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Introduction
Rheumatoid arthritis (RA) is a common chronic autoimmune condi-
tion characterized by inflammatory joint disease (1), resulting from 
protracted inflammation of the synovial membrane. Macrophages are 
a major subset of the infiltrating immune cells present in the inflamed 
joint (2) and are central to the pathophysiology of inflammatory 
arthritis (3, 4). Functional plasticity is a hallmark of macrophages, and 
phenotypic polarization can occur at any point in the inflammatory 
process. Disparate phenotypic macrophages play critical but oppos-
ing roles in infectious and autoimmune diseases, inflammatory- 
associated cancers, and chronic metabolic diseases (5–7). Impor-
tantly, macrophage polarization is a highly dynamic process and the 
phenotype of polarized macrophages can switch under physiological 
and pathological conditions (8). Although the extracellular signals 
that induce macrophage phenotypic polarization have been well char-
acterized (9), the intracellular regulators responsible for modulating 
macrophage polarization and switch are less well known.

TNF-α is a proinflammatory cytokine that is central to the inflam-
matory cascade in the pathogenesis of RA (10–12). There are 2 func-
tionally distinct receptors of TNF-α: TNFR1 and TNFR2. TNFR1 
primarily mediates inflammatory activity of TNF-α, whereas TNFR2 
plays a protective and antiinflammatory role in various diseases and 
conditions (13–18). Evidence of divergent biologic roles for TNFR1 
and TNFR2 in inflammatory arthritis was first reported by Blüml et al. 
(19), who demonstrated that TNFR1 and TNFR2 deficiencies have dis-
tinct and opposing phenotypes in a model of erosive arthritis, indicat-
ing an antiinflammatory role of TNFR2. Although TNFR2 signaling 
was reported to be involved in the function of macrophages (20, 21), 
TNFR2 signaling is far less well understood relative to TNFR1. In par-
ticular, the role of TNFR2 in macrophage plasticity remains unknown.

Progranulin (PGRN) was discovered as a ligand of TNFR2 in 
our genetic screen and exhibited an approximately 600-fold higher 
binding affinity to TNFR2 than TNF-α (22). Additionally, loss of 
PGRN rendered B6 mice highly susceptible to collagen-induced 
arthritis (CIA), whereas administration of recombinant PGRN pre-
vented the onset and progression of inflammatory arthritis in both 
TNF-α transgenic and CIA models (22–24). Numerous independent 
laboratories, including ours, have implicated the importance of 
PGRN/TNFR2 interaction in various kinds of diseases (22, 25–34), 
including inflammatory arthritis.

TNFR1 and TNFR2 have received prominent attention because of their dominance in the pathogenesis of inflammation and 
autoimmunity. TNFR1 has been extensively studied and primarily mediates inflammation. TNFR2 remains far less studied, 
although emerging evidence demonstrates that TNFR2 plays an antiinflammatory and immunoregulatory role in various 
conditions and diseases. Herein, we report that TNFR2 regulates macrophage polarization, a highly dynamic process controlled 
by largely unidentified intracellular regulators. Using biochemical copurification and mass spectrometry approaches, we isolated 
the signaling molecule 14-3-3ε as a component of TNFR2 complexes in response to progranulin stimulation in macrophages. In 
addition, 14-3-3ε was essential for TNFR2 signaling–mediated regulation of macrophage polarization and switch. Both global 
and myeloid-specific deletion of 14-3-3ε resulted in exacerbated inflammatory arthritis and counteracted the protective effects 
of progranulin-mediated TNFR2 activation against inflammation and autoimmunity. TNFR2/14-3-3ε signaled through PI3K/
Akt/mTOR to restrict NF-κB activation while simultaneously stimulating C/EBPβ activation, thereby instructing macrophage 
plasticity. Collectively, this study identifies 14-3-3ε as a previously unrecognized vital component of the TNFR2 receptor complex 
and provides new insights into the TNFR2 signaling, particularly its role in macrophage polarization with therapeutic implications 
for various inflammatory and autoimmune diseases with activation of the TNFR2/14-3-3ε antiinflammatory pathway.
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BMDMs in terms of modulating macrophage polarization and 
switch (Supplemental Figure 3, A–F).

In addition, TNF neutralizing antibody was used to determine 
whether PGRN’s anti–TNF-α/TNFR1 activity contributed to its reg-
ulation on M2 polarization. Blockade of TNF activity with anti-TNF 
antibody did not affect PGRN-promoted M2 macrophage polariza-
tion (Supplemental Figure 4). Collectively, these results indicated 
that TNFR2 signaling was crucial for supporting an antiinflamma-
tory phenotype in macrophages.

14-3-3ε is a component of the TNFR2 complex and required for 
TNFR2 signaling regulation of macrophage polarization. The find-
ing that the TNFR2 signaling pathway played a pivotal role in con-
trolling macrophage polarization and phenotypic switch led us to 
hypothesize that activation of TNFR2 by its agonists may recruit 
different cofactor(s) or adaptors to the receptor complexes, fol-
lowed by activation of distinct intracellular signaling pathways 
and downstream gene expression. To isolate such cofactor(s), the 
intracellular domain (ICD) of TNFR2 was cloned into the PGEX-
3X vector to express a fusion of GST to TNFR2ICD. As illustrated 
in Figure 2A, GST (serving as a control) or GST-TNFR2ICD was 
affinity purified on glutathione-agarose beads and used as a bait to 
trap proteins from PGRN-treated Raw264.7 macrophages. These 
samples were then analyzed by mass spectrometry and MS/MS 
spectra were searched against the Uniprot database, using Sequest 
within Proteome Discoverer. After subtracting the hits that were 
also trapped by the GST column, we found 7 proteins specifically 
bound to TNFR2 (Figure 2A). Identification of TRAF1 and TRAF2, 2 
known TNFR-binding proteins, among the 7 hits validated the tech-
nique. The highest ranking protein was 14-3-3ε, a regulatory protein 
belonging to the 14-3-3 family that bound to a wide array of cellular 
proteins (39, 40). Accumulating evidence suggested that 14-3-3 pro-
teins functioned as “adaptor” or “scaffold” proteins for the assem-
bly of multiprotein signaling complexes (41–44). Thus, 14-3-3ε rep-
resented an attractive potential intracellular signaling mediator in 
the TNFR2 signaling pathway regulating macrophage polarization.

To characterize the role of 14-3-3ε in macrophage polarization, 
we generated myeloid cell–specific 14-3-3ε–deficient mice (Figure 
2B) (hereafter referred to as 14-3-3εLysM) by crossing 14-3-3εfl/fl mice 
(45) with LysM-Cre mice (46). 14-3-3εLysM mice were born in a Mende-
lian ratio and displayed no overt phenotype. Genomic DNA prepared 
from tail, T cells, hepatocytes, and macrophages were analyzed by 
PCR (Supplemental Figure 5). Knockout allele was only detectable in 
the macrophage DNA (Supplemental Figure 5C), indicating the Cre 
recombinase was efficient and specific for macrophages.

LysM-Cre initiated gene deletion within early hematopoietic 
progenitor cells, concomitant with its activity in neutrophils, which 
led us to consider whether myeloid-specific 14-3-3ε deficiency influ-
enced macrophage and neutrophil differentiation and proliferation. 
We first analyzed bone morrow myeloid progenitor subpopula-
tions, including common myeloid progenitors (CMPs), bipotential  
granulocyte/macrophage progenitors (GMPs), and megakaryocyte/
erythrocyte progenitors (MEPs) in 14-3-3εLysM mice versus controls. 
14-3-3ε deficiency neither exhibited apparent effects on CMPs, 
GMPs, and MEPs (Supplemental Figure 6, A–C), nor perturbed 
subsequent monocyte/macrophage and neutrophil maturation, as 
evidenced by indistinguishable frequency of CD11b+F4/80+ and 
CD11b+Ly6G+ cells in peripheral blood, spleen, and bone marrow 

In the current study, we take advantage of PGRN’s high TNFR2 
binding feature to use it as a TNFR2 agonist to activate and delin-
eate TNFR2 signaling. Using biochemical copurification and 
mass spectrometry approaches, we isolate the signaling molecule 
14-3-3ε as a novel component of TNFR2 complexes in response to 
PGRN stimulation in macrophages. 14-3-3ε constitutes one of the 
vital signal molecules recruited by TNFR2, and the TNFR2/14-3-3ε 
complex supports an antiinflammatory phenotype in macrophages 
in inflammatory arthritis. In sum, our work uncovers the molecu-
lar mechanisms whereby TNFR2 signaling controls macrophage 
polarization and demonstrates the potential of targeting this path-
way for the treatment of inflammatory and autoimmune disease.

Results
TNFR2 modulates macrophage polarization and switch. To deter-
mine whether and how antiinflammatory and immunoregulatory 
TNFR2 participated in regulation of macrophage polarization, we 
first determined the effect of TNFR2 deficiency on bone marrow–
derived macrophages (BMDMs) polarized to M1 and M2 macro-
phages with LPS/IFN-γ and IL-4, respectively (Figure 1A). As shown 
in Figure 1B, TNFR2 deletion markedly enhanced the expression of 
the M1-specific marker genes Il6 and Nos2 upon LPS/IFN-γ stim-
ulation. In contrast, TNFR2 deletion significantly suppressed the 
M2-specific marker genes Arg1 and Mgl1 upon IL-4 stimulation (Fig-
ure 1C). Given that macrophage polarization is a dynamic process 
and macrophages can switch their phenotype as tissue inflammation 
progresses, we examined whether TNFR2 also regulated the macro-
phage phenotypic switch in vitro (35, 36). More specifically, BMDMs 
isolated from WT and TNFR2–/– mice were polarized to M1 or M2 
macrophages before inducing a phenotypic switch to M2 or M1 mac-
rophages, respectively. Results demonstrated that TNFR2 deletion 
significantly enhanced the propensity of M2 macrophages to switch 
into an M1 phenotype but suppressed the phenotypic switch from 
M1 to M2 (Figure 1, D and E). In addition, flow cytometry analysis 
of BMDMs under the polarization conditions revealed a significant 
enhancement of M1 polarization and reduced M2 polarization in 
TNFR2–/– BMDMs as compared with WT BMDMs (Figure 1, F and G 
and Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI144016DS1). Further-
more, PGRN enhanced M2 and inhibited M1 polarization in WT 
BMDMs, but these effects were blunted in TNFR2–/– BMDMs (Figure 
1, F and G). It was also noted that PGRN deficiency resulted in phe-
nocopy of TNFR2 deficiency–associated alterations in macrophage 
polarization and phenotypic switch (Supplemental Figure 2).

We also compared the effects on macrophage polarization 
and phenotypic switch by activation of TNFR2 with 2 different 
TNFR2 activators: PGRN, known to activate TNFR2 in multiple 
cell types (22, 25–27, 37), and TY010, a specific TNFR2 agonist 
antibody (38). As expected, both PGRN and TY010 dramatically 
suppressed M1 polarization (Figure 1B) and promoted M2 polar-
ization of WT macrophages to a similar extent (Figure 1C). More-
over, each activator significantly promoted an M1 to M2 switch 
and inhibited an M2 to M1 switch in WT macrophages. Notably, 
these effects on macrophage polarization and phenotypic switch 
were essentially abolished in macrophages with TNFR2 deletion. 
In addition, TNFR2 knockdown using siRNA in Raw264.7 mac-
rophages could recapitulate the effects of TNFR2 deficiency in 
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BMDMs, was performed to confirm the interaction between 
TNFR2 and 14-3-3ε. As shown in Figure 2C and Supplemental Fig-
ure 8C, TNFR2 was specifically detectable in the immunoprecipi-
tated complex from control macrophages but not 14-3-3ε–deficient 
macrophages, indicating that 14-3-3ε was associated with TNFR2 
in macrophages upon stimulation with PGRN. Additionally, immu-
nofluorescence cell staining revealed that 14-3-3ε colocalized with 
TNFR2 in PGRN-treated Raw264.7 macrophages (Supplemental 

(Supplemental Figure 7, A–C) from that of littermate controls. In 
addition, loss of 14-3-3ε in myeloid lineage did not affect the prolifer-
ation of bone marrow–derived macrophages and neutrophils in vitro 
(Supplemental Figure 7, D and E).

We also generated 14-3-3ε knockout Raw264.7 macrophages 
using CRISPR-Cas9 technique (Supplemental Figure 8, A and B). 
Coimmunoprecipitation with the lysate from control and 14-3-3ε 
knockout Raw264.7 macrophages, or 14-3-3εfl/fl and 14-3-3εLysM 

Figure 1. TNFR2 signaling controls macrophage polarization. (A) Schematic diagram illustrating the in vitro experimental design. (B) Fold change of Il6 and 
Nos2 mRNA in WT and TNFR2–/– BMDMs polarized to M1 with LPS/IFN-γ in the presence or absence of 0.5 μg/mL PGRN or 2.5 μg/mL TY010 for 18 hours. (C) 
Fold change of Arg1 and Mgl1 mRNA in WT and TNFR2–/– BMDMs polarized to M2 with IL-4 in the presence or absence of 0.5 μg/mL PGRN or 2.5 μg/mL TY010 
for 18 hours. (D and E) BMDMs from WT and TNFR2–/– were polarized to M2 (IL-4) or M1 (LPS/IFN-γ) for 18 hours. Media were removed and M2 macrophages 
were treated with M1 stimuli (LPS/IFN-γ) while M1 macrophages were treated with M2 stimuli (IL-4) with or without 0.5 μg/mL PGRN or 2.5 μg/mL TY010 for 
an additional 18 hours. Quantitative PCR (qPCR) was performed to measure the expression of Nos2 and Il6in M2 macrophages polarized to M1 (D), and the 
expression of Arg1 and Mgl1in M1 macrophages polarized to M2 (E). (F and G) Flow cytometry analysis of WT and TNFR2–/– BMDMs polarized to M1 (F) or M2 
(G) in the absence and presence of PGRN. CD45+CD11b+ cells were gated, and iNOS+ cells or PD-L2 mean fluorescence intensity (MFI) were analyzed. Data are 
mean ± SD; n = 3 biological replicates; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test; *P < 0.05 or **P < 0.01.
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isolated from 14-3-3εfl/fl and 14-3-3εLysM mice were first polarized to 
M1 or M2 macrophages. Gene analysis showed that, as compared 
with 14-3-3εfl/fl BMDMs, the genes typically linked to M1 macro-
phages, Il6 and Nos2, were significantly upregulated in 14-3-3εLysM 
BMDMs, whereas Arg1 and Mgl1, associated with the M2 macro-
phage phenotype, were markedly downregulated in 14-3-3εLysM 
BMDMs. Notably, the effects of TNFR2 activation on macro-
phage polarization and phenotypic switch were lost in 14-3-3εLysM 
BMDMs (Figure 2, D–K). In addition, similar results, in terms of 
enhanced M1 macrophages and M2 to M1 switch, and suppressed 
M2 macrophages and M1 to M2 switch, were also observed in 14-3-
3ε knockout Raw264.7 cells (Supplemental Figure 10, A–D).

To further characterize the dependence of TNFR2 regulation of 
macrophage polarization on 14-3-3ε, flag-tagged 14-3-3ε was reex-
pressed in 14-3-3ε knockout Raw264.7 macrophages (Figure 3A). 
Reexpression of 14-3-3ε in 14-3-3ε knockout Raw264.7 macrophages  

Figure 8D). Taken together, these results indicated that 14-3-3ε was 
recruited to activated TNFR2 receptor complex in macrophages.

To determine whether other 14-3-3 family members were also 
differentially regulated in M1 and M2 macrophages, and associat-
ed with PGRN or TNFR2, BMDMs isolated from WT, TNFR2–/–, 
PGRN–/–, and 14-3-3εLysM mice were polarized to M1 or M2. Suc-
cessful polarization to M1 and M2 macrophages was confirmed 
by induction of M1 (Il6) and M2 (Arg1) specific gene expression, 
respectively (Supplemental Figure 9, A and B). Using primers spe-
cifically designed to detect all 7 isoforms of 14-3-3 family, we found 
that 14-3-3ε was the only isoform differentially regulated in M1 
and M2 macrophages, its expression was downregulated in M1 and 
upregulated in M2 macrophages, and not affected by the deletion 
of either PGRN or TNFR2 (Supplemental Figure 9, C–I).

Next, we sought to determine whether 14-3-3ε was import-
ant for macrophage polarization and phenotypic switch, BMDMs  

Figure 2. Activation of TNFR2 recruits 14-3-3ε during macrophage polarization. (A) Experimental design to identify potential molecules binding to TNFR2ICD 
upon PGRN stimulation. Summary of the hits that were specifically recruited to activated TNFR2 complexes in Raw264.7 macrophages. (B) Efficient ablation 
of 14-3-3ε in 14-3-3εLysM BMDMs, assayed by Western blotting. (C) Immunoprecipitation from 14-3-3εfl/fl or 14-3-3εLysM BMDMs with 14-3-3ε antibody and detec-
tion of TNFR2 and 14-3-3ε by immunoblotting. Results shown are representative of 3 biological replicates. (D–G) 14-3-3εfl/fl and 14-3-3εLysM BMDMs were polar-
ized to M1 (LPS/IFN-γ) or M2 (IL-4) with or without 0.5 μg/mL PGRN for 18 hours, qPCR was performed to measure the expression of Il6 (D), Nos2 (E), Arg1 (F), 
and Mgl1 (G). (H–K) 14-3-3εfl/fl and 14-3-3εLysM BMDMs were polarized to M2 (IL-4) or M1 (LPS/IFN-γ) for 18 hours, then M2 macrophages were treated with M1 
stimuli (LPS/IFN-γ) while M1 macrophages were treated with M2 stimuli (IL-4) for an additional 18 hours. qPCR was performed to measure the expression of 
Il6 (H) and Nos2 (I) in M2 macrophages polarized to M1; expression of Arg1 (J) and Mgl1 (K) was measured in M1 macrophages polarized to M2. In D–K, data are 
mean ± SD; n = 4 biological replicates; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test; **P < 0.01.
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injection of TNFR2 agonist PGRN resulted in markedly decreased 
inflammation, delayed disease onset, reduced incidence of arthritis, 
and decreased bone and cartilage destruction in 14-3-3εfl/fl mice with 
CIA (Figure 4, A–C). More importantly, PGRN’s protective effects 
were mostly abolished in 14-3-3ε–/– mice with CIA (Figure 4, A–C).

Flow cytometry analyses of the immune cells (Supplemen-
tal Figure 13A) isolated from arthritic joints indicated that neither 
TNFR2 activation by PGRN nor 14-3-3ε ablation altered macro-
phage frequency and proliferation (Figure 4, D and E). However, 
14-3-3ε deletion markedly increased mean fluorescence intensity 
(MFI) of iNos (Figure 4F), simultaneous with a decrease of CD206+ 
(Figure 4G) cells in CD11b+F4/80+ cells, consistent with a strong 
shift toward M1 macrophages as compared with control. Notably, 
TNFR2 activation by PGRN significantly decreased MFI of iNos 
(Figure 4F), while CD206+ (Figure 4G) cells increased, and these 
effects depended on 14-3-3ε, as evidenced by abrogated shift toward 
to M2 macrophages in PGRN-treated 14-3-3ε–deficient mice, and 
indistinguishable frequency of M1 or M2 macrophages between 
PBS- and PGRN-treated 14-3-3ε–deficient mice with CIA (Figure 4, 
F and G). The number of neutrophils in the joints was comparable 
between 14-3-3εfl/fl and 14-3-3ε–/– mice with CIA; however, PGRN 
tended to reduce neutrophil populations in a 14-3-3ε–independent 
manner, although the phenomenon did not reach statistical signif-
icance (Figure 4H). Neither PGRN nor 14-3-3ε deficiency affected 

reversed the phenotype induced by 14-3-3ε deficiency. More impor-
tantly, reexpression could restore TNFR2 activation-mediated reg-
ulation of macrophage polarization and switch (Figure 3, B–I). In 
contrast, overexpression of 14-3-3ε in PGRN knockout Raw264.7 
macrophages failed to reverse the effects of PGRN deficiency on 
macrophage regulation (Supplemental Figure 11, A–E). Collective-
ly, these results indicated that 14-3-3ε was an essential mediator of 
TNFR2 signaling in controlling macrophage plasticity.

Loss of 14-3-3ε renders mice highly susceptible to collagen-induced 
arthritis and counteracts TNFR2 activation–mediated antiinflam-
mation. To elucidate the in vivo role of TNFR2/14-3-3ε in gener-
al inflammation, we generated inducible 14-3-3ε global knockout 
mice (14-3-3ε–/–) by breeding 14-3-3εfl/fl mice with Rosa26a-CreERT2 
mice in which Cre-mediated recombination was induced by tamox-
ifen (47), and then established collagen-induced arthritis (CIA), the 
most widely used inflammatory and autoimmune arthritis model, 
in 14-3-3ε–/– mice and control littermates. Deletion of 14-3-3ε result-
ed in more severe joint swelling and inflammation as evidenced by 
significantly higher clinical score, earlier disease onset and greater 
incidence of arthritis as compared with control mice (Figure 4A). 
Histological and quantitative analysis of whole ankle joints demon-
strated 14-3-3ε deletion significantly increased synovitis, osteoclast 
activity, and destruction of bone and cartilage as compared with 
controls (Figure 4, B and C and Supplemental Figure 12). In contrast, 

Figure 3. 14-3-3ε is required for TNFR2 signaling regulation of macrophage polarization. (A) Expression of Flag-14-3-3ε in 14-3-3ε–/– Raw264.7 cells. (B–E) 
Relative mRNA expression of Il6 (B) and Nos2 (C), or Arg1 (D) and Mgl1 (E) in control or 14-3-3ε–/– Raw264.7 cells with reexpression of 14-3-3ε, which were 
polarized to M1 or M2 with or without 0.5 μg/mL PGRN for 18 hours. (F–I) Expression of Il6 (F) and Nos2 (G), or Arg1 (H) and Mgl1 (I) in control or 14-3-3ε–/– 
Raw264.7 cells with reexpression of 14-3-3ε, which were polarized from M2 to M1 or M1 to M2 with or without 0.5 μg/mL PGRN for 18 hours, respectively. 
In B–I, data are mean ± SD; n = 4 biological replicates; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test; **P < 0.01. Vc, 
empty vector; Flag-14-3-3ε, pCMV-Flag-14-3-3ε plasmid.
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neutrophil proliferation in arthritic joints (Figure 4I). Consistent-
ly, immunohistochemical staining for myeloperoxidase revealed 
that neutrophils present in inflamed joints were indistinguishable 
between 14-3-3εfl/fl and 14-3-3ε–/– CIA mice and mice treated with 
PGRN exhibited mild reduction in activated neutrophils in the 
arthritic joints independent of 14-3-3ε (Supplemental Figure 14A).

In support of the notion that CIA induction led to systemic 
immune response in secondary lymphoid organs, including spleen, 
splenic macrophages displayed similar changes as those observed in 

arthritic joints. PGRN treatment and 14-3-3ε deletion did not affect 
the total number of macrophages in the spleen, whereas PGRN 
treatment increased M2 and inhibited M1 macrophages in a 14-3-
3ε–dependent manner (Supplemental Figure 13C and Supplemental 
Figure 15, A–C). We previously reported that PGRN could also affect 
T cell subtypes in the course of inflammatory arthritis, so we deter-
mined whether these effects also depended on 14-3-3ε (Supplemen-
tal Figure 13, B and D). In line with our previous reports that regu-
lation of Tregs contributed to PGRN/TNFR2’s antiinflammation  

Figure 4. Global knockout of 14-3-3ε renders B6 mice highly susceptible to CIA. (A) Clinical arthritis scores and incidence of arthritis in the indicated mice 
with CIA. Data are mean ± SEM; n = 14 mice per group; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test; *P < 0.05 or **P < 
0.01. (B and C) Representative images of H&E staining, and quantification of histomorphometric analysis of synovial inflammation of ankle joints (n = 8 mice 
per group). Scale bar: 100 μM. (D–I) The percentage of macrophages (D), Edu-labeled macrophages in total macrophages (E), iNOS mean fluorescence intensity 
(MFI) of macrophages (F), percentage of CD206+ cells in CD11b+F4/80+ cells (G), percentage of neutrophils (H), and percentage of EdU-labeled neutrophils in 
total neutrophils (I) in the joints of indicated mice with CIA (n = 6 mice for each group) were determined by flow cytometry. In C–I, data are mean ± SD; signifi-
cant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test.
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action (22, 26, 37), we found that 14-3-3ε deletion significantly 
reduced Treg cells in the joints and spleen compared with 14-3-3εfl/fl, 
whereas PGRN treatment markedly enhanced the Treg population 
compared with PBS treatment in 14-3-3εfl/fl mice with CIA (Figure 
5A and Supplemental Figure 15D). In addition, PGRN’s regulation of 
Tregs was lost in 14-3-3ε–/– mice (Figure 5A and Supplemental Fig-
ure 15D). 14-3-3ε deficiency resulted in the increase of IFN-γ positive 
Th1 cells, while PGRN treatment led to reduction of this T cell popu-
lation, PGRN regulation of Th1 cells was also abolished in 14-3-3ε–/– 
mice (Figure 5B and Supplemental Figure 15E). In contrast, 14-3-3ε 
deficiency did not affect Th2 and Th17 populations, and PGRN treat-
ment significantly enhanced Th2 and reduced Th17 cells, respective-
ly, in both 14-3-3εfl/fl and 14-3-3ε–/– mice with CIA (Figure 5, C and D, 
Supplemental Figure 15, F and G), indicating that PGRN’s regulation 
of Th2 and Th17 was 14-3-3ε independent.

We also examined the effects of 14-3-3ε deficiency on the serum 
levels of cytokines known to be involved in the pathogenesis of 
inflammatory and autoimmune arthritis. 14-3-3ε deletion boosted 
serum levels of proinflammation cytokines IL-6 and TNF-α while 
suppressed production of antiinflammation cytokine IL-10 as com-
pared with 14-3-3εfl/fl mice (Figure 5, E–G). In contrast, PGRN treat-
ment significantly suppressed IL-6, TNF-α, and IL-1β (Figure 5, E, 
F, and H) and boosted IL-10 production (Figure 5G) in a 14-3-3ε–

dependent manner. Interestingly, PGRN also suppressed the proin-
flammation cytokine IL-17, independent of 14-3-3ε (Figure 5I).

Similar results were observed in PGRN–/– CIA mice compared 
with WT counterparts. In this case, PGRN deletion also resulted in 
more severe inflammation, with predominance of proinflamma-
tory M1 macrophages (Supplemental Figure 16, A–H and refs. 22, 
26). In addition, PGRN deletion reduced percentages of Tregs, and 
increased percentages of Th1 and Th17 cells, but had no obvious 
effect on Th2 cells (Supplemental Figure 16, I–L).

Collectively, these results suggested that global 14-3-3ε deletion 
promoted an overt proinflammatory response in CIA, 14-3-3ε dele-
tion could recapitulate the effects of PGRN deletion upon macro-
phage plasticity, and 14-3-3ε was an essential player in propagation 
of antiinflammatory PGRN/TNFR2 signaling in inflammatory and 
autoimmune arthritis.

Myeloid-specific deletion of 14-3-3ε exacerbates collagen-induced 
arthritis and abolishes PGRN/TNFR2 regulations of macrophages in 
vivo. To specifically address the role of myeloid-expressed 14-3-3ε in 
the etiology of inflammation and autoimmunity, and inflammatory 
and autoimmune arthritis in particular, we also established the CIA 
model in 14-3-3εLysM mice. First, we confirmed the efficient deletion 
of 14-3-3ε in macrophage present in the joints of 14-3-3εLysM mice 
with CIA (Supplemental Figure 17). Myeloid-specific 14-3-3ε deletion 

Figure 5. 14-3-3ε is implicated in mediating PGRN’s regulation of T cells and inflammation in CIA. (A–D) Percentage of Treg (A), Th1 (B), Th17 (C), and 
Th2 (D) cells in CD4+ T cells in the joints of indicated mice with CIA (n = 6 for each group) were determined by flow cytometry. (E–I) Serum levels of IL-6 
(E), TNF-α (F), IL-10 (G), IL-1β (H), and IL-17 (I) in the indicated mice with CIA (n = 8 mice for each group), assayed by ELISA. Data are mean ± SD; significant 
difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test.
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in 14-3-3εLysM mice was largely abolished relative to littermate 14-3-
3εfl/fl controls (Figure 6, A–C). In addition, 14-3-3εLysM mice had an 
increased number of osteoclasts relative to their littermate controls, 
whereas PGRN inhibited osteoclast number in a 14-3-3ε–dependent 
manner (Supplemental Figure 18, C and D). To investigate whether 
14-3-3ε deficiency affected osteoclastogenesis in vitro, osteoclast 
differentiation was induced using BMDMs isolated from WT and 
14-3-3εLysM mice. 14-3-3ε deficiency did not affect RANKL-induced 
osteoclastogenesis, but enhanced TNF-α and RANKL-costimulated 

resulted in more severe inflammation and earlier disease onset, and 
exacerbated bone and cartilage destruction relative to littermate 14-3-
3εfl/fl controls (Figure 6, A–C and Supplemental Figure 18). PGRN was 
administered to activate TNFR2 signaling in 14-3-3εLysM mice with CIA 
in order to determine the importance of myeloid 14-3-3ε for TNFR2 
signaling regulation of inflammatory arthritis. PGRN treatment 
prompted mildly reduced inflammation relative to PBS treatment in 
14-3-3εLysM mice with CIA, although differences did not reach statis-
tical significance. Strikingly, PGRN’s suppression of inflammation  

Figure 6. Myeloid-specific deletion of 14-3-3ε worsens inflammation in CIA. (A) Clinical arthritis scores and incidence of arthritis in the indicated mice with CIA. 
Data are mean ± SEM; n = 14 mice per group; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test; *P < 0.05 or **P < 0.01. (B and 
C) Representative images of H&E and quantification of histomorphometric analysis of synovial inflammation of ankle joints; n = 8 mice per group. Scale bar: 
100 μM. (D–I) The percentage of macrophages (D), Edu-labeled macrophages in total macrophages (E), iNOS MFI of macrophages (F), percentage of CD206+ cells 
in CD11b+F4/80+ cells (G), percentage neutrophils (H), and EdU-labeled neutrophils of total neutrophils (I) in the joints of indicated mice with CIA (n = 6 for each 
group) were determined by flow cytometry. In C–I, data are mean ± SD; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test.
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7, A–D). Moreover, the phenotype of immune cells in spleen could 
closely recapitulate those in inflamed joints (Supplemental Fig-
ure 20, A–G). Analysis of serum cytokine levels demonstrated that 
IL-6 and TNF-α (Figure 7, E and F) were the major proinflamma-
tion cytokines impacted by myeloid-sourced 14-3-3ε given that all 
other cytokines measured (IL-1β, IL-17, and IL-10) were comparable 
between 14-3-3εfl/fl and 14-3-3εLysM CIA mice (Figure 7, G–I). PGRN’s 
regulation of IL-6 and TNF-α depended on macrophage 14-3-3ε, as 
evidenced by loss of these effects in 14-3-3εLysM CIA mice; however, 
PGRN’s regulations of IL-1β, IL-17, and IL-10 production were inde-
pendent of myeloid 14-3-3ε (Figure 7, E–I). Together, these results 
indicated that myeloid-expressed 14-3-3ε played an important role 
in TNFR2 signaling–mediated regulation of macrophages and anti-
inflammatory activity in inflammatory and autoimmune arthritis.

14-3-3ε deficiency leads to the alterations of the intracellular signal-
ing in macrophages. To elucidate the molecular mechanisms by which 
14-3-3ε regulated macrophage plasticity, we performed unbiased 
RNA-seq on BMDMs isolated from 14-3-3εfl/fl and 14-3-3εLysM mice 
stimulated with proinflammatory LPS/IFN-γ or antiinflammatory 
IL-4. Eight hundred fifteen genes (396 downregulated and 419 upreg-
ulated) were differentially expressed (fold change > 2, FDR < 0.05) in 
LPS-treated 14-3-3εLysM BMDMs compared with 14-3-3εfl/fl BMDMs 

osteoclastogenesis. Additionally, PGRN inhibited TNF-α–enhanced 
osteoclastogenesis, which relied on 14-3-3ε (Supplemental Figure 19, 
A and B). These results suggested that increased osteoclasts seen in 
14-3-3εLysM mice with CIA might also be attributed to disturbed osteo-
clastogenesis, apart from the elevated inflammation, which is known 
to promote osteoclastogenesis (48, 49).

Flow cytometry analysis revealed that total number and prolifer-
ation of macrophages infiltrated in inflamed joints were unchanged 
in 14-3-3εLysM mice relative to littermate 14-3-3εfl/fl controls (Figure 6, 
D and E). Despite unchanged macrophage accumulation and prolif-
eration in the arthritic joints, 14-3-3εLysM mice exhibited higher MFI 
of iNos, and lower CD206+ cells in CD11b+F4/80+ cells relative to 
littermate 14-3-3εfl/fl controls (Figure 6, F and G), closely recapitu-
lating the characteristic macrophage phenotype of 14-3-3ε–/– mice. 
Again, in a similar manner as seen in 14-3-3ε–/– mice, PGRN treat-
ment skewed macrophages toward the M2 phenotype in 14-3-3εfl/fl 
controls whereas this effect was lost in 14-3-3εLysM mice. Addition-
ally, both recombinant PGRN and 14-3-3ε deficiency did not exert 
significant effects on number and proliferation of infiltrating neu-
trophils in the joints of the CIA mice (Figure 6, H and I and Sup-
plementary 14B). As expected, myeloid-specific deletion of 14-3-
3ε did not affect the T cell subtypes in the arthritic joints (Figure 

Figure 7. 14-3-3ε deficiency in myeloid lineage is implicated in PGRN regulation of serum levels in cytokines independent of T cells. (A–D) Percentage of 
Treg (A), Th1 (B), Th17 (C), and Th2 (D) cells in CD4+ T cells in the joints of indicated mice with CIA (n = 6 for each group) were determined by flow cytometry. 
(E–I) Serum levels of IL-6 (E), TNF-α (F), IL-1β (G), IL-17 (H), and IL-10 (I) in the indicated mice with CIA (n = 8 mice per group), assayed by ELISA. Data are 
mean ± SD; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test.
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pattern (Supplemental Figure 21, A and B). Gene set enrichment anal-
ysis (GSEA) revealed that both 14-3-3ε deficiency and PGRN defi-
ciency altered gene expression patterns in macrophages. Specifical-
ly, genes associated with inflammation such as IFN-γ response, IFN 
-α response, and inflammatory response were largely upregulated  

(Figure 8A and Supplemental Table 1), and 583 genes (291 down-
regulated and 292 upregulated) were differentially expressed (fold 
change > 2, FDR < 0.05) in IL-4–treated 14-3-3εLysM BMDMs compared 
with 14-3-3εfl/fl BMDMs (Figure 8B and Supplemental Table 2). Simi-
larly, PGRN deficiency was associated with an altered transcriptome 

Figure 8. PI3K/Akt/mTOR pathway is involved in 14-3-3ε regulation of macrophage polarization. (A and B) Volcano plots of differentially expressed transcripts 
in LPS/IFN-γ (A) or IL-4 (B) polarized 14-3-3εfl/fl and 14-3-3εLysM macrophages obtained by RNA sequencing; n = 3 biological replicates. Linear models with empiri-
cal Bayes statistic (Limma) were used for differential expression. Genes in red or blue are upregulated or downregulated, respectively, in 14-3-3εLysM as compared 
with 14-3-3εfl/fl macrophage with Benjamini–Hochberg adjusted P < 0.05. (C) GSEA using hallmark gene sets from the Molecular Signature Database. The statis-
tically significant signatures were filtered by gene sets with FDR less than 0.25. Red bars represented the pathways upregulated in the 14-3-3εLysM macrophages 
and blue bars indicated those enriched in 14-3-3εfl/fl macrophages. (D) Immunoblotting of pAkt and Akt in LPS- and PGRN-stimulated WT BMDMs. GAPDH was 
used as the loading control. (E) Densitometry analysis of immunoblotting results shown in D. (F) mRNA expression in PI3K- or mTOR inhibitor–treated BMDMs 
polarized to M1 (LPS/IFN-γ) or M2 (IL-4) in the presence or absence of 0.5 μg/mL PGRN. (G) Immunoblotting of pAkt and Akt in 14-3-3εfl/fl 14-3-3εLysM BMDMs 
stimulated with LPS. GAPDH was used as the loading control. (H) Densitometry analysis of immunoblotting results shown in G. In D–H, data are mean ± SD; n = 
4 biological replicates; significant difference was analyzed by 1-way ANOVA with Bonferroni’s post hoc test.
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signaling might be the key pathways regulated by the TNFR2/14-3-3ε 
complex in macrophage polarization. In addition, it was previous-
ly reported that PGRN activated Akt signaling and inhibited TNF-α 
signaling in various kinds of cells (50). Further, increasing evidence 
demonstrated that activation of the PI3K/Akt pathway was criti-
cal in restricting proinflammatory and promoting antiinflammato-
ry response in macrophages (51–56). GSEA analysis, together with 

in 14-3-3εLysM and PGRN–/– BMDMs compared with WT BMDMs  
(Figure 8C, Supplemental Figure 21C, and Supplemental Figure 22, 
A–C). Intriguingly, GSEA analysis indicated that TNF-α/NF-κB and 
PI3K/Akt/mTOR signaling pathways were impaired in both 14-3-
3ε–deficient and PGRN-deficient macrophages (Figure 8C, Sup-
plemental Figure 21C, and Supplemental Figure 22, D and E) com-
pared with WT BMDMs, suggesting that TNF-α signaling and PI3K 

Figure 9. 14-3-3ε signals through NF-κB and C/EBPβ during macrophage polarization. (A) Transcription factors were predicted to be activated or inhibited 
and are implicated in the differential regulation of inflammation in 14-3-3εLysM compared with 14-3-3εfl/fl BMDMs by TFactS analysis. (B) Immunoblot analysis 
of selected signaling molecules in IL-4–stimulated 14-3-3εfl/fl and 14-3-3εLysM macrophages. (C) Densitometry analysis of immunoblotting results shown in B. 
(D) Immunoblot analysis of selected signaling molecules in LPS-stimulated 14-3-3εfl/fl and 14-3-3εLysM macrophages. (E) Densitometry analysis of immuno-
blotting results shown in D. (F, G) NF-κB (F) and C/EBPβ (G) DNA binding activity in LPS- and IL-4–stimulated 14-3-3εfl/fl and 14-3-3εLysM macrophages. For 
competitive binding studies, functional (oligo) or nonfunctional (mutant oligo) oligonucleotides were used according to the manufacturer’s instructions. In 
C, E, F, and G, data are mean ± SD; n = 4 biological replicates; significant difference was analyzed by unpaired Student’s t test (C and E) or 1-way ANOVA with 
Bonferroni’s post hoc test (F and G); *P < 0.05 or **P < 0.01. (H) A proposed model depicting the signaling pathways by which PGRN/14-3-3ε/TNFR2 exerts 
antiinflammation effects through regulating macrophage polarization.
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Discussion
Inflammatory and autoimmune arthritis is a polyarticular chron-
ic inflammatory disease characterized by deregulated immune 
response and bone erosion. Increasing evidence documents that 
macrophages significantly contribute to inflammation in inflam-
matory arthritis (5, 65), thus therapeutic strategies targeting the 
unbalanced M1/M2 ratio represent an attractive goal in treating 
inflammatory and autoimmune arthritis. Although it is well recog-
nized that TNFR2 serves a beneficial antiinflammation function 
in inflammatory and autoimmune diseases, its role in macrophage 
polarization remains a poorly understood facet. Here, we found that 
TNFR2 played a critical role in regulating phenotypic polarization in 
macrophages. Activation of TNFR2 with its ligand PGRN markedly 
skewed the macrophage toward antiinflammatory M2 macrophages. 
Interestingly, in support of TNFR2 activation as a critical regulator of 
macrophage polarization, TY010, the specific TNFR2 agonist anti-
body (38), largely recapitulated the effects of PGRN on macrophage 
polarization. More importantly, using biochemical copurification 
and mass spectrometry approaches, we isolated the signaling mole-
cule 14-3-3ε as a pivotal component of TNFR2 complexes in response 
to PGRN stimulation and a key participant of PGRN/TNFR2 signal-
ing–mediated management of macrophage polarization, without 
affecting macrophage migration or proliferation.

14-3-3ε is a regulatory protein of the 14-3-3 family which binds to 
a wide array of cellular proteins (37, 38) and can function as adaptor or 
scaffold proteins for the assembly of multiprotein signaling complex 
(39–42).14-3-3ε deficiency in macrophages resulted in an overt proin-
flammatory response through skewing macrophages toward M1 phe-
notype in vitro. In addition, genetic 14-3-3ε deletion resulted in severe 
inflammation and unbalanced M1/M2 ratio relative to WT littermate 
controls, which suggested that unbalanced M1/M2 ratio played a 
pathologic role in inflammatory and autoimmune arthritis, and tar-
geting macrophage plasticity through 14-3-3ε may hold therapeutic 
value. This study specifically focused on the role of intracellular 14-3-
3ε, which was recruited to the TNFR2 intracellular domain following 
activation by TNFR2 ligand/agonist to mediate signaling through the 
TNFR2 pathway in macrophages. However, it has also been report-
ed that extracellular 14-3-3ε could regulate chondrocyte metabolism 
(66). Whether and how extracellular 14-3-3ε regulates macrophage 
polarization, as well as functional comparisons of intracellular and 
extracellular 14-3-3ε in other cell types present in joints, including 
chondrocytes and osteocytes, warrants further investigation.

Several labs, including ours, have shown that the antiinflamma-
tory activities of PGRN depended largely on TNFR2 (22, 25, 26, 31, 
67). In current study, we successfully characterized 14-3-3ε as a com-
ponent of TNFR2 complexes in macrophages. Our in vitro studies 
demonstrated that PGRN–/–, TNFR2–/–, and 14-3-3ε–/– macrophages 
exhibited enhanced M1 and reduced M2 polarization to comparable 
extent, while recombinant PGRN exerted opposite effects on mac-
rophage polarization and these effects depended on TNFR2 and 
14-3-3ε. Strikingly, the finding that reexpression of 14-3-3ε restored 
14-3-3ε knockout cells’ response to PGRN, while its overexpression 
failed to reverse PGRN deficiency’s effects on macrophage polar-
ization, indicated that 14-3-3ε served as an essential mediator of 
PGRN/TNFR2 signaling. Several findings, including enhanced 
susceptibility to murine CIA following global deletion of 14-3-3ε, 
recapitulation of global 14-3-3ε deletion’s effects on macrophage  

these aforementioned reports, led us to examine whether PI3K/
Akt/mTOR and TNF-α signaling were involved in the regulation of 
macrophage polarization by TNFR2/14-3-3ε. First, we examined the 
effect of PGRN on LPS-stimulated Akt phosphorylation and found 
that PGRN activated Akt phosphorylation in macrophages (Figure  
8, D and E). In contrast, inhibition of PI3K or mTOR by their spe-
cific inhibitors was sufficient to enhance M1 macrophages and 
inhibit M2 macrophages, and block PGRN’s effects on macrophage 
polarization (Figure 8F). Furthermore, both 14-3-3ε deficiency and  
PGRN deficiency inhibited LPS-stimulated Akt phosphorylation 
(Figure 8, G and H and Supplemental Figure 23A). In brief, PI3K/Akt/
mTOR signaling was important for TNFR2/14-3-3ε signaling in regu-
lating macrophage polarization.

TNFR2/14-3-3ε signaling inhibits NF-κB activation and stim-
ulates C/EBPβ activation during macrophage polarization. GSEA 
analysis indicated that genes associated with inflammation, such 
as interferon response and inflammatory response, were large-
ly upregulated in 14-3-3ε–deficient BMDMs compared with WT 
BMDMs. To further identify the transcription factor(s) that mod-
ulated enhanced inflammation in 14-3-3ε–deficient BMDMs, 
we searched for targets of these pathways using TFactS (57) and 
identified NF-κB1 (p105) and Rela (NF-κB p65) as significantly 
activated transcription factors and C/EBPβ as a significantly inhib-
ited transcription factor in 14-3-3ε–deficient BMDMs (Figure 9A) 
that could modulate these inflammatory signaling pathways. The 
PI3K/Akt/mTOR signaling pathway was reported to act as a neg-
ative regulator of NF-κB signaling, leading to inhibited M1 macro-
phage response (54, 58, 59), but has also been linked to activation 
of transcription factor C/EBPβ, in turn promoting M2 macro-
phage response (54, 60). In line with the TFactS assay and previ-
ous reports, 14-3-3ε deficiency inhibited IL-4–stimulated C/EBPβ 
phosphorylation (Figure 9, B and C) and inhibited LPS-induced 
Akt phosphorylation while simultaneously enhanced LPS-induced 
phosphorylation of IκKα/β and NF-κB p65 (Figure 9D, E). Given 
that NF-κB p65 promoted the expression of proinflammatory cyto-
kines (61, 62), whereas C/EBPβ promoted the expression of antiin-
flammatory cytokines in macrophages (60, 63, 64), we assessed the 
DNA binding activity of NF-κB p65 and C/EBPβ in macrophages in 
the presence or absence of 14-3-3ε. 14-3-3ε deficiency rapidly and 
sustainably enhanced LPS-stimulated p65 DNA binding activity as 
compared with WT macrophages (Figure 9F), whereas the opposite 
was seen for IL-4–induced C/EBPβ DNA binding activity (Figure 
9G). These results indicated that 14-3-3ε acted as the suppressor of 
LPS/ NF-κB signaling in M1 macrophage polarization and the acti-
vator of IL-4/ C/EBPβ signaling in M2 macrophage polarization. In 
addition, PGRN deficiency also led to the inhibition of LPS-stim-
ulated Akt phosphorylation and enhancement of LPS-stimulated 
phosphorylation of IκKα/β and NF-κB p65 (Supplemental Figure 
23, A and B), whereas IL-4–stimulated C/EBPβ phosphorylation 
was inhibited (Supplemental Figure 23, C and D). Further, anal-
ogous to observations in 14-3-3ε–deficient macrophages, PGRN 
deficiency enhanced LPS-stimulated NF-κB p65 DNA binding 
(Supplemental Figure 23E) and suppressed IL-4–induced C/EBPβ 
DNA binding activity (Supplemental Figure 23F). Collectively, 
these mechanistic findings with 14-3-3ε–deficient and PGRN-defi-
cient macrophages further implicated the importance of 14-3-3ε in 
PGRN/TNFR2 regulation of macrophage polarization.
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Akt/mTOR to restrict NF-κB activation and simultaneously stimulate 
C/EBPβ activation, thereby instructing macrophage functional plas-
ticity to promote immune suppression (Figure 9H).

In summary, our study identified 14-3-3ε as an important regu-
lator of macrophage plasticity, which acted as a crucial cofactor of 
TNFR2 signaling. 14-3-3ε was necessary and sufficient to mediate 
TNFR2’s regulation on macrophage polarization. The TNFR2/14-
3-3ε pathway represented a mechanism by which macrophage bal-
anced between proinflammatory and antiinflammatory responses 
and served as a promising candidate that could be targeted to regulate 
macrophage polarization. In addition, we provided proof of principle 
for the potential of exogenous PGRN to promote antiinflammation 
through regulating macrophage plasticity in the CIA model. These 
findings enable us to better understand the molecular mechanisms of 
TNFR2/14-3-3ε regulation of inflammation and autoimmunity, and 
more excitingly, may provide a rational for targeting the beneficial 
TNFR2 signaling pathway as a novel therapeutic approach for inflam-
matory arthritis and other inflammatory and autoimmune diseases in 
which macrophage polarization plays key pathogenic roles.

Methods
Mice. TNFR2–/–, LysM-Cre, and Rosa26a-CreERT2 mice were obtained 
from The Jackson Laboratory. 14-3-3εfl/fl mice were provided by Kazuhi-
to Toyo-oka, and mated with transgenic mice expressing LysM-Cre 
and Rosa26a-CreERT2 to obtain myeloid and global 14-3-3ε knockout 
mice, respectively. For activation of CreERT2 in adult mice, 150 mg/kg 
body weight of tamoxifen (Sigma-Aldrich) in sunflower seed oil (Sigma- 
Aldrich) was intraperitoneally injected into 10-week-old mice once a day 
for 5 consecutive days. Littermate controls were used for all experiments. 
Genotyping for these mice was performed by PCR as previously reported 
(45). PGRN-deficient mice were established and maintained by the labo-
ratory (22). All animals were housed on a 12-hour light-dark cycle with ad 
libitum access to food and water in a specific pathogen–free environment. 
Animals were maintained on a B6 background and were sex- and age-
matched for experiments, typically between 10- and 12-weeks-of-age.

Preparation of rhPGRN. Generation of our recombinant PGRN stable 
cell line and purification of recombinant PGRN have been described in 
our previous publication (72). In brief, stable cells were cultured in DMEM 
that contained 1 mg/mL G418. PGRN was affinity purified from the medi-
um of starved cells by using nickel nitrilotriacetic-agarose. The purity of 
recombinant PGRN was determined by SDS-PAGE.

CIA model. Ten-week-old mice were immunized via 0.1-mL intrader-
mal injection of 100 mg chicken type II collagen (Chondrex) emulsified 
with an equal volume of complete Freund’s adjuvant (CFA) that contained 
4 mg/mL heat denatured Mycobacterium (Chondrex) at the base of the tail 
(d0), followed by a booster immunization with chicken type II collagen 
emulsified in incomplete Freund’s adjuvant at day 19. In the CIA mouse 
model, clinical signs of arthritis in the paws were evaluated and scored 
individually by using a 0 to 4 point scoring system. Scores from each 
individual paw were summed to yield an overall score for each mouse, 
with a maximum score of 16 (73). Scores were attributed as follows: a 
paw score of 0, no signs; 1, mild swelling confined to the tarsal bones or 
ankle joint; 2, mild swelling extending from ankle to the tarsal bones; 3, 
moderate swelling extending from ankle to the metatarsal joints; and 4, 
severe swelling encompassing the ankle, foot, and digits and/or ankylosis 
of the limb. To determine therapeutic effects, recombinant PGRN (5 mg/
kg body weight) was intraperitoneally injected into mice starting from 

plasticity following myeloid-specific deletion of 14-3-3ε, and block-
ade of PGRN’s antiinflammation action in 14-3-3ε–deficient CIA 
mice, provided genetic evidence demonstrating that 14-3-3ε was a 
crucial cofactor of TNFR2 and engaged in mediating TNFR2 sig-
nal’s antiinflammatory phenotype. Furthermore, our data indicated 
IL-6 and TNF-α were 2 major proinflammatory cytokines secreted 
and regulated by macrophages via the TNFR2/14-3-3ε signaling 
pathway. The importance of IL-6 and TNF-α in mediating proin-
flammatory response and bone erosion had been highlighted by 
numerous experimental and clinical observations (4, 12, 68–70).

One limitation of using LysM-Cre to determine the role of 
PGRN/TNFR2/14-3-3ε in modulating macrophage plasticity during 
CIA was that LysM-Cre–mediated deletion of 14-3-3ε in neutrophils 
may also impact PGRN/TNFR2 regulation of inflammation in CIA. 
Neutrophil analyses with both 14-3-3ε–/– and 14-3-3εLysM revealed that 
14-3-3ε deletion did not affect neutrophil infiltration in inflamed 
joints and PGRN’s mild inhibition of neutrophils was indepen-
dent of 14-3-3ε, indicating that the protection conferred by PGRN/
TNFR2/14-3-3ε signaling in inflammatory arthritis was primarily 
attributable to their regulations of macrophage plasticity. Using a 
macrophage-specific Cre system such as Cx3cr1-Cre (71) can fur-
ther confirm the importance of macrophage-expressed 14-3-3ε in 
mediating PGRN/TNFR2 signaling, which warrants further inves-
tigation. Although loss of 14-3-3ε did not alter total macrophages in 
the inflamed joints of mice with CIA, studies with a lineage tracing 
system (CCR2 or Cx3cr1) and subsequent characterization of the 
macrophages in the joints can be performed to further confirm the 
finding that 14-3-3ε signaling does not affect the total number of 
macrophages in the joints of mice with CIA, although it plays an 
important role in regulating macrophage plasticity.

In addition to its crucial role in mediating macrophage polariza-
tion, TNFR2/14-3-3ε signaling also regulated T cell subtypes asso-
ciated with inflammatory and autoimmune arthritis, such as Tregs 
and Th1 cells. PGRN exhibited a broader range of effects on T cells in 
terms of inducing antiinflammatory Tregs and Th2 cells, while reduc-
ing proinflammatory Th17 and Th1 cells. Among these cell types, only 
the effects of PGRN on Tregs and Th1 depended on TNFR2/14-3-3ε, 
which might explain why PGRN’s antiinflammatory effects were 
almost abolished in global 14-3-3ε knockout mice. PGRN’s influence 
on T cell populations was significantly compromised in myeloid-spe-
cific 14-3-3ε knockout mice, but did not reach the same degree of 
obstruction observed in the global 14-3-3ε knockout mice. This differ-
ence emphasized the importance of employing cell-specific deletion 
of 14-3-3ε to assess the role of 14-3-3ε in individual cell subsets in the 
pathogenesis of inflammatory and autoimmune arthritis.

Our comparative transcriptome profiling and GSEA analysis of 
WT and 14-3-3ε or PGRN knockout macrophages demonstrated that 
both 14-3-3ε and PGRN deletion rendered macrophage populations 
constitutively more inflamed than WT controls, supporting the sce-
nario that 14-3-3ε–dependent TNFR2 signaling plays an immunoreg-
ulatory and antiinflammatory role during inflammation. GSEA analy-
sis also predicted that PI3K/Akt/mTOR and TNF signaling pathways 
may be engaged in TNFR2/14-3-3ε regulation of macrophage polar-
ization. Subsequent inhibition of the PI3k signaling pathway using its 
inhibitors and examination of the activation status of key signaling 
molecules involved in these pathways, along with DNA binding activ-
ity analysis, revealed that TNFR2/14-3-3ε signaled through PI3K/
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sacrificed as previously described (77). After isolating cells from the joints,  
the Click-iT EdU kit from Invitrogen with Alexa Fluor 488 was used  
to detect the incorporated EdU as per the manufacturer’s guidelines.

Determining LysM-Cre deletion efficiency in macrophages of the 
inflamed joints. Macrophages were purified from arthritic joins of 14-3-
3εfl/fl and 14-3-3εLysM CIA mice using MagniSort mouse F4/80 positive 
selection kit (Invitrogen). DNA extracted from the purified macrophages 
was used as template to detect the 14-3-3ε floxed allele and knockout 
band as previously reported (45).

Generation of 14-3-3ε knockout and PGRN knockout Raw264.7 by 
CRISPR-Cas9. Knockout cells were generated in accordance with a previ-
ously published protocol (78). Briefly, 14-3-3ε or PGRN sgRNA was insert-
ed into the lentiCRISPR V2 vector (Addgene). Cotransfection of CRISPR 
plasmid, psPAX2, and pMD2.G (Addgene) into HEK293T (ATCC) was 
performed to produce the lentivirus. Then Raw264.7 (ATCC) were infect-
ed with the collected lentivirus for 18 hours, followed by selection with 2 
μg/mL puromycin (Gibco) for 2 days.

Isolation of BMDMs and neutrophils and differentiation of BMDMs. 
Bone marrow cells were collected from the mice and cultured in α-MEM 
supplemented with 10% FBS and 10 ng/mL M-CSF (Biolegend) over 
7 days for macrophage differentiation. Differentiated BMDMs were 
stimulated with 100 ng/mL LPS (Sigma-Aldrich) plus 20 ng/mL IFN-γ 
(Peprotech) or 20 ng/mL IL-4 (Peprotech) for 18 hours to polarize cells 
to M1 or M2 macrophages in the presence or absence of PGRN or TY010 
(provided by Denise Faustman, Harvard Medical School, Boston, Mas-
sachusetts, USA), respectively. For inhibitor studies, PI3K inhibitor 
wortmannin (100 nM, Sigma-Aldrich) or mTOR inhibitor rapamycin 
(100 nM, Sigma-Aldrich) were incubated with macrophages for 1 hour 
before the addition of polarizing stimuli.

Bone marrow neutrophils were isolated by the negative selection 
technique using an EasySep Mouse Neutrophil Enrichment Kit (Stem-
cell Technologies).

Osteoclast differentiation and TRAP staining. BMDMs were obtained 
as described above and cultured with α-MEM supplemented with 10% 
FBS, 10 ng/mL M-CSF, 50 ng/mL RANKL (R&D), 20 ng/mL TNF-α, and 
500 ng/mL PGRN for 5 days. The medium was replaced every day. TRAP 
staining was performed and the number of TRAP-positive multinucle-
ated cells (TRAP+-MNCs) containing more than 3 nuclei were counted 
using microscopy as described (22).

RNA-seq and bioinformatics analysis. Freshly isolated mouse bone 
marrow cells from 9 WT, 9 14-3-3εLysM, and 9 PGRN−/− mice were pooled 
into 3 replicate sets of WT, 14-3-3εLysM, and PGRN−/− cells and differenti-
ated into macrophages for 7 days in α-MEM supplemented with 10%FBS 
and 10 ng/mL M-CSF. Each replicate set of macrophages was then 
treated with IL-4 or IFN-γ/LPS. Total RNA was extracted from BMDMs 
with RNeasy Mini Kit (Qiagen). mRNA was isolated from purified DNA-
free RNA for library preparation. Libraries were sequenced on Illumina 
HiSeq 4000 by the NYU Genome Technology Center. Reads for genes 
were called using RSEM program (79) and differentially expressed genes 
were discovered using DESeq2 package (80). Significantly differentially 
expressed genes were defined by a 2-fold change with a false discovery 
ratio (FDR) less than or equal to 0.05. Genes that were significantly up- 
and downregulated in 14-3-3εLysm compared with 14-3-3εfl/fl BMDMs and 
were implicated in TNF-α and PI3K/Akt/mTOR pathways were used 
for transcription factor enrichment analysis with TFactS (57). All RNA-
seq data sets used in this study have been deposited in the NCBI’s Gene 
Expression Omnibus database (GEO GSE172119).

day 20 after first immunization on alternating days until euthanasia. Inci-
dence was taken as equal to the ratio of CIA mice to the total number of 
mice exposed to the emulsion injections, multiplied by 100.

Histological analysis of mouse joints. Mouse joint tissues were fixed in 
4% paraformaldehyde, decalcified in EDTA, and embedded in paraffin. 
Tissue sections were then prepared and stained with H&E. H&E-stained 
sections were scored for inflammation and bone erosion. Inflammation 
was scored according to the following criteria: (a) no inflammation, (b) 
slight thickening of the lining layer or some infiltrating cells in the underly-
ing layer, (c) slight thickening of the lining layer plus some infiltrating cells 
in the underlying layer, (d) thickening of the lining layer, an influx of cells 
in the underlying layer, and presence of cells in the synovial space, and (e) 
synovium highly infiltrated with many inflammatory cells. Cartilage dam-
age was determined by Safranin O staining, and the extent of cartilage 
damage was scored according to the following criteria: (a) no destruction, 
(b) minimal erosion limited to single spots, (c) slight-to-moderate erosion 
in a limited area, (d) more extensive erosion, and (e) general destruction 
(74). TRAP staining was used to determine bone erosion as previously 
described (22). The sections were imaged using a Zeiss microscope, and 
osteoclast quantification was performed using ImageJ software.

Immunohistochemistry staining. For immunohistochemistry staining, 
deparaffinized and hydrated sections were incubated with 0.1% trypsin 
for 30 minutes at 37°C, followed by 0.25 U/mL chondroitinase ABC (Sig-
ma-Aldrich) and 1 U/mL hyaluronidase (Sigma-Aldrich) for 60 minutes  
at 37°C, respectively. Then the sections were incubated with antibodies 
against myeloperoxidase (1:100, PA5-16672, Invitrogen) overnight at 4°C. 
Detection was performed using the Vectastain Elite ABC kit (Vector) and 
positive signal was visualized with 0.5 mg/mL 3,3-diaminobenzidine in 
50 mM Tris-Cl substrate (Sigma-Aldrich) and counterstained with 1% 
methyl green. Images were acquired with a Zeiss microscope.

Flow cytometry analysis. Single-cell suspensions from joint, spleen, 
or BMDMs were subjected to flow cytometry analysis. To prepare the 
single-cell suspensions from joints, the hind paws were harvested as 
previously described (75, 76). After the skins were removed, the paws 
were minced and digested in digestion buffer (2 mg/mL collagenase D, 
2 mg/mL diapause II, and 1 mg/mL DNase I in HBSS) for 60 minutes at 
37°C. Antibodies used were FITC-conjugated anti-CD4 (clone GK1.5), 
APC-conjugated anti-CD25 (clone PC61.5), eFluor 450-conjugated 
anti–IL-17 (clone eBio17B7), PE-conjugated anti–IL-4 (clone 11B11), APC-
CYTM7–conjugated IFN-γ (clone XMG1.2), biotin-conjugated anti-Foxp3 
(clone FJK-16s), FITC-conjugated CD11b (clone M1/70), eFluor 450–
conjugated anti-CD45 (clone 30-F11), APC-conjugated iNOS (clone 
CXNFT), PE-conjugated anti-CD206 (clone MMR), PE-cyanine5–con-
jugated anti-CD4 (clone RM4-5) (all from eBioscience); and streptavi-
din-conjugated Qdot 605 (Thermo Fisher Scientific). For myeloid pro-
genitor experiments, bone marrow cells were stained with the following 
antibodies for lineage markers: CE3e (clone 145-2C11) PE-cyanine 7, 
B220 (clone RA3-6B2) PE-cyanine 7, CD14 (clone Sa14-2) PE-cyanine 
7, CD4 (clone GK1.5) PE-cyanine 7, CD8 (clone 53-6.7) PE-cyanine 7, 
Ter119 (clone TER-119) PE-cyanine 7, Gr1 (clone RB6-8C5) PE-cyanine 
7, CD16/32 (clone 93) APC, cKit (clone 2B8) APC-eFluor 780, Scal (clone 
D7) Pacific Blue, CD34 (clone RAM34) FITC and IL-7Rα (clone A7R34) 
PE-cyanine 5. Cells were acquired using a Becton Dickinson LSR Fortes-
sa and analyzed by FlowJo and FCS Express.

Determining the proliferative capacity of cells. To assess cell prolifer-
ation in the joints of mice with CIA, EdU was injected into the mice at  
50 mg/kg body weight twice per week for a week before the mice were 
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secondary antibodies, and detected after incubation with a chemilu-
minescent substrate. Primary antibodies against Akt (catalog 9272), 
p-AKT Thr308 (catalog 4056), p-Akt Ser473 (catalog 4058), IκKα (cat-
alog 2682), IκKβ (catalog 8943), p-IκKα/β (catalog 2697), p65 (catalog 
4764), p-p65 (catalog 3033), C/EBPβ (catalog 3087), p-CEBPβ (catalog 
3084) were purchased from Cell Signaling Technology, and 14-3-3ε (cat-
alog sc-393177), PGRN (catalog sc-28928), and TNFR2 (catalog sc-7862) 
antibodies were purchased from Santa Cruz Biotechnology.

ELISA assay. Levels of IL-6, IL-1β, TNF-α, IL-17, and IL-10 were 
detected in sera isolated from murine models using ELISA kits in accor-
dance with the manufacturer’s instructions (Invitrogen).

Statistics. The numbers of mice used per genotype are indicated in 
figure legends. Comparisons between 2 groups were analyzed using 
2-tailed unpaired Student’s t tests. The 1-way ANOVA with Bonferroni’s 
post hoc test was used when comparing multiple groups. A value of P less 
than 0.05 was considered statistically significant.

Study approval. All animal studies were performed in accordance 
with institutional guidelines and approved by the IACUC of New York 
University School of Medicine.
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Individual quantitative RT–PCR. Total RNA was extracted from 
BMDMs with the RNeasy Mini Kit (Qiagen). cDNA was prepared using 
1 μg RNA with the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems). SYBR green–based (Applied Biosystems) quanti-
tative PCR was performed in triplicate using human and mouse primers 
to Arg1, Mgl1, Il6, Nos2, and Gapdh (Real-Time PCR System, Applied Bio-
systems). mRNA levels were normalized to Gapdh and reported as rela-
tive mRNA fold change.

Transcription factor DNA binding assays. NF-κB p65 and C/EBPβ 
DNA binding activity were measured by TransAM transcription factor 
assay kits (catalog 43296 and 44196, Active Motif). WT, 14-3-3εLysM, and 
PGRN−/− BMDMs were stimulated with 100 ng/mL LPS plus 20 ng/mL 
IFN-γ or 20 ng/mL for the indicated time, and nuclear extracts were pre-
pared in lysis buffer AM2 (Active Motif). Nuclear extracts were incubat-
ed with the immobilized consensus sequence and p65 or C/EBPβ was 
detected using specific antibodies. For competitive binding studies, func-
tional (oligo) or nonfunctional (mutant oligo) oligonucleotides were used 
according to the manufacturer’s instructions.

Biochemical copurification and mass spectrometry. To isolate the cofac-
tors of the PGRN/TNFR2 complex that mediate the intracellular signal-
ing through TNFR2, the intracellular domain (ICD) of TNFR2 was cloned 
into the PGEX-3X vector to express a fusion of GST to TNFR2ICD. GST 
(serving as a control) or GST-TNFR2ICD was affinity-purified on gluta-
thione-agarose beads and used as a bait to trap proteins from RAW264.7 
cells treated with 500 ng/mL PGRN for 30 minutes. These samples were 
then analyzed by mass spectrometry, performed by NYU Proteomics 
Laboratory. All MS/MS spectra were collected using the following instru-
ment parameters: resolution of 15,000, AGC target of 1 × 105, maximum 
ion time of 120 ms, 1 microscan, 2 m/z isolation window, fixed first mass 
of 150 m/z, and NCE of 27. MS/MS spectra were searched against a Uni-
prot Human database using Sequest within Proteome Discoverer 1.4.

Immunoprecipitation. BMDMs isolated from 14-3-3εfl/fl and 14-3-3εLysM 
mice or control and 14-3-3ε knockout Raw264.7 macrophages were treat-
ed with PGRN for 30 minutes prior to lysis in RIPA buffer containing 
protease inhibitors. Total protein (400 μg) was immunoprecipitated with 
anti-14-3-3ε antibody, the protein complexes were detected with anti-TN-
FR2 and 14-3-3ε antibodies.

Immunoblotting. IL-4– and LPS-treated macrophage cultures were 
solubilized in RIPA buffer containing protease and phosphatase inhib-
itors. Total protein (50 μg) was separated by SDS-PAGE and electrob-
lotted onto nitrocellulose membranes (Bio-Rad Laboratories) using a 
wet transfer system. Proteins were detected by incubation with 1:1000 
dilutions of primary antibodies, washed and incubated with appropriate  
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