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Despite recent advances in understanding chronic inflammation remission, global analyses have not been explored to
systematically discover genes or pathways underlying the resolution dynamics of chronic inflammatory diseases. Here, we
performed time-course gene expression profiling of mouse synovial tissues along progression and resolution of collagen-
induced arthritis (CIA) and identified genes associated with inflammation resolution. Through network analysis of these
genes, we predicted 3 key secretory factors responsible for the resolution of CIA: Itgb1, Rps3, and Ywhaz. These factors were
predominantly expressed by Tregs and antiinflammatory M2 macrophages, suppressing production of proinflammatory
cytokines. In particular, Ywhaz was elevated in the sera of mice with arthritis resolution and in the urine of rheumatoid
arthritis (RA) patients with good therapeutic responses. Moreover, adenovirus-mediated transfer of the Ywhaz gene to the
affected joints substantially inhibited arthritis progression in mice with CIA and suppressed expression of proinflammatory
cytokines in joint tissues, lymph nodes, and spleens, suggesting Ywhaz is an excellent target for RA therapy. Therefore, our
comprehensive analysis of dynamic synovial transcriptomes provides previously unidentified antiarthritic genes, Itgb1, Rps3,
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inflammatory arthritis.

Introduction

One of the well-known characteristics of rheumatoid arthritis
(RA) is that a large portion of RA patients undergo a clinical course
of relapsing-remitting state, rather than experiencing continuous
progression of the inflammation (1). During remission periods, RA
patients show low disease activity and can be free of symptoms.
The maintenance of remission is considered the most effective
way to reduce joint damage and, ultimately, prevent long-term
disability. In order to sustain remission periods or to induce com-
plete remission, it seems necessary to first understand the factors
and pathways underlying the natural resolution of chronic inflam-
mation during remission periods. Proresolving lipid mediators,
such as lipoxin A4 (LXA4) and resolvin, are known to be induced
along the resolution of inflammation (2). Previous studies have
also reported cellular processes contributing to antiinflammation,
such as the recognition of resolution-associated molecular pat-
terns (RAMPs), depletion of inflammatory chemokines, inhibition
of leukocyte recruitment, activation of suppressive immune cells,
and regeneration of tissue (3, 4). Despite these findings, global
analyses have not been explored to systematically discover the
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and Ywhaz, which can serve as molecular markers to predict disease remission, as well as therapeutic targets for chronic

factors or pathways underlying spontaneous remission mediators
of chronic inflammation.

There have been a variety of methods developed toward
evaluating RA remission. For instance, musculoskeletal ultra-
sound or magnetic resonance imaging enables determining the
lack of synovitis (5). Remission criteria have been suggested by
the European League Against Rheumatism (EULAR)/American
College of Rheumatology (ACR) collaborative initiative and have
been employed to quantitatively evaluate clinical remission (6,
7). Molecular approaches have also been attempted in order to
assess RA remission more accurately, including a multibiomark-
er disease activity (MBDA) score calculated using concentrations
of 12 proteins (7). These molecular approaches have improved the
accuracy to some extent, but the development of precise measure-
ments is still necessary because the currently available methods
cannot predict whether RA patients will undergo flareup or remis-
sion. Therefore, novel molecular candidates for the evaluation
of RA remission should be proposed based on an understanding
of the dynamic nature of the factors or pathways underlying the
aggravation and remission of RA.

The pathology of RA is the result of dynamic changes in the
activation of immune cells as well as complex interactions among
the immune cells that mediate pro- and antiinflammatory respons-
es. Previous studies have revealed that a balance between proin-
flammatory cells, such as type 1 macrophages (M1), Th17 cells, and
effector B cells, and antiinflammatory cells, such as tolerogenic
dendritic cells, type 2 macrophages (M2), Tregs, and regulatory B
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cells (Bregs), is critical for the development and resolution of RA
(8-10). Given the enormous complexity of RA pathology, dynam-
ic analysis of molecular changes in synovial tissues at the global
level can effectively summarize a molecular landscape of RA and
prioritize key regulators or pathways governing the joint pathology.
For comprehensive analyses of diverse types of tissues and/or cells
in arthritic conditions, several animal models mimicking RA have
been introduced (11-13). Among them, collagen-induced arthri-
tis (CIA) is most widely used to study chronic relapsing-remitting
arthritis (14), because it closely mimics the dynamic pathological
features of RA during the course of disease progression (13). In CIA,
inflammation undergoes dynamic transitions involving induction,
peak, and resolution phases following immunization with com-
plete Freund’s adjuvant (CFA) and type II collagen (CII) (15). How-
ever, the dynamic expression patterns of the genes involved in the
propagation or resolution of inflammation after the initial stage of
arthritis have not yet been systematically analyzed.

Here, we systematically analyzed dynamic transcriptomes in
the synovia of mice with CIA. Through network analysis, we iden-
tified antiinflammatory and antiarthritic genes — Itghl, Rps3, and
Ywhaz — primarily responsible for the spontaneous resolution of
arthritis. The 3 genes were predominantly expressed by Tregs and
antiinflammatory macrophages, substantially suppressing proin-
flammatory cytokine responses in vitro. Particularly, Ywhaz was
elevated in the sera of mice with resolution and the urine of RA
patients with clinical remission, and its overexpression markedly
ameliorated arthritis progression in mice. Collectively, our sys-
tems approach to resolution dynamics provides key molecules
indicating resolution states of inflammatory arthritis as well as
having therapeutic potential for chronic inflammatory arthritis.

Results

Dynamic transcriptome analysis of synovial tissues during progres-
sion of CIA. To characterize inflammatory phases in CIA, we first
measured temporal changes in the arthritis score (13) to monitor
clinical severity over 15 weeks after the injection of CFA and CIIL.
Arthritis started to be induced at 4 weeks and peaked at 9 weeks,
but then spontaneously resolved at 15 weeks (Figure 1A), similar to
a previous report (15). To confirm the resolution of inflammation,
we measured mRNA expression levels of proinflammatory (Ptgs2,
116, and Il1b) and antiinflammatory cytokines (I/4, 110, and Tgfbl)
in the joint tissues before immunization (nonimmunization) and
at the induction (6 weeks), peak (9 weeks), and resolution (15
weeks) phases after immunization (Figure 1B). We found remark-
able increases in Ptgs2, Il6, and IlIb mRNA expression levels at
the peak phase compared with those at the nonimmunization and
induction phases. Conversely, there were significant decreases
in mRNA levels of Ptgs2 and 1l6 between the peak and resolution
phase, suggesting suppression of proinflammatory responses.
Meanwhile, antiinflammatory I/4, Il10, and Tgfbl expression lev-
els showed substantial upregulation at the resolution phase com-
pared with those at the nonimmunization and induction phases,
suggesting enhanced antiinflammatory responses; mean expres-
sion levels of Il4, 1l10, and Tgfbl at the resolution phase were,
respectively, 3.7-, 11.4-, and 7.0-fold higher than those before the
immunization and 3.0-, 2.5-, and 2.6-fold higher than those at the
induction phase, and remained significantly higher than those at
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the peak phase. We next performed gene expression profiling of
joint tissues from CIA mice at the induction, peak, and resolution
phases. Known resolution-related genes involved in inhibition of
immune cell infiltration, efferocytosis of apoptotic immune cells,
and macrophage activation or tissue repair (refs. 3, 16; see Sup-
plemental Note 1; supplemental material available online with
this article; https://doi.org/10.1172/JCI126866DS1) were up- or
downregulated at the resolution phase (Supplemental Figure 1A).
Moreover, the assessment of dynamic changes in the activities of
diverse immune cells during CIA progression using the CIBER-
SORT method (17) revealed that Tregs and M2 macrophages,
known to be involved in resolution (3, 10), were significantly
(P < 0.05) increased at the resolution phase, compared with other
immune cells, which was confirmed by increased expression lev-
els of the marker genes for the 2 suppressive immune cells (Sup-
plemental Figure 1, B and C, and Supplemental Tables 1 and 2). All
these data support the validity of our global analysis.

Cellular processes of immune cells associated with resolution of
CIA. In order to identify and characterize resolution-associated
genes, we next selected 1795 (P/I) and 1881 (R/P) differential-
ly expressed genes (DEGs) from the comparisons of peak versus
induction phase (P/I) and resolution versus peak phase (R/P)
(Supplemental Table 3). We then selected 6 clusters (C1-C6) of
the DEGs showing up- (C3 and C5) and downregulation (C2 and
C4) at the resolution phase, as well as up- or downregulation at
the peak phase and leveling off at the resolution phase (Figure
1C and Supplemental Table 4). The enrichment analysis of gene
ontology biological processes (GOBPs) revealed that C3 and C5
most significantly (P < 0.01) represented T cell differentiation/
activation and macrophage (NF-xB signaling) functions, respec-
tively, and C6 significantly (P < 0.05) represented macrophage
and myeloid leukocyte activation (Figure 1D, Supplemental Figure
2A, and Supplemental Table 5). The network model for the DEGs
involved in T cell functions showed the activation of TGF-B, JAK/
STAT, and TCR signaling during CIA progression (Supplemen-
tal Figure 2B). Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis confirmed upregulation of 4 genes at the res-
olution phase, which were associated with TGF-B (Smad4), JAK/
STAT (Foxp3) (18), and TCR (Malt1 and Nfatc3) signaling (Figure
1E). These data suggest that cellular pathways in multiple immune
cells, including T cells and macrophages, cooperatively contribute
to the resolution of CIA.

Network-based selection of key regulators for resolution of CIA.
To prioritize key resolution regulators, we constructed a resolu-
tion-associated network model for 2836 DEGs from the P/I and
R/P comparisons using protein-protein interactions (Supple-
mental Table 6). We then selected the 3 key regulators — integ-
rin subunit B 1 (Itghl) and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein { (Ywhaz) in C3 and ribo-
somal protein S3 (Rps3) in C5 — based on the following criteria:
(a) hub-like molecules playing significant (P < 0.05) roles in the
resolution-associated network and (b) secretory antiinflammatory
regulators functionally associated with activation of T cells and /or
macrophages (See Supplemental Note 2, Supplemental Figure 3,
and Supplemental Tables 7 and 8). Next, through the use of qRT-
PCR, we confirmed the upregulation of Itghl, Rps3, and Ywhaz at
the resolution phase (Figure 2A) compared with at the peak phase.
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Figure 1. Dynamic expression changes of genes and cellular processes associated with resolution of CIA. (A) Arthritis score (bottom) evaluated at 2-day
intervals during CIA progression. Data are the mean + SEM (n = 8 mice per time point). Induction (1), peak (P), and resolution (R) phases (6, 9, and 15 weeks,
respectively) are indicated by arrows. Representative arthritic joints (top) at the 3 phases are shown. (B) Quantitative real-time polymerase chain reaction
(gRT-PCR) assays for proinflammatory (Ptgs2, 116, and I/1b) and antiinflammatory cytokines (//4, 1110, and Tgfb1) before immunization (N) and at the |, P,
and R phase after the immunization. Expression levels of each gene at the 4 phases (n = 4-8 per phase) are shown using box-and-whisker plots. (C) Res-
olution-related clusters (C1-C6) of genes (columns in the heat maps). Colors represent up- (red) and downregulation (blue) of the genes in the indicated
clusters. Log,-fold changes of the genes from the comparisons of P/I (first and second rows) and R/P (third and fourth rows) are shown for 2 replicates in
each condition. U, D, and N in parentheses denote up- and downregulation and no expression changes, respectively; e.g., UN (for C1) indicates upregulation
in the comparison of P/l and no expression change in the comparison of R/P. The numbers in parentheses denote the numbers of DEGs in the individual
clusters. (D) GOBPs enriched by the genes in C1-C6. Color bars represent the gradients of Z scores (enrichment significance) defined as Z = N'(1 - P), where
N-(-) is the inverse standard normal distribution and P is the enrichment P value. (E) gRT-PCR assays for the representative genes. For qRT-PCR assays,
mRNA expression levels of each gene (n > 8 per group) were normalized to that of Gapdh (internal control) using the 2-24% method. In the box-and-whisker
plots, the boxes display the lower, median, and upper quartiles and the whiskers represent the minimum and maximum values. *P < 0.05, **P < 0.01,
***P < 0.001 by 1-way ANOVA with a post hoc test (Tukey's correction; B) or Student'’s t test (E).
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Figure 2. Key regulators of resolution of CIA. (A and B) Increased mRNA (A) and protein (B) expression of the 3 key regulators, Itgb1, Ywhaz, and Rps3,
measured by gqRT-PCR (n = 6) and immunohistochemical (n = 6) assays, respectively, in mouse synovial tissues at the resolution (R) phase, compared with
at the peak (P) phase. For gRT-PCR, Gapdh mRNA was used as an internal control. Scale bars: 200 pm. (C) Western blot analysis for Itgb1, Ywhaz, and
Rps3 expression in mouse synovia (n = 4 mice per group). (D) Increased protein expression of Itgb1, Rps3, and Ywhaz measured by Western blotting in rat
synovial tissues (n = 6 rats per group) at the R phase, compared with that at the P phase. For Western blotting, protein expression levels were normalized
to that of B-actin (internal control). In the box-and-whisker plots, the boxes display the lower, median, and upper quartiles and the whiskers represent the
minimum and maximum values. Data are the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test.

We then examined their protein expression in mouse synovial tis-
sues by immunohistochemistry (Figure 2B) and Western blotting
(Figure 2C). As expected, both experiments showed significant-
ly higher expression levels of the 3 proteins in synovial tissues at
the resolution phase than those at the peak phase. The increased
expression of Itgbl, Rps3, and Ywhaz was confirmed in rat mod-
els of CIA (Figure 2D), suggesting that their associations with CIA
resolution are conserved in other mammalian species.
Predominant expression of Itgbl, Rps3, and Ywhaz in Tregs and
M2 macrophages. Our next experiment was conducted to deter-
mine which types of immune cells are responsible for increased
Itgbl, Rps3, and Ywhaz expression at the resolution phase. We
postulated that the upregulation of Itghl, Rps3, and Ywhaz might
stem from the activation of immune cells expressing these mol-
ecules during the resolution phase. In order to address this, we

investigated whether the 3 selected key regulators are expressed
and upregulated in B cells, macrophages, or T cells upon their
activation. Indeed, Itgbl, Rps3, and Ywhaz were upregulated in
CD4*and CD8" T cells, B cells, and macrophages when they were
activated by treatment with anti-CD3 plus anti-CD28 antibodies,
anti-IgM antibodies, and lipopolysaccharide (LPS), respectively,
as determined by flow cytometry (Supplemental Figure 4A). Sig-
nificantly lower expression of the regulators in CD4" T cells treat-
ed with target gene siRNAs compared with in those treated with
control siRNAs confirmed the specificity of the antibodies used
(Supplemental Figure 4B).

Gene expression analysis suggested that subpopulations of
T cells and macrophages, particularly Treg cells and M2 macro-
phages, are associated with the resolution of CIA. Thus, we first
investigated subpopulations of T cells and their association with
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Figure 3. Expression of the 3 key regulators, Itgb1, Rps3, and Ywhaz, in T cells. (A) Gene expression levels of the 3 regulators in undifferentiated and
differentiated subtypes of CD4* T helper cells isolated from mice. Th cell subsets were defined according to the expression pattern of transcription factors
and/or cytokines: Tbx21and IFN-y for Th1, Gata3 for Th2, Rorc and IL-17 for Th17, and Foxp3 for Treg (see Methods). mRNA expression levels of the target
genes were normalized to that of Gapdh (internal control). (B and C) Expression of Itgb1, Rps3, and Ywhaz proteins in the subtypes of CD4* T helper cells
determined by flow cytometry are presented as overlay histogram (B) and mean fluorescence intensity (MFI) (C). The differentiated Th cells were restim-
ulated with PMA/ionomycin for 4 hours before intracellular cytokine staining. A gray-colored histogram indicates isotype control (Iso). Data are represen-
tative (B) or the mean + SEM of 3 independent experiments (A and C). *P < 0.05, **P < 0.01, ***P < 0.001 as determined by 1-way ANOVA with a post hoc
test (Tukey’s correction). (D) Western blot assay for Itgh1, Rps3, and Ywhaz in Th1 cells and Tregs. Data are representative of 3 independent experiments
with similar results. (E) Western blot analysis showing coexpression of Ywhaz and Bcl2 in cell lysates or coexpression of Ywhaz and CD63 in exosomes

isolated from Treg cells (n = 3).

the resolution using the 3 key regulators. Among the diverse sub-
types of CD4* T helper (Th) cells, Tregs play major roles in the sup-
pression of chronic inflammation. We thus examined expression
levels of the 3 regulators in 4 subtypes of CD4* T helper cells (Th1,
Th2, Th17, and Treg; Supplemental Figure 5) and found that they
were expressed in all 4 subtypes (Figure 3, A-C). However, the
highest expression of Itgb1, Rps3, and Ywhaz was observed in Tregs
as compared with the other types of Th cells, as determined by
flow cytometry and qRT-PCR; Th17 cells showed the second high-
est expression of them (Figure 3, A-C). Notably, Ywhaz expression
was strikingly high in Tregs, and its expression levels were great-
er than those in Th17 cells (Figure 3, A-C). A higher expression
of Itgbl, Rps3, and Ywhaz protein in Tregs than in Th1 cells was
also confirmed by Western blot analysis (Figure 3D). Intriguingly,
Ywhaz was recently shown to be one of the top 10 proteins present

3978

jci.org  Volume130  Number8  August 2020

in exosomes (19), and exosomal Ywhaz derived from tumor cells
can be transmitted to tumor-infiltrating T cells, impairing their
antitumor activity (20). To assess exosomal Ywhaz, we isolated
exosomes derived from Tregs and demonstrated the coexpression
of the Ywhaz protein with CD63, an exosome marker (Figure 3E),
suggesting the possibility of exosomal transmission of Ywhaz from
Tregs to adjacent immune cells. Together, these data demonstrate
that the 3 regulators may be associated with Tregs, thereby con-
tributing to inflammation resolution in CIA.

Macrophages are another type of important immune cell
involved in the development or resolution of inflammation, and
they can differentiate into proinflammatory (M1) or antiinflam-
matory macrophages (M2), depending on their surrounding
microenvironments (10). In order to determine whether Itgbl,
Rps3, and Ywhaz are expressed in macrophages, we first exam-
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Figure 4. Expression of the 3 key regulators in macrophages. (A) Colocalization of CD68 with the 3 key regulators. Double immunofluorescence staining
was performed in mouse synovial tissues at the resolution phase using Abs against CD68, and Itgb1 (left), Rps3 (middle), or Ywhaz (right). Scale bars: 10
um. Data are representative of at least 3 independent experiments with similar results. (B and C) Determination of mRNA (B) and protein (C) expression
levels of the 3 regulators in undifferentiated (M0) and differentiated M1and M2 macrophages using gRT-PCR and Western blotting, respectively. Target
gene and protein expression levels were normalized by those of Gapdh and B-actin, respectively. Data are the mean + SEM (n = 4-7). *P < 0.05, **P < 0.01,
***P < 0.001 as determined by 1-way ANOVA with a post hoc test (Tukey's correction).

ined their expression in synovial macrophages by double immu-
nofluorescence staining of CD68 and each regulator. Marked
colocalization of cells expressing CD68 and each regulator was
observed (Figure 4A), indicating that synovial macrophages in the
joints with CIA express Itgbl, Rps3, and Ywhaz. We also compared
the distribution of M1 and M2 macrophage subtypes in synovial
tissues between the peak and resolution phases by immunofluo-
rescence staining. CD68-expressing synovial macrophages were
universally present at both phases, but Argl-expressing M2 cells
were more frequently colocalized with CD68-expressing synovial
macrophages at the resolution phase than at the peak phase (data
not shown), confirming the association of M2 macrophages with
arthritis resolution (21). We next examined whether the 3 regu-
lators were differentially expressed between M1 and M2 macro-
phages, which were differentiated from MO macrophages in vitro
(Supplemental Figure 6). Both the mRNA and protein levels of
Itgb1, Rps3, and Ywhaz were significantly (P < 0.05) higher in the
M2 macrophages than they were in the MO or M1 macrophages,
as determined by qRT-PCR and Western blotting (Figure 4, B and
C). Additionally, their mRNA levels were significantly (P < 0.01)
lower in the M1 macrophages than in the MO macrophages (Fig-
ure 4B), although such a differential expression pattern was less
apparent in protein levels. Collectively, these data suggest that the
3 potential regulators — Itgb1, Rps3, and Ywhaz — are preferential-
ly expressed in antiinflammatory M2 macrophages, rather than in

proinflammatory M1 macrophages, and thereby M2 macrophages
may contribute to the resolution of CIA.

Regulation of proinflammatory cytokine production by Iigbl,
Rps3, and Ywhaz. Based on our findings that Itgbl, Rps3, and
Ywhaz were predominantly expressed in immune suppressor
cells, including Tregs and M2 macrophages, we next attempted to
validate the antiinflammatory activities of Itgb1, Rps3, and Ywhaz
by performing in vitro functional tests using effector cells of RA,
including macrophages and fibroblast-like synoviocytes (FLSs).
In mouse splenocytes stimulated with LPS, the addition of recom-
binant Itgbl, Rps3, and Ywhaz dose-dependently inhibited the
production of IL-6 and/or TNF, which are representative proin-
flammatory cytokines (Figure 5A). In cultured peritoneal mac-
rophages, recombinant Itgbl, Rps3, and Ywhaz were also able to
dose-dependently suppress LPS-induced increases in mRNA and/
or protein expression of IL-6 and TNF (Figure 5, B and C). In con-
trast, recombinant Itgbl, Rps3, and Ywhaz promoted mRNA and
protein expression of antiinflammatory IL-10 in peritoneal mac-
rophages stimulated with LPS (Figure 5D). We also confirmed that
cell proliferation was not significantly affected by the addition of
those recombinant proteins (Supplemental Figure 7). In contrast
to its effect on macrophages, recombinant Ywhaz had no direct
effect on the production of IFN-y, IL-2, IL-4, IL-10, and IL-17 by
CD4" T cells stimulated with anti-CD3 plus anti-CD28 antibodies
(data not shown).
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Figure 5. Promotion of antiinflammatory responses by the 3 regulators. (A-C) Decrease in mRNA and protein expression of IL.-6 and TNF induced by
Itgb1, Rps3, or Ywhaz. Mouse splenocytes (A) and peritoneal macrophages (B and C) were cultured with multiple concentrations (0, 10, 50, or 100 ng/mL)
of recombinant Itgb1, Rps3, or Ywhaz in the absence or presence of 10 ng/mL LPS for 6 hours (for peritoneal macrophages) or 24 hours (for splenocytes).
IL-6 and TNF protein concentrations in the culture supernatants were measured by ELISA (A and B), and their mRNA levels in the cells were determined by
gRT-PCR (C). (D) Increase in IL-10 mRNA (top) and protein (bottom) expression induced by the 3 regulators. (E) Increase in //6 and Tnf expression induced
by the knockdown of Itgh1, Rps3, or Ywhaz transcripts. Peritoneal macrophages were transfected with siRNAs for Itgb1, Rps3, or Ywhaz for 24 hours. (F)
Promotion of //6 and Tnf production by anti-Rps3 or anti-Ywhaz Abs for 6 or 12 hours. (G) Decrease in IL-6 mMRNA (top) and protein (bottom) expression in
mouse fibroblast-like synoviocytes (FLSs) after treatment with recombinant Itgb1, Rps3, or Ywhaz for 6 hours. (H) Increase in mRNA levels of /6 and /I8 in
FLSs transfected with Itgh1, Rps3, or Ywhaz siRNAs. For gRT-PCR assays (C-H), mRNA levels of the target gene were first normalized to those of Gapdh,
and then further normalized to the mean mRNA expression levels in the cells treated with LPS only (C, D, and G), those without treatment (none; F), or
those transfected with control siRNA (E and H). Data are the mean + SEM of more than 2 (F) or 3 independent experiments (A-E, G, and H). *P < 0.05,
**P < 0.01, ***P < 0.001 by 1-way ANOVA with a post hoc test (Dunnett’s correction; A-D, F, and G) or Student’s t test (E and H).
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We next tested whether the blockade of Itgbl, Rps3, and
Ywhaz, in contrast to treatment with their recombinant proteins,
increases the production of proinflammatory cytokines. As expect-
ed, knockdown of Itgbl, Rps3, and Ywhaz transcripts using siRNAs
increased the mRNA expression levels of I/6 and Tnfin peritoneal
macrophages, compared with the control siRNA-treated peritone-
al macrophages (Figure 5E and Supplemental Figure 8). Moreover,
treatment with anti-Rps3 or anti-Ywhaz antibodies resulted in an
increase in Il6 and Tnf production by peritoneal macrophages
(Figure 5F), indicating that the reduction of endogenous Rps3 and
Ywhaz promotes the production of proinflammatory cytokines.

FLSs are the representative effector cells in RA that actively
participate in joint destruction as a major component of invasive
pannus. We therefore sought to test whether or not Itgbl, Rps3,
and Ywhaz also show antiinflammatory activities in these cells. As
a result, recombinant Itgbl, Rps3, and Ywhaz dose-dependently
suppressed mRNA and protein expression of IL-6 in mouse FLSs
stimulated with LPS (Figure 5G); the proliferation of FLSs was
not significantly altered (Supplemental Figure 7). In contrast, as
in peritoneal macrophages, knockdown of Itgbl, Rps3, and Ywhaz
genes promoted the expression of 1/6 and/or 118 in the FLSs (Fig-
ure 5H and Supplemental Figure 8), suggesting that the antiin-
flammatory functions of Itgb1, Rps3, and Ywhaz are not limited to
macrophages but are also apparent in FLSs.

Taken together, these results demonstrate that Itgbl, Rps3,
and Ywhaz may have antiinflammatory activities by repressing
proinflammatory cytokine production and/or promoting antiin-
flammatory cytokine production in activated effector cells in RA,
including macrophages and FLSs.

Ywhaz as a potential diagnostic target for arthritis resolution. Our
final goal was to determine whether or not Itgbl, Rps3, and Ywhaz
can serve as diagnostic and therapeutic targets to predict arthritis
resolution and inhibit arthritis progression, respectively. Because
secretability was used to select Itgbl, Rps3, and Ywhaz among
the hub-like candidates (Supplemental Figure 3A), we postulated
that the 3 regulators could be secreted and detected in body flu-
ids, such as serum and urine, reflecting the resolution states of the
arthritis. To test this postulation, we examined whether there are
differences in the serum levels of Itgbl, Rps3, and Ywhaz between
the peak and resolution phases of CIA. Although the serum Itgbl
and Rps3 levels showed no differences (Supplemental Figure 9),

determined by Mann-Whitney U test.

the serum Ywhaz level increased at the resolution phase (Figure
6A), suggesting that it could be a surrogate marker for resolution
of chronic arthritis. These results, paired with the findings of ele-
vated Ywhaz expression in the synovia at the resolution phase
as well as in immunosuppressive Tregs and M2 macrophages,
prompted us to investigate whether YWHAZ can reflect resolution
states in humans. To this end, we first categorized RA patients (n
= 65) into 3 groups (low, moderate, and high activity) based on
a disease activity score of 28 for erythrocyte sedimentation rate
(DAS28-ESR; Supplemental Table 9). We then compared the
abundance of YWHAZ in serum and urine samples among the 3
groups. Pretreatment YWHAZ levels showed no significant differ-
ence among the 3 groups (data not shown). However, when seri-
ally measured 4 to 6 months after treatment with antirheumatic
drugs (n = 60), urinary AYWHAZ levels (posttreatment - pretreat-
ment YWHAZ level) were significantly increased in the good-
response group (n = 23), unchanged in the moderate-response
group (n = 12), and decreased in the no-response group (n = 25)
(Figure 6B). However, such changes were not apparent in the
serum. No difference was found in YWHAZ levels according to
the usage of methotrexate, hydroxychloroquine, leflunomide,
tacrolimus, and biologics including TNF-a blocking agents (data
not shown). Collectively, these data suggest that YWHAZ rep-
resents the resolution of chronic inflammation in humans, and its
AYWHAZ levels in the urine might be used as a surrogate marker
that reflects the resolving state of RA.

Suppression of CIA by Ywhaz overexpression. Among the 3 regu-
lators, Ywhaz best reflected the resolution states of chronic inflam-
mation in both mouse and human systems, indicating that Ywhaz
may serve as an effective therapeutic target for RA. Therefore, we
sought to investigate whether Ywhaz overexpression ameliorates
proinflammatory responses and arthritis progression in vivo. To
this end, we tested the effects of adenovirus-mediated transfer
of the Ywhaz gene (Ad-Ywhaz) tagged with Gfp on the production
of proinflammatory cytokines and the progression of arthritis in
mice with CIA (Figure 7A). As expected, local transfer of Gfp-
tagged Ad-Ywhaz into the joints increased the mRNA and protein
levels of Ywhaz in the synovial tissues of mice 3 days (on day 33)
after injection compared with the transfer of the empty adenovi-
rus control vector (Ad-Con) (Figure 7, B and C). GFP fluorescence
and mRNA expression levels were also much higher in the joints
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Figure 7. Expression of Ywhaz and GFP after intra-articular injection of Ad-Ywhaz tagged with Gfp in mice with CIA. (A) A schematic diagram illustrating
the establishment of CIA and treatment of mice with adenoviral vectors. Following primary and secondary immunization on days 0 and 14, respectively,
1x 108 plaque-forming units (PFU) of the adenoviral vector containing Ywhaz (Ad-Ywhaz) or the control adenoviral vector (Ad-Con) in 10 uL HEPES were
injected into the ankle joints of the mice at 30 and 37 days. Mice were then sacrificed at 33 or 52 days for further immunopathologic analyses. (B and C)
mRNA expression levels of Ywhaz, 116, and Tnf (B) and protein expression levels of Ywhaz (C) in the synovial tissues of CIA mice 33 days after primary
immunization, which were determined by gRT-PCR and Western blot analysis, respectively. mRNA and protein levels of the target genes were normalized
to those of Gapdh and B-actin, respectively. (D and E) GFP imaging (D) and gRT-PCR assays for Gfp (E) performed in the lung, liver, and ankle joint of CIA
mice at 24, 48, and 72 hours after intra-articular injection of Ad-Ywhaz tagged with Gfp or those of mice without the injection. The color barin D rep-
resents the gradient of radiant efficiency. Data in D are representative of 2 independent experiments with similar results, and data in B, C, and E are the
mean + SEM of more than 3 mice. For gRT-PCR assays, Gfp levels at each time point were first normalized to Gapdh levels, and then further normalized to
the mean mRNA expression levels measured in the lung with intra-articular injection of Ad-Ywhaz tagged with Gfp. *P < 0.05, **P < 0.01, ***P < 0.001 as
determined by Student’s t test (B and C) or by Kruskal-Wallis test with a post hoc test (Dunn’s correction; E).

than in the lung and liver as determined by fluorescence imaging ~ bodies (Supplemental Figure 11), confirming that Ywhaz represses
and qRT-PCR, respectively, at 1, 2, and 3 days after intra-articu-  proinflammatory cytokine production in vivo.
lar injection of Ad-Ywhaz tagged with Gfp (on day 31, 32, and 33 Finally, we investigated the therapeutic effects of Ywhaz overex-
after the primary immunization) (Figure 7, D and E); in fact, GFP  pression. When intra-articularly injected twice on the 30th and 37th
expression in the liver and lung was negligible. By contrast, theliv-  days after the first immunization with CII (Figure 7A), Ad-Ywhaz
er and/or lung showed significantly higher levels of GFP thanthe = markedly suppressed the progression of CIA compared with Ad-Con
joints after intravenous injection of Ad-Ywhaz, as a control experi-  (Figure 8A). In a histologic analysis at 52 days, we also observed a
ment (Supplemental Figure 10). Together, these data indicate that ~ substantial decrease in synovial inflammation and joint destruction
a high amount of Ad-Ywhaz-Gfp specifically accumulated in the  in the joints of mice with Ad-Ywhaz (Figure 8B). Moreover, Ywhaz
injected joints, eliminating concerns that it might overflow or spill  overexpression significantly (P < 0.05) suppressed /6 and Tnf levels
out during the joint injection. in joint tissues, as well as serum levels of the anti-CII antibody (Fig-
The antiinflammatory effect of Gfp-tagged Ad-Ywhaz injected  ure 8, C and D). Under the same condition, the production of IL-6,
intra-articularly was revealed by the significant (P < 0.01) down-  TNF, and/or IL-17 in lymph node cells and splenocytes stimulated
regulation of Tnf mRNA expression level in the synovial tissues of ~ with LPS or anti-CD3 plus anti-CD28 antibodies was mitigated by
mice at 33 days, in contrast to the upregulation of Ywhaz mRNA  the transfer of Ad-Ywhaz (Figure 8, E and F). Because Ywhaz is a
expression level (Figure 7B). Moreover, in the same experimental  secretory protein, Ad-Ywhaz may potentially have systemic effects.
condition, intra-articular injection of Ad-Ywhaz dampened IL-6,  Together, these data suggest that Ywhaz overexpression has local
TNF, and/or IL-17 protein expression levelsin lymph node cellsand ~ and potential systemic effects and ameliorates CIA possibly through
splenocytes stimulated with LPS or anti-CD3 plus anti-CD28 anti-  the downregulation of proinflammatory cytokine production in vivo.
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Figure 8. Ad-Ywhaz inhibition of CIA in mice. (A) Arthritis severity measured at 2- or 3-day intervals up to 52 days after the primary immunization with
type Il collagen. Intra-articular injection of 1 x 10® PFU of Ad-Ywhaz or Ad-Con at 30 and 37 days are indicated by arrows (n = 8 per group and per time
point). Data are representative of 2 independent experiments with similar results. (B) Ad-Ywhaz suppression of foot swelling (left, top) and chronic
inflammation in the ankle joints (left, bottom), which were observed at 52 days. Mean histological severity, as assessed by the extent of inflammatory
cell infiltration (IF), synovial hyperplasia (SH), and bone destruction (BD) on H&E staining, is also shown on the right. Scale bars: 200 pm. (€) Reduction of
serum levels of the IgG antibody against type Il collagen (anti-Cll Ab) in mice injected with Ad-Ywhaz. Data are the mean + SD arbitrary units (AU,

n = 5). (D) mRNA expression levels of Ywhaz and proinflammatory cytokines (//6 and Tnf) in the synovial tissues of CIA mice 52 days after treatment with
Ad-Ywhaz or Ad-Con (n = 6 per group). Target gene expression levels were normalized to those of Gapdh (internal control). (E and F) Decrease in proinflam-
matory cytokine expression by Ad-Ywhaz. On day 52, lymph node (LN) or spleen cells were isolated from mice treated with Ad-Ywhaz (n = 6) or Ad-Con

(n = 6), and then stimulated with 10 ng/mL LPS (E) or 1 pg/mL anti-CD3 plus anti-CD28 Abs (F) for indicated times; e.g., D2 indicates day 2. Levels of IL-6,

TNF, and IL-17 in the culture supernatants were measured by ELISA. Data are the mean + SEM for A, B, and D-F. *P < 0.05, **P < 0.01, ***P < 0.001 as

determined by Student’s t test.

Together, these results confirm that Ywhaz has an antiinflam-
matory activity as a hub molecule in the resolution-associated net-
work describing dynamic changes of resolution-related processes,
demonstrating that it has therapeutic potential in chronic arthritis.

Discussion

The identification of novel proresolving factors is not only essential
for measuring the resolution state of inflammatory arthritis but is
also important for understanding the fundamental basis of resolv-
ing processes. By analyzing the dynamic gene expression profiles
of synovial tissues during the course of CIA progression, we identi-
fied the 3 key regulators (Itgbl, Rps3, and Ywhaz) of CIA resolution.
Among them, in particular, we demonstrated the diagnostic and
therapeutic implications of Ywhaz in arthritis resolution based on

the following experimental observations: (a) increased expression
of Ywhaz in synovial tissues during the resolution of CIA; (b) its pre-
dominant expression in T cells and macrophages, particularly Treg
cells and M2 macrophages; (c) activation of anti- and proinflamma-
tory responses by its excess and deficiency, respectively, in cultured
splenocytes, macrophages, and synovial fibroblasts; (d) elevated
expression of Ywhaz, among the 3 regulators, in the sera during the
resolution phase of CIA and in the urine of RA patients with good
therapeutic response; and (e) amelioration of CIA by periarticular
injection of Ad-Ywhaz. Collectively, through a global transcriptome
profiling of synovial tissues, we discovered previously unidentified
regulators of the resolution of inflammatory arthritis.

In this study, as key regulator candidates of the resolution
of inflammation, we identified 85 hub-like molecules among
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the 2836 DEGs based on a resolution-associated network mod-
el describing the interactions among these DEGs (Supplemental
Note 2 and Supplemental Figure 3A). The 85 molecules include
37 that were upregulated at the resolution phase, which can serve
as potential regulators of CIA resolution like the 3 key regula-
tors. In order to understand the functional characteristics of the
37 upregulated hub-like genes, we performed GOBP enrichment
analysis of these genes and found that they were mainly associat-
ed with the processes related to cell proliferation, cell migration,
proteostasis, response to oxidative stress, and intracellular sig-
naling (particularly the response to cAMP and TGF-B signaling)
(Supplemental Figure 12A). Previously, numerous reports have
demonstrated associations of these processes with the resolution
of inflammation (3, 16, 22, 23). For instance, TGF-p signaling, T
cell proliferation, and neutrophil apoptosis have all been shown
to be associated with resolution of inflammation (3). Moreover,
the 3 key regulators are involved in cell adhesion and migration
(Itgb1) (24), translation (Rps3) (25, 26), and intracellular signaling
(Ywhaz) (27, 28). Together with previous reports (3, 16, 22, 23), our
data suggest that the upregulated 37 hub-like molecules may serve
as a comprehensive resource for potential proresolving factors.
With the end goal of discovering soluble factors that can be
used for predicting or inducing resolution of RA activity, we exper-
imentally tested the functional roles of the 3 secretory regulators
(Itgbl, Rps3, and Ywhaz). Although the antiinflammatory roles
of the 3 secretory regulators are not yet fully understood, sever-
al previous studies have suggested potential associations of the
3 regulators with the suppression of chronic inflammation. For
example, Itgbl expressed on the plasma membrane of FLSs from
RA patients represses hyperplasia of the cells by inducing Fas-
mediated apoptosis (29). Rps3 is secreted as a homodimer by
several cancer cell lines (30), and its transduction into skin cells
ameliorates ear edema via the inhibition of NF-kB and MAPK activ-
ities in mice (26). YWHAZ can be also secreted by monocytes and
macrophages (31), and its knockdown increases the production of
inflammatory cytokines by squamous cancer cells (32). Moreover,
a secretory peptide (PEPITEM) derived from Ywhaz inhibits trans-
endothelial migration of CD3* T cells in animal models of perito-
nitis, uveitis, and Sjogren’s syndrome (33). In comparison with the
previous findings, our results provide a further comprehensive
understanding of the antiinflammatory roles of Itgbl, Rps3, and
Ywhaz by demonstrating their cellular sources and immunological
targets, in addition to the in vivo regulatory activities of Ywhaz.
One of the emerging issues and challenges in RA treatment
is the identification of new surrogate markers in biofluids for pre-
dicting disease state. The reduction of proinflammatory markers,
including ESR and CRP, has been used previously, but sometimes
it cannot accurately reflect RA activity (34, 35), particularly in
patients with anti-IL-6 receptor antibodies. Moreover, there has
been no trial demonstrating that proresolving or antiinflammatory
molecules exhibit prognostic value in clinical settings. Here, our
proof-of-concept study showed that the serum Ywhaz level was
elevated during resolution of CIA (Figure 6A) and that posttreat-
ment YWHAZ levels in the urine were significantly increased in
the good-response group and decreased in the no-response group
as compared with pretreatment levels (Figure 6B); although urine
is more stable than other biofluids (36), it is unclear why such
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changes in Ywhaz levels are evident in the urine but not in the sera.
Given that Ywhaz was predominantly produced by Tregs and M2
macrophages (Figures 3 and 4), the increase in Ywhaz levels might
be a reflection of the numeric expansion of such suppressive cell
types in proportion to the improvement of chronic arthritis. We
speculate that the change in urinary YWHAZ could be used as a
surrogate marker, together with previously known biomarkers, to
provide a unique prediction window of the resolving state of RA.
Further study on a large scale will be required to clarify this issue.

Blockade of TNF or IL-6 has been effectively applied as a ther-
apeutic for RA (5). However, these drugs can increase the risk of
susceptibility to infectious diseases and are less likely to restore
immune tolerance after the withdrawal of therapies (37). In addi-
tion, antiinflammatory cytokines, such as IL-4, -10, and -13, have
been suggested as potential therapeutic candidates, but they have
failed to treat RA in clinical settings (38). Thus, there has been an
unmet need for the identification of new candidates that enhance
antiinflammatory and proresolving responses beyond the cur-
rently used drugs that suppress proinflammatory responses. Our
findings provide evidence that Itgbl, Rps3, and Ywhaz repress
the effector functions of macrophages and synovial fibroblasts
by blocking the production of proinflammatory cytokines and
chemokines, including 16, Tnf, and II8. Ywhaz regulation of proin-
flammatory cytokines seems not to be dependent on the PEPITEM
peptide sequence because PEPITEM, unlike the whole Ywhaz
protein, failed to inhibit IL-6 production in both splenocytes and
FLSs (Supplemental Figure 13). Moreover, intra-articular overex-
pression of the Ywhaz gene substantially reduced the development
of CIA, whereas i.p. or intra-articular injection of PEPITEM (100
ug, twice a week for 3 weeks) had no effect (data not shown). Tak-
en together, our data indicate that the 3 regulators (particularly
Ywhaz), singly or in combination with antiinflammatory agents,
could be used for the treatment of RA in the hope of inducing
homeostatic repairs as well as of promoting antiinflammation.

Proresolving lipid mediators, including lipoxins, resolvins,
and protectins, have been shown to inhibit the functions of
proinflammatory cells (23). They are synthesized and released
from M2 macrophages (39, 40) and then exert their protective
activity at multiple levels in a variety of cell types during reso-
lution of inflammation. These proresolving lipid mediators also
promote the functions of suppressive immune cells, increasing
generation of Tregs and/or polarizing macrophages toward a
proresolving phenotype (41, 42). Similar to the proresolving lip-
id mediators, Itgbl, Rps3, and Ywhaz were highly expressed in
Tregs and M2 macrophages and shown to directly act on multi-
ple effector cells of RA, such as splenocytes, macrophages, and
synovial fibroblasts (Figure 5), leading to the inhibition of proin-
flammatory responses and/or promotion of antiinflammatory
responses. These data suggest that Itgb1, Rps3, and Ywhaz, possi-
bly in combination with proresolving lipid mediators, may serve as
therapeutic or diagnostic molecular signatures of RA resolution
(see Supplemental Figure 12B). Further clinical studies on a large
scale are required to clarify this issue.

In summary, our systems approach to resolution dynamics
reveals previously unidentified proresolving hub regulators, Itgbl,
Rps3, and Ywhaz, which are secreted from suppressive immune
cells and target a broad spectrum of RA effector cells, thereby
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serving as therapeutic or diagnostic molecules for resolution
of arthritis. Moreover, our data also provide a comprehensive
resource of potential regulators whose roles in the resolution of
inflammation can be experimentally tested. This resource can be
useful for those who investigate molecular signatures and mecha-
nisms for the resolution of chronic inflammatory diseases, includ-
ing RA. We believe that this approach can be applied to other
autoimmune disorders in order to find new resolution-associated
molecules and signaling pathways.

Methods
Additional details can be found in the supplemental material.

Animals. Male DBA/1 and C57BL/6 mice (Jackson Laboratory)
and male Lewis rats (Charles River Laboratories) at 6 to 8 weeks of age
were used for experiments. The mice were maintained under specific
pathogen-free conditions and used according to the guidelines of the
Institutional Animal Care and Use Committee.

Induction of CIA in mice and rats. Male DBA/1 mice were immu-
nized with bovine CII (Chondrex), as previously described (43).
Briefly, CII (1 mg/mL in 0.01 N acetic acid) was emulsified with CFA
(ratio 1:1). The mice were injected intradermally at the base of the tail
with 0.1 mL of the emulsion (containing 100 pg of CII) as a primary
immunization. Two weeks after the primary immunization, boost-
er injections with 50 pg of CII in incomplete Freund’s adjuvant were
given through the footpad. Arthritis severity was determined by visual
inspection, as previously described (43). In some experiments, a rat
model of CIA also was established, as previously described (44).

Statistics. Statistical analysis was performed for qRT-PCR,
Western blotting, ELISA, immunohistochemistry, and flow cytom-
etry experiments using Prism v8 (GraphPad Software). Two-tailed,
unpaired Student’s ¢ test or Mann-Whitney U test was applied for com-
parisons between the 2 groups, and 1-way ANOVA with a post hoc test
(Tukey’s or Dunnett’s correction) or Kruskal-Wallis test with a post
hoc test (Dunn’s correction) was applied for comparisons of more than
2 groups, as indicated in the figure legends. Across all analyses, a P
value of less than 0.05 was considered statistically significant. The
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statistical methods used for microarray analysis, including deconvolu-
tion, functional enrichment, and network analysis, are detailed in the
relevant sections of the supplemental methods.

The raw and normalized microarray data have been deposited
in the NCBI’s Gene Expression Omnibus with the accession number
GSE99087. More detailed information regarding the experimental
and computational procedures used in this study is provided in the
supplemental methods.

Study approval. This study was performed with the approval of the
institutional review board (KC14TASIO898) at Seoul St. Mary’s Hospi-
tal of The Catholic University of Korea.
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