicate individual mice. Data are also shown as mean values, and error bars represent SEM. *P < 0.05; 
***P < 0.001, Student’s t test (A, C, D) or ANOVA (B).
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fer (Figure 4D). Accordingly, flow cytometric analysis revealed 
reduced neutrophil, monocyte, and macrophage numbers in the 
inflamed joints of Fra-1ΔMx mice when compared with arthritic WT 
mice, whereas no difference could be observed in joints of nonar-
thritic mice (Supplemental Figure 8, A and B). Taking into con-
sideration that the Mx1 promoter can induce a deletion in some 
nonimmunological cells, such as hepatocytes in the liver (37–40), 
BM transfer from WT controls or Fra-1ΔMx mice into previously 
lethally irradiated WT or Fra-1ΔMx recipient mice was performed 
to restrict the deletion of Fra-1 to the immune cell compartment. 
Six weeks after BM transfer, arthritis was induced in WT→WT, 
WT→Fra-1ΔMx, Fra-1ΔMx→WT and Fra-1ΔMx→Fra-1ΔMx mice. A 
50% decrease of Fra-1 mRNA level was detected in Fra-1ΔMx→WT 
and Fra-1ΔMx→Fra-1ΔMx when compared with WT→WT or WT→ 
Fra-1ΔMx mice (Figure 5A). Accordingly, we found ameliorated 
arthritis in Fra-1ΔMx→WT and Fra-1ΔMx→Fra-1ΔMx mice (Figure 5B), 
whereas the arthritis in Fra-1ΔMx mice reconstituted with WT BM 
(WT→Fra-1ΔMx) showed a severity similar to that seen in WT→WT 
mice (Figure 5B). MRI analysis confirmed the decreased arthritis, 
showing decreased paw volume in Fra-1ΔMx→WT compared with 
WT→WT mice (Figure 5C). Additionally, histological analyses 
showed a reduced inflammatory area, bone erosion, and osteo-
clast numbers in paws from Fra-1ΔMx→WT and Fra-1ΔMx→Fra-1ΔMx 
mice (Figure 5D). Moreover, μCT analysis showed less pronounced  
bone changes in Fra-1ΔMx→WT than in WT→WT mice (Figure 
5E). These data suggest that Fra-1 expression in the hematopoietic 
compartment affects the severity of arthritis and joint destruction.

and rheumatoid arthritis (RA) (Supplemental Figure 7). While the 
role of Fra-1 has been extensively studied in cancer (35), its func-
tion in chronic inflammatory diseases, such as RA, has not yet been 
determined. To investigate the in vivo relevance of Fra-1 in arthri-
tis, the K/BxN serum-induced arthritis (SIA) model, which is a B 
cell– and T cell–independent representative model of RA, was used 
(36). First, SIA in WT mice was induced and Fra-1 mRNA expres-
sion in healthy versus arthritic paws 10 days after serum transfer 
was quantified. Fra-1 mRNA levels were increased in arthritic as 
compared with normal joints (Figure 4A). Next, the K/BxN mod-
el was applied to Fra-1ΔMx and control littermate mice. To quantify 
the Fra-1 deletion efficiency in different cell types, stromal cells 
(CD11b–), neutrophils (CD11b+Ly6G+), monocytes (CD11b+Ly6C+), 
and macrophages (CD11b+F4/80+) were sorted from arthritic paws 
of control and Fra-1ΔMx mice. First, compared with stromal cells, the 
expression of Fra-1 in WT neutrophils and monocytes was strong-
ly increased and most abundant in neutrophils (Figure 4B). The 
expression of Fra-1 was unaltered in Fra-1ΔMx stromal cells com-
pared with control cells, but its expression was absent or very low 
in Fra-1ΔMx neutrophils, monocytes, and macrophages when com-
pared with control cells in arthritic paws, confirming the proper 
deletion of Fra-1 in the immune cell populations (Figure 4B).

Notably, the severity of arthritis was significantly ameliorat-
ed in Fra-1ΔMx compared with both controls, Fra-1WT/fl containing 
MxCre (controlΔMx), and Fra-1fl/fl (control) mice (Figure 4C). In vivo 
MRI analysis confirmed that Fra-1–deficient mice had 25 % low-
er paw volume than WT mice at days 7 and 10 after serum trans-

Figure 6. Ameliorated joint inflammation in Fra-1ΔLysM arthritic mice. K/BxN arthritis was induced in Fra-1ΔLysM and control littermate mice. (A) Arthritis 
score of control, controlΔLysM, and Fra-1ΔLysM mice and quantification of AUC. (B) Quantification of soft tissue volume and representative images ascertained 
by MRI analysis of healthy control and arthritic control and Fra-1ΔLysM mice. (C) Quantification of the inflammatory area, erosion area, and number of 
osteoclasts and representative images ascertained from H&E (top) and TRAP (bottom) staining of arthritic paws. The arrows indicate cell infiltrated areas 
in H&E staining and osteoclasts in TRAP staining, respectively. Scale bars: 500 μm. Graph points indicate individual mice. Data are shown as mean values, 
and error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test (B and C) or ANOVA (A).
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cal signs of arthritis (Supplemental Figure 9, B and C). This sug-
gests that, in contrast to Fra-1, the expression of Fra-2 in myeloid 
cells does not exacerbate arthritis.

Increased Fra-1–dependent Arg1 activity ameliorates clinical 
arthritis. To investigate whether Arg1 expression is also increased 
in Fra-1–deficient macrophages in vivo, its expression in normal 
versus arthritic paws of WT and Fra-1–deficient mutant mice was 
quantified. Arg1 mRNA levels were upregulated in arthritic com-
pared with healthy paw lysates (Figure 7A). Moreover, Arg1 mRNA 
levels were more than 30 times increased in all Fra-1–deficient 
mutant mice (Figure 7A). Consistent with these findings, concen-
tration of ʟ-arg was reduced, while ʟ-ornithine was increased in 
arthritic paws of Fra-1–deficient mice compared with paws from 
arthritic WT mice (Figure 7B). These results suggest that Fra-1 
represses Arg1 expression in myeloid cells and thereby also pre-
vents resolution of arthritis in vivo. This effect is specific for Fra-1, 
since Arg1 expression levels were identical in Fra-2ΔLysM compared 
with WT arthritic paws (Supplemental Figure 9D).

To determine the cellular source of Arg1 in the joints, stro-
mal cells (CD11b–), neutrophils (CD11b+Ly6G+), monocytes 
(CD11b+Ly6C+) and macrophages (CD11b+F4/80+) were sorted 
from arthritic paws of control, Fra-1ΔMx, and Fra-1ΔLysM mice, and 
their Arg1 mRNA expression levels were determined. Expression 
of Arg1 mRNA was around 100-fold higher in macrophages than 
in stromal cells (Figure 7C). Moreover, Arg1 mRNA expression in 
macrophages was significantly increased in Fra-1–deleted mac-
rophages compared with control macrophages (Figure 7C). Using 
flow cytometry, intracellular Arg1 protein levels were compared in 
neutrophils, monocytes, and macrophages from joints of controls, 

To further restrict Fra-1 deletion, the Fra-1 deletion con-
trolled by the lysozyme promoter (Fra-1ΔLysM) was used. Lysozyme 
is known to be expressed in neutrophils, monocytes, and mac-
rophages, resulting in a deletion of Fra-1 in these cell types (41). 
The K/BxN model was applied to Fra-1ΔLysM and control littermate 
mice. Again, the Fra-1 deletion was controlled in sorted stromal 
cells, neutrophils, monocytes, and macrophages. Similarly to what 
occurred in Fra-1ΔMx mice, Fra-1 expression was unchanged in  
Fra-1ΔLysM stromal cells compared with control cells, but its expres-
sion was absent or low in Fra-1ΔLysM neutrophils, monocytes, and 
macrophages (Figure 4B). Accordingly, the severity of arthri-
tis was ameliorated in Fra-1ΔLysM compared with both controls,  
Fra-1WT/fl containing LysMCre (controlΔLysM), and Fra-1fl/fl (con-
trol) mice (Figure 6A). In addition, MRI analysis confirmed that  
Fra-1ΔLysM mice had decreased paw volumes compared with WT 
mice, and histological analysis of inflamed paws showed reduced 
inflammatory area, bone erosion, and osteoclast numbers in  
Fra-1ΔLysM compared with control mice (Figure 6, B and C). Despite 
no differences in myeloid cell numbers in Fra-1 and WT joints in 
steady state, flow cytometric analysis revealed decreased numbers 
and percentages of neutrophils, monocytes, and macrophages in 
the inflamed joints of Fra-1ΔLysM mice compared with arthritic con-
trol mice (Supplemental Figure 8, A and B).

Next, the role of Fra-2 in the K/BxN arthritis model was 
investigated. Therefore, K/BxN arthritis was induced in 
Fra-2ΔLysM mice. Fra-2 mRNA in arthritic Fra-2ΔLysM mice was 
decreased compared with in control joints (Supplemental Figure 
9A). However, deletion of Fra-2 in macrophages, neutrophils, 
and monocytes did not significantly alter clinical and histologi-

Figure 7. Increased Arg1 in Fra-1–deleted macrophages from arthritic joints. K/BxN arthritis was induced in Fra-1 mutant mice and their respective control 
mice. Healthy or arthritic mice were analyzed 10 days after serum transfer. (A) Arg1 mRNA levels were determined in paws of healthy, arthritic control and 
Fra-1 mutant mice (Fra-1ΔMx, Fra-1ΔMx→WT, and Fra-1ΔLysM). (B) The concentrations of ʟ-arg and ʟ-ornithine in paw lysates of Fra-1ΔMx and control littermate 
mice were analyzed by HPLC. (C) Arg-1 mRNA levels in stromal cells (CD11b–), neutrophils (CD11b+Ly6G+), monocytes (CD11b+Ly6C+), and macrophages 
(CD11b+F4/80+) sorted from arthritic Fra-1ΔMx, Fra-1ΔLysM, and control littermate mice. (D) Intracellular Arg1 protein levels observed as MFI in neutrophils, 
monocytes, and macrophages isolated from healthy control or arthritic joints of WT, Fra-1ΔMx, and Fra-1ΔLysM mice. Shown are ΔMFI as compared with 
unstained and normalized to healthy controls of each respective cell type. A representative histogram of MFI is shown for macrophages from healthy con-
trol mice, arthritic control mice, and arthritic Fra-1ΔMx mice. Graph points indicate individual mice. Data are shown as mean values, and error bars represent 
SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA.
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mental Figure 10B). Interestingly, inhibition of arginase in Fra-1–
deficient mice was sufficient to aggravate the arthritis, reaching 
the level observed in WT mice (Figure 8C). This clinical effect 
of NOHA in Fra-1 mutant mice was paralleled by an increase of 
inflammation, bone erosion, osteoclast numbers, and osteophyte 
formation, as determined by μCT and histological analysis of the 
arthritis paws (Figure 8, D and E). Furthermore, the expression of 
several cytokines (e.g., Tnf, Il12b, Il1β and Il1rn) that were affect-
ed in the arthritic paws of Fra-1–deficient mice was restored after 
NOHA treatment (Supplemental Figure 10A). Notably, mRNA lev-
els of Reltna, like Arg1, known as a marker for alternatively activat-
ed macrophages (43), were also highly increased in Fra-1–deficient 
arthritic joints, but returned to the low levels seen in WT arthritic 
mice after NOHA treatment of the Fra-1ΔMx mice (Supplemental Fig-
ure 10A). Moreover, arginase activity was blocked in Fra-1ΔLysM mice 
through NOHA treatment; again, the arthritis score of Fra-1ΔLysM  
mice treated with NOHA was enhanced to WT levels, as well as 
the inflammatory area, bone erosion, and the osteoclast numbers 
(Supplemental Figure 11, A and B). Taken together, these results 
suggest that Fra-1 expression in myeloid cells inhibits Arg1 expres-
sion and thereby promotes arthritis.

Fra-1ΔMx mice, and Fra-1ΔLysM mice, either healthy or arthritic, respec-
tively. Increased intracellular Arg1 protein levels were observed in 
neutrophils and macrophages from Fra-1ΔMx and Fra-1ΔLysM joints 
compared with arthritic controls, whereas Arg1 levels in monocytes 
remained unchanged (Figure 7D). The MFI of Arg1 protein in mac-
rophages of arthritic WT paws was 2 times as high as in neutrophils 
or monocytes (Figure 7D). Notably, Arg1 levels in macrophages of 
arthritic Fra-1ΔMx mice were 4 times higher than in neutrophils or 
monocytes of the same mice (Figure 7D). These data indicate that 
Arg1 in arthritic joints is expressed mainly in macrophages and that 
its expression is inhibited by Fra-1.

These in vivo and in vitro analyses led us to hypothesize that 
the increased Arg1 expression in Fra-1–deficient mice potentially 
accounts for the reduced severity of arthritis. To test this hypoth-
esis, arginase activity was blocked using the inhibitor Nω-hydroxy-
nor-l-arg (NOHA) in Fra-1–deficient and WT arthritic mice (42). 
First, Fra-1 expression was not affected by NOHA treatment (Sup-
plemental Figure 10A). Second, the increased Arg1 mRNA levels 
and arginase activity in the paws of Fra-1ΔMx arthritic mice returned 
to basal levels after NOHA treatment (Figure 8, A and B), where-
as iNos was not affected, as assessed by the Griess assay (Supple-

Figure 8. Arginase inhibition by NOHA restores arthritis in Fra-1ΔMx mice. Arthritis was induced by K/BxN serum-transfer in Fra-1ΔMx or control mice. Mice 
were i.p. injected with NOHA (100 mg/kg body weight, Fra-1ΔMx or control) or PBS (Fra-1ΔMx or control) daily from the day of arthritis induction, and mice were 
analyzed 10 days after serum transfer. (A) Arg1 mRNA levels were quantified in whole paw. (B) Arg1 enzyme activity in whole-paw lysates was quantified 
by arginase activity assay. (C) Arthritis scores and AUC. (D) Quantification of the inflammatory area, erosion area, and number of osteoclasts from the 
histological analysis of H&E (top) and TRAP (bottom) staining and its representative images. The arrows indicate cell infiltrated areas in H&E staining and 
osteoclasts in TRAP staining, respectively. Scale bars: 500 μm. (E) Representative images of μCT imaging analysis (n = 3). The arrows indicate osteophyte 
formation. Graph points indicate individual mice. Data are shown as mean values, and error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA.
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through densitometry. Analyzing the protein levels of Fra-1 and 
Arg1 in macrophages in the synovial tissue revealed that active RA 
is characterized by high Fra-1, but low Arg1 expression, while in the 
synovium of RA patients in remission, Fra-1 levels were low, but 
Arg1 levels were high in macrophages (Figure 10C). Additionally, 
the Fra-1/Arg1 protein ratio in the synovial membrane was higher 
in active than inactive disease and correlated to RA disease activ-
ity, as measured by DAS28 score (Figure 10D). In summary, these 
data led us to assume that Fra-1 effectively inhibits Arg1 expression 
in arthritis, thereby blocking resolution of inflammation and pro-
moting a more severe clinical disease course (Figure 10E).

Discussion
The data presented in this study show that the AP-1 transcrip-
tion factor Fra-1 is a central regulator of macrophage function in 
arthritis. Fra-1 directly repressed proresolving Arg1 in arthritis 
and enhanced the clinical course of the disease. We have identi-
fied a pathway where Fra-1, but not Fra-2, influences macrophage 
immune responses and acts as a central transcription factor regu-
lating Arg1 expression. Deletion of Fra-1 mitigated arthritis, sug-
gesting that Fra-1 activation in myeloid cells promotes a proinflam-
matory activation state. Fra-1 effectively suppressed proresolving 
Arg1 expression and skewed macrophage function toward a proin-
flammatory phenotype. Flow cytometric analysis revealed that 
macrophages are the main source of Fra-1–dependent Arg1 expres-
sion in the inflamed joints. The negative correlation between Fra-1 
and Arg1 expression represents a molecular mechanism likely con-
served in humans, since an inverse ratio of Fra-1 and Arg1 levels 
was observed in the synovia of the RA patient in clinical remission.

To determine whether the increased arginase activity can 
be used to inhibit arthritis, WT mice with K/BxN SIA were sup-
plemented with 40 g/l ʟ-arg in drinking water ad libitum, which 
resulted in an average daily uptake of approximately 100 mg sur-
plus ʟ-arg to increase arginase activity. The mice were either sup-
plemented with ʟ-arg together with the induction of arthritis or in a 
therapeutic setting at the peak of the inflammation, on day 4 after 
serum transfer. Indeed, ʟ-arg supplementation led to increased 
arginase activity in the paws, while iNos activity remained unaf-
fected (Figure 9A and Supplemental Figure 11C). Accordingly, 
both treatments led to a reduction of arthritis severity and reduced 
inflammatory areas, bone erosion, and osteoclast numbers (Figure 
9, B and C). These data suggest that increased arginase enzyme 
activity inhibits the severity of arthritis and can be used in a thera-
peutic setting to alleviate arthritis symptoms and bone erosion.

Human RA is associated with high Fra-1 and low Arg1 expression 
in synovial macrophages. To investigate the relevance of our find-
ings in human RA, we determined Fra-1 expression in the blood 
and synovial tissue from patients with active RA and RA patients 
in remission. The expression of Fra-1 in human whole blood from 
RA patients was increased in active as compared with inactive dis-
ease, suggesting that this mechanism might play a role in human 
RA (Figure 10A). Furthermore, a trend toward an inverse relation 
between Fra-1 expression in the blood and arginase expression as 
well as arginase activity was also observed (Figure 10B). Next, the 
levels of Fra-1 and Arg1 in macrophages locally in the inflamed 
joints were determined. Therefore, immunofluorescence stain-
ings of Fra-1, Arg1, and CD68 in synovial tissue from patients with 
active RA and RA in remission were performed and quantified 

Figure 9. Therapeutic l-arg supplementation resolves arthritis. Arthritis was induced by K/BxN serum transfer to WT mice, supplemented with 40 g/l 
ʟ-arg in the drinking water, either simultaneously with the K/BxN serum transfer (d0) or therapeutically at d4 after serum transfer. Mice were analyzed at 
day 10 after serum transfer. (A) Arg1 activity in total paw lysates. (B) Arthritis score and its quantification of AUC. (C) Quantification of the inflammatory 
area, erosion area, and number of osteoclasts from the histological analysis of H&E (top) and TRAP (bottom) staining and its representative images. Scale 
bars: 500 μm. The arrows indicate cell infiltrated areas in H&E staining and osteoclasts in TRAP staining, respectively. Graph points indicate individual 
mice. Data are shown as mean values, and error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA.
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cade by LPS. GO analyses clustering the differentially expressed 
genes of WT and Fra-1–deficient macrophages underscored the 
important function of Fra-1 in macrophage activation and sup-
ported recent findings on Fra-1–mediated control of the cell cycle 
by regulating P53 expression (35, 53, 54). Furthermore, our Fra-1 
ChIP-Seq analysis identified hundreds of genes regulated by Fra-1 
that are related to the pattern recognition receptor and interleu-
kin signaling, attributing the downstream role of AP-1 in LPS, 
TLR, or interleukin signaling (17, 55, 56). Even more importantly, 
ChIP-Seq and conventional ChIP experiments identified 2 targets 
of Fra-1 in macrophages following activation: Nos2 and Arg1. Pro-

AP-1 transcription factors are environmental biosensors, 
mediating a broad range of signals, growth factors, cytokines, hor-
mones, and stress responses (44–47). They regulate macrophage 
responses in conjunction with other key pathways, such as those 
involving STATs, IRFs, and NF-κB. For instance, LPS-triggered 
TLR4 activation of macrophages simultaneously activates NF-κB 
and AP-1 transcription factors (48). In vitro experiments using the 
monocytic cell line RAW264.7 have shown that activation of AP-1 
controls proinflammatory cytokine and chemokine expression 
(22, 33, 49–52). Here, we found that Fra-1 and Fra-2 expression 
increased in macrophages following activation of the TLR cas-

Figure 10. Fra-1 and Arg1 expression in the joints of RA patients. (A) Fra-1 mRNA expression in peripheral blood cells of patients with RA at 
different levels of inflammatory disease activity measured by DAS28. DAS28 of less than 2.6 indicated low/no disease activity (n = 11), more than 
2.7 and less than 5.1 indicated moderate disease activity (n = 11), and more than 5.2 indicated high disease activity (n = 12). (B) Correlation between 
mRNA expression of Fra-1 and Arg1 (left) or arginase activity (right) in peripheral blood cells or serum, respectively. Rel exp, relative expression. (C) 
Immunofluorescence image for CD68 (magenta), Fra-1 (green), Arg1 (red), and DAPI (blue) in joint sections from RA patients in remission (DAS28 
= 1.81) and moderate/high disease activity (DAS28 = 4.01). Scale bars: 100 μm. Arrowheads point to CD68+ macrophages. White inset boxes are 3 
times magnified from the original magnification. (D) CD68+ cells were quantified for their Fra-1/Arg1 ratio by the mean gray value in the synovial 
tissue of RA patients (n = 14) in remission (DAS28 < 2.6, n = 9) or moderate/high disease activity (DAS28>3.2, n = 5). Each point represents the 
ratio of the mean gray value (Fra-1/Arg1) per macrophage. (E) Schematic of Fra-1 actions in macrophages: Fra-1 blocks antiinflammatory responses 
in macrophages by the inhibition of the Arg1 pathways. *P < 0.05; **P < 0.01.
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to excessive inflammation and more severe disease. A selective 
c-Fos/AP-1 inhibitor has proven in a preclinical model to pre-
vent joint destruction and pannus formation in type II collagen–
induced arthritis in rats (64), which also has been investigated in 
phase II human clinical trials as a therapeutic agent for RA (65). 
Therefore, targeting Fra-1, but also Arg1, to elevate its enzymatic 
activities, through ʟ-arg supplementation may provide a therapeu-
tic opportunity to induce resolution of inflammation in arthritis by 
fostering the transition of macrophages from a proinflammatory 
to a proresolving state.

Methods
Human samples. Blood (peripheral blood withdrawal) and synovi-
al samples (ultrasound-guided needle biopsy) were taken from RA 
patients fulfilling the 2010 American College of Rheumatology/Euro-
pean League Against Rheumatism classification criteria for RA (66). 
Blood samples for RNA isolation were obtained from RA patients with 
high (DAS28 > 5.1, n = 12), moderate (DAS28: 3.2–5.1, n = 11), or low/no 
(DAS28 < 3.2, n = 11) disease activity (67, 68). Blood of RA patients was 
collected in PAXgene Blood RNA Tubes (QIAGEN), and the RNA was 
isolated using the PAXgene Blood RNA Kit (QIAGEN) according to the 
manufacturer’s instructions. Synovial biopsy samples were obtained 
from patients with active RA (DAS28 > 3.2, n = 5) and patients with RA 
in remission (DAS28 < 2.6, n = 9).

Animals. The generation of Fra-1 floxed, Fra-2 floxed, LysMCre, 
and Mx1Cre mice has been described elsewhere (37, 41, 69, 70). Mice 
were bred and maintained on a 129/B6 mixed background. The back-
ground characterization of these strains through SNPs revealed that 
their percentage match to the allelic profiles of B6 and 129 was approx-
imately 95 % for B6 and approximately 50% for the 129 strain (Sup-
plemental Table 2). Littermate Fra-1fl/fl and Fra-2fl/fl mice without Cre 
were used as controls. In some experiments, Fra-1WT/fl and Fra-2WT/fl  
with Mx-Cre or Lys-MCre, called controlΔMx or controlΔLysM, were used 
as additional controls. All experiments were performed with 8-week-
old male mice. Animals were kept under standardized conditions. A 
12-hour light/12-hour dark cycle was maintained, and standard diet 
and water were provided ad libitum. Detailed information about the 
time-line of the experiments performed with the Mx-Cre strain is illus-
trated in Supplemental Figure 12.

KRN TCR-transgenic mouse SIA model. KRN TCR-transgenic mice 
were bred with NOD/Lt mice to generate K/BxN mice (71). K/BxN 
serum was isolated from adult K/BxN arthritic mice for which 150 μl/
mouse was used to induce arthritis, as described previously (5). The 
severity of the arthritis was evaluated using a semiquantitative scoring 
system, with a score of 0 used for normal mice and a score of 1 given 
for the swelling of each of the following joints: digits, knuckles, mid-
hind paw/mid-forepaw area, and ankle/wrist joint. Each paw was eval-
uated individually. Thus, the maximum clinical score per leg was 4. 
The reported clinical score was calculated as the average of all 4 paws 
(5). Ankle thickness was measured using a digital caliper.

μCT. All μCT imaging was performed using the cone-beam Desk-
top Micro Computer Tomograph μCT 40 by SCANCO Medical. The 
settings were optimized for calcified tissue visualization in murine 
bones at 55 kVp, with a current of 177 μA, 200 ms integration time for 
500 projections per 180°, and an isotropic voxel size of 8.6 μm. The 
3D-modeling of the bone was performed with optimized grayscale 
thresholds of the operating system Open VMS by SCANCO Medical.

moter analysis through luciferase assays showed that Fra-1 direct-
ly represses Arg1 transcription, but does not directly influence 
Nos2 expression. Moreover, despite its similar structure, Fra-2 was 
unable to regulate Arg1 or Nos2 expression in macrophages. ChIP 
analysis showed no Fra-2 binding on the Arg1 promoter, underlin-
ing the functional relevance of Fra-1 in macrophages.

Our previous studies, deleting the AP-1 transcription factor 
member c-Jun, already revealed dysregulation of Arg1 expression 
(18). However, c-Jun does not directly control the Arg1 promoter 
(18). Fra-1 probably acts downstream of c-Jun, as LPS-induced Fra-1  
expression is dependent on the collaboration of c-Jun and NF-κB 
(27). The selective regulation of Arg1 by Fra-1 in macrophages is also 
highlighted by the fact that other AP-1 members, such as c-Jun or 
c-Fos, were shown to positively or negatively regulate Arg1 expres-
sion in a cell type–dependent manner (22, 23, 57). Arg1 promotes 
wound healing and tissue remodelling and thereby helps to resolve 
inflammation and to restore tissue homeostasis, presumably by its 
generation of ornithine, which is the amino acid precursor for the 
synthesis of polyamines (via the ornithine decarboxylase pathway) 
and of ʟ-proline (via the ornithine aminotransferase pathway) (58).

Absence of Fra-1 influenced the inflammatory phase of arthri-
tis, as shown by the reduced disease severity in Fra-1–deficient 
mice after induction of SIA. Again, the effect of Fra-1 on arthritis 
was different from that observed with deletion of other AP-1 mem-
bers. For instance, c-Fos–deficient mice were reported to develop 
a more severe rather than reduced arthritis (59). Fra-1 deletion in 
arthritic mice increased Arg1 expression and activity in vivo, ame-
liorating joint inflammation. Our data showed an increased level 
of ʟ-ornithine in the paws of Fra-1–deficient arthritic mice, which 
might entertain an increased synthesis of polyamines. Enhanced 
production of polyamines is important in initiating resolution 
mechanisms, such as cell proliferation and growth (60), as well 
as inhibiting proinflammatory cytokines (7). We suggest that the 
dominant action of Fra-1 in promoting arthritis is the downregula-
tion of the proresolving action of Arg1. This concept is further sup-
ported by the restoration of full-blown arthritis in Fra-1–deficient 
mice when inhibiting Arg1 by NOHA, as well as by the reduction of 
arthritis by ʟ-arg supplementation.

In support of our concept, others reported increased argin-
ase activity and protein levels in serum in RA patients compared 
with healthy controls or patients with systemic lupus erythema-
tosus or osteoarthritis in previous studies (61, 62). Furthermore, 
evidence suggests that AP-1 transcription factor components are 
activated in the synovial tissue of RA patients (63). Our data from 
patients with characterized disease activity score (DAS28) extend 
the previous findings. Analysis of human RA patients showed an 
increased expression of Fra-1 in the total blood and the synovium 
in active, but not inactive, disease. Furthermore, while active RA 
is characterized by high Fra-1, but low Arg1, expression in synovi-
al macrophages, remission of RA is characterized by the reverse 
state, high Arg1 but low Fra-1 expression, in the synovium. Our 
data further extend previous studies and show that Arg1 contrib-
utes to entering into the remission phase of RA joint inflammation.

In summary, these data show that Fra-1 orchestrates the polar-
ization of macrophages and thereby modulates the clinical course 
of arthritis. Fra-1 was shown to directly inhibit Arg1 expression and 
thus inhibits an essential proresolving mechanism, which leads 
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for large clusters of genes in a functionally grouped network. Related 
terms that share a high percentage of associated genes can be fused 
to reduce redundancy; those terms are connected and have the same 
color code. The ClueGO network was created with κ statistics and 
reflects the relationships between the terms based on the similarity of 
their associated genes. A 2-tailed hypergeometric test for enrichment/
depletion was used with a subsequent Bonferroni’s step-down or Ben-
jamini-Hochberg correction for multiple testing of P values. The size 
of the nodes in the network represents the significance level of that 
term. The largest node in the cluster is the most significant term and 
is regarded as the cluster representative. For the current analysis, the 
P value threshold was set to 0.05, and the minimum number of genes 
associated with a term was set to 3. The ClueGO plugin was used to do 
both GO enrichment analysis and pathway enrichment analysis using 
KEGG (76) or Reactome (77) databases.

Amino acid determination. Supernatants from paws were 
extracted as described previously (78). Briefly, paw samples were 
flash frozen in liquid nitrogen and the fresh weight (FW) was deter-
mined. Paws were homogenized in ethanol using a Precellys Ceram-
ic Kit on a Precellys 24 tissue grinder (Bertin Instruments) under 
the conditions 2 × 30 seconds at 6,500 rpm; subsequently, samples 
were sonicated on ice (settings: cycle 5, power 50%, 40 seconds) 
and centrifuged at 23,000 g for 10 minutes. For their determina-
tion, amino acids in supernatants were derivatized using the fluo-
ropohore 6-aminoquinolyl-N-hydroxysuccimidyl carbamate (AccQ 
Taq) and separated at a flow rate of 1 ml/min at 37°C on a Thermo 
(Dionex) Ultimate 3000 HPLC system essentially as described pre-
viously (79), using the eluents A (140 mm sodium acetate, pH 5.8; 
7 mm triethanolamine), B (acetonitrile), and C (water) and fluores-
cence detection (excitation at 300 nm and detection at 400 nm) as 
previously described (79).

For additional information, see Supplemental Methods.
Statistics. All experiments were repeated at least 3 times. Statisti-

cal analysis was performed using GraphPad PRISM software (version 
5.03). One-tailed Student’s t test was used for comparison of 2 groups. 
For multiple comparisons, 2-way ANOVA with a Bonferroni’s correct-
ed after test was used. P < 0.05 was considered significant. Data are 
shown as means, and the error bars represent SEM.

Study approval. All analyses of human material were performed 
in accordance with the institutional guidelines and with the approv-
al of the ethics committee of the Universitätsklinikum Erlangen. All 
experiments with animals were authorized by the ethics committee of 
the Government of Lower Franconia. Animals were kept following the 
guidelines of the German Animal Welfare Act.
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MRI. For determination of soft tissue paw volume ex vivo, excised 
hind legs were embedded in 4% agarose and placed in a small ani-
mal ultra–high-field magnetic resonance scanner (ClinScan 7 Tesla, 
Bruker). A standard T1-weighted gradient echo sequence was used 
for segmentation of the soft tissue volume using aycan osirix (aycan 
Digitalsysteme GmbH and Chimaera GmbH). For in vivo MRI, mice 
under inhalation anesthesia were imaged using the whole-body 
mouse coil in an ultra–high-field magnetic resonance scanner (Clin-
Scan 7 Tesla, Bruker). A standard T1-weighted spin echo sequence 
was used for segmentation of the paw volume. Furthermore, dynam-
ic contrast-enhanced MRI (DCE-MRI) was performed by a 3D flash 
sequence before, during, and after application of an i.v. contrast agent 
(0.2 mmol/kg; Gadovist, Bayer).

Generation of macrophages. Thioglycollate-elicited macrophages 
were generated by injecting mice i.p. with 2.5 ml of 4 % (w/v) Brew-
er’s thioglycollate medium (Sigma-Aldrich). Mice were euthanized 
72 hours after injection. Peritoneal cavity cells were harvested by 
lavage, and cells were washed and plated in RPMI-1640 (Gibco, 
Thermo Fisher Scientific) supplemented with 10 % (v/v) FCS (Gib-
co, Thermo Fisher Scientific) and 1 % (v/v) penicillin/streptomycin 
(concentration of the stock solution: 10,000 units/ml penicillin and 
10,000 μg/ml streptomycin; Gibco, Thermo Fisher Scientific). Cells 
were incubated overnight, and adherent cells were stimulated with 
50 ng/ml IFN-γ (Peprotech), 1 μg/ml LPS (Sigma-Aldrich), 100 ng/
ml IL-4 (Miltenyi Biotec), or ACs (with a 1:5 ratio). BMDMs were 
generated from BM cells incubated in DMEM (Gibco, Thermo Fisher 
Scientific) supplemented with 10 % (v/v) FCS (Gibco, Thermo Fisher 
Scientific), 1 % (v/v) penicillin/streptomycin (concentration of the 
stock solution: 10,000 Units/ml penicillin and 10,000 μg/ml strep-
tomycin; Gibco, Thermo Fisher Scientific), and 10 % (v/v) L929 con-
ditioned medium for 7 days.

Sequencing. DNA from the ChIP experiments was sequenced on 
an Illumina HiSeq 2500 system, using a single end protocol and 100 
bp read length. Reads were aligned to the mm10 mouse reference 
sequence using bwa version 0.7.8-r455 (72). Peak calling was per-
formed with MACS version 1.3.7.1 (73).

Gene expression profiling. Total RNA was isolated from 1 × 106 
thioglycollate-elicited peritoneal macrophages from Fra-1ΔMx or WT 
littermates, using the RNeasy Mini Kit (QIAGEN). cRNA was synthe-
sized using Cy3 labeling, quantified, and hybridized on 8x60K Arrays 
(design ID 028005) (Agilent Technologies). Data were extracted by 
the feature extraction software package (version 11.7.1; Agilent Tech-
nologies) using a standard protocol. Text files generated by the feature 
extraction software were imported into GeneSpring GX v12.5 (Silicon 
Genetics). Data were log2 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 1 condi-
tion) and showing changes in expression levels equal to or more than 
2-fold were selected for further analysis. A volcano plot was applied 
to identify statistically significant (P < 0.05), more than 2-fold differ-
entially expressed genes between 2 conditions, including the Benja-
mini-Hochberg multiple test correction. All original microarray data 
were deposited in the NCBI’s Gene Expression Omnibus database 
(GEO GSE128787).

Ontology enrichment analysis. For the biological interpretation of 
selected differentially expressed genes, the Cytoscape (74) plug-in 
ClueGO (75) was used. It visualizes the nonredundant biological terms 
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