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Abstract
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 anti-inflammatory 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 co-purification 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 myeloidspecific 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 anti-inflammatory pathway.
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Introduction

Rheumatoid arthritis (RA) is a common chronic autoimmune condition 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 opposing roles in infectious and autoimmune
diseases, inflammatory-associated cancers, and chronic metabolic diseases (5-7). Importantly,
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 characterized (9), the intracellular
regulators responsible for modulating macrophage polarization and switch are less well known.
TNFα is a pro-inflammatory cytokine that is central to the inflammatory cascade in the
pathogenesis of RA (10-12). There are two functionally distinct receptors of TNFα, TNFR1 and
TNFR2. TNFR1 primarily mediates inflammatory activity of TNFα, whereas TNFR2 plays a protective
and anti-inflammatory 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 distinct and opposing phenotype in a model of
erosive arthritis, indicating an anti-inflammatory 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 particular, 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 TNFα (22). Additionally, loss of PGRN

rendered B6 mice highly susceptible to collagen-induced arthritis (CIA), whereas administration of
recombinant PGRN prevented the onset and progression of inflammatory arthritis in both TNFα
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.
In the current study, we take advantage of PGRN’s high TNFR2 binding feature to use it as a
TNFR2 agonist to activate and delineate TNFR2 signaling. Using biochemical co-purification 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 anti-inflammatory
phenotype in macrophages in inflammatory arthritis. In sum, our work uncovers the molecular
mechanisms whereby TNFR2 signaling controls macrophage polarization and demonstrates the
potential of targeting this pathway for the treatment of inflammatory and autoimmune disease.

Results

TNFR2 modulates macrophage polarization and switch
To determine whether and how anti-inflammatory and immunoregulatory TNFR2 participated in
regulation of macrophage polarization, we first determined the effect of TNFR2 deficiency on bonemarrow-derived macrophages (BMDMs) polarized to M1 and M2 macrophages with LPS/IFNγ and IL4, 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/IFNγ stimulation. In contrast,
TNFR2 deletion significantly suppressed the M2-specific marker genes Arg1 and Mgl1 upon IL-4
stimulation (Figure 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 macrophage 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 macrophages, 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 1D, 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 to WT BMDMs (Figure 1F, G, and
Supplementary Figure 1). Furthermore, PGRN enhanced M2 and inhibited M1 polarization in WT
BMDMs, but these effects were blunted in TNFR2-/- BMDMs (Figure 1F, G). It was also noted that
PGRN deficiency resulted in phenocopy of TNFR2 deficiency associated alterations in macrophage
polarization and phenotypic switch (Supplementary Figure 2).
We also compared the effects on macrophage polarization and phenotypic switch by activation of
TNFR2 with two 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 polarization of WT
macrophages to a similar extent (Figure 1C). Moreover, 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 macrophages could
recapitulate the effects of TNFR2 deficiency in BMDMs in terms of modulating macrophage
polarization and switch (Supplementary Figure 3A-F).
Besides, TNF neutralizing antibody was used to determine whether PGRN’s anti-TNFα/TNFR1
activity contributed to its regulation on M2 polarization. Blockade of TNF activity with anti-TNF
antibody did not affect PGRN-promoted M2 macrophage polarization (Supplementary Figure 4).
Collectively, these results indicated that TNFR2 signaling was crucial for supporting an antiinflammatory phenotype in macrophages.

14-3-3ε is a component of the TNFR2 complex and required for TNFR2 signaling regulation of
macrophage polarization
The finding that the TNFR2 signaling pathway played a pivotal role in controlling 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, followed by activation of distinct
intracellular signaling pathways and downstream gene expression. To isolate such co-factor(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 seven proteins specifically

bound to TNFR2 (Figure 2A). Identification of TRAF1 and TRAF2, two known TNFR-binding
proteins, among the seven hits validated the technique. 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 proteins functioned as “adaptor” or “scaffold”
proteins for the assembly of multi-protein signaling complexes (41-44). Thus, 14-3-3ε represented 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 14-3-3εf/f mice
(45) with LysM-Cre mice (46). 14-3-3ε LysM mice were born in a Mendelian ratio and displayed no overt
phenotype. Genomic DNA prepared from tail, T cells, hepatocytes, and macrophages were analyzed by
PCR (Supplementary Figure 5). Knockout allele was only detectable in the macrophage DNA
(Supplementary 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
influenced macrophage and neutrophil differentiation and proliferation. We first analyzed bone morrow
myeloid progenitor subpopulations, including common myeloid progenitors (CMPs), bipotential
granulocyte/macrophage progenitors (GMPs), and megakaryocyte/erythrocyte (MEPs) in 14-3-3ε LysM
mice vs. controls. 14-3-3ε deficiency neither exhibited apparent effects on CMPs, GMPs and MEPs
(Supplementary Figure 6A-C), nor perturbed subsequent monocyte/macrophage and neutrophil
maturation, as evidenced by undistinguishable frequency of CD11b+F4/80+ and CD11b+Ly6G+ cells
in peripheral blood, spleen, and bone marrow (Supplementary Figure 7A-C) from that of littermate
controls. In addition, loss of 14-3-3ε in myeloid lineage did not affect the proliferation of bone marrow
derived macrophages and neutrophils in vitro (Supplementary Figure 7D, E).

We also generated 14-3-3ε knockout Raw264.7 macrophages using CRISPR-Cas9 technique
(Supplementary Figure 8A, B). Co-immunoprecipitation with the lysate from control and 14-3-3ε
knockout Raw264.7 macrophages, or 14-3-3εf/f and 14-3-3εLysM BMDMs, was performed to confirm
the interaction between TNFR2 and 14-3-3ε. As shown in Figure 2C and Supplementary Figure 8C,
TNFR2 was specifically detectable in the immunoprecipitated 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, immunofluorescence cell staining revealed that 14-3-3ε colocalized with TNFR2 in PGRN-treated Raw264.7 macrophages (Supplementary 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 macrophage, and associated with PGRN or TNFR2, BMDMs isolated from WT, TNFR2-/-, PGRN/- and 14-3-3εLysM mice were polarized to M1 or M2. Successful polarization to M1 and M2
macrophages was confirmed by induction of M1 (Il6) and M2 (Arg1) specific gene expression,
respectively (Supplementary Figure 9A, B). Using primers specifically 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 down-regulated in M1 and up-regulated in M2 macrophages,
and not affected by the deletion of either PGRN or TNFR2 (Supplementary Figure 9C-I).
Next, we sought to determine whether 14-3-3ε was important for macrophage polarization and
phenotypic switch, BMDMs isolated from 14-3-3εf/f and 14-3-3εLysM mice were first polarized to M1 or
M2 macrophages. Gene analysis showed that, as compared to 14-3-3ε f/f BMDMs, the genes typically
linked to M1 macrophages, Il6 and Nos2, were significantly up-regulated in 14-3-3ε LysM BMDMs,
whereas Arg1 and Mgl1, associated with the M2 macrophage phenotype, were markedly downregulated in 14-3-3εLysM BMDMs. Notably, the effects of TNFR2 activation on macrophage
polarization and phenotypic switch were lost in 14-3-3ε LysM BMDMs (Figure 2D-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
(Supplementary Figure 10A-D).
To further characterize the dependence of TNFR2 regulation of macrophage polarization on 14-33ε, flag-tagged 14-3-3ε was re-expressed in 14-3-3ε knockout Raw264.7 macrophages (Figure 3A).
Re-expression of 14-3-3ε in 14-3-3ε knockout Raw264.7 macrophages reversed the phenotype induced
by 14-3-3ε deficiency; more importantly, re-expression could restore TNFR2 activation-mediated
regulation of macrophage polarization and switch (Figure 3B-I). In contrast, over-expression of 14-33ε in PGRN knockout Raw264.7 failed to reverse the effects of PGRN deficiency on macrophage
regulation (Supplementary Figure 11A-E). Collectively, 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 anti-inflammation
To elucidate the in vivo role of TNFR2/14-3-3ε in general inflammation, we generated inducible
14-3-3ε global knockout mice (14-3-3ε-/-) by breeding 14-3-3ε f/f mice with Rosa26a-CreERT2 mice in
which Cre-mediated recombination was induced by tamoxifen (47), and then established collageninduced arthritis (CIA), the most widely-used inflammatory and autoimmune arthritis model, in 14-33ε-/- mice and control littermates. Deletion of 14-3-3ε resulted in more severe joint swelling and
inflammation as evidenced by significantly higher clinical score, earlier disease onset and greater
incidence of arthritis as compared to control mice (Figure 4A). Histological and quantitative analysis
of whole ankle joints demonstrated 14-3-3ε deletion significantly increased synovitis, osteoclast
activity and destruction of bone and cartilage as compared with controls (Figure 4B, C, and
Supplementary Figure 12). In contrast, injection of TNFR2 agonist PGRN resulted in markedly
decreased inflammation, delayed disease onset, reduced incidence of arthritis, and decreased bone and

cartilage destruction in 14-3-3εf/f mice with CIA (Figure 4A-C); more importantly, PGRN’s protective
effects were mostly abolished in 14-3-3ε-/- mice with CIA (Figure 4A-C).
Flow cytometry analyses of the immune cells (Supplementary Figure 13A, B) isolated from
arthritic joints indicated that neither TNFR2 activation by PGRN nor 14-3-3ε ablation altered
macrophage frequency and proliferation (Figure 4D, E). However, 14-3-3ε deletion markedly
increased mean fluorescence intensity (MFI) of iNos (Figure 4F), simultaneous with a decrease of
CD206+ (Figure 4G) cellsin CD11b+F4/80+ cells, consistent with a strong shift toward M1
macrophages as compared to 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 towards to M2 macrophages in PGRN treated 14-3-3ε
deficiency mice, and undistinguishable frequency of M1 or M2 macrophages between PBS and PGRN
treated 14-3-3ε deficient mice with CIA (Figure 4F, G). The number of neutrophils in the joints was
comparable between 14-3-3εf/f 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 significance. (Figure 4H). Neither PGRN nor 14-3-3ε deficiency affected neutrophil
proliferation in arthritic joints (Figure 4I). Consistently, immunohistochemical staining for
myeloperoxidase revealed that neutrophils presented in inflamed joints were undistinguishable between
14-3-3εf/f and 14-3-3ε-/- CIA mice and PGRN treatment exhibited mild reduction in activated
neutrophils in the arthritic joints independent of 14-3-3ε (Supplementary 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, while PGRN treatment increased M2 and inhibited M1 macrophages in a 14-3-3ε dependent
manner (Supplementary Figures 13C, 15A-C). We previously reported that PGRN could also affect T
cell subtypes in the course of inflammatory arthritis, we thus determined whether these effects also

depended on 14-3-3ε (Supplementary Figure 13B, D). In line with our previous reports that
regulation of Tregs contributed to PGRN/TNFR2’s anti-inflammation action (22, 26, 37), we found that
14-3-3ε deletion significantly reduced Treg cells in the joints and spleen compared to 14-3-3ε f/f,
whereas PGRN treatment markedly enhanced the Treg population compared with PBS treatment in 143-3εf/f mice with CIA (Figure 5A, Supplementary Figure 15D). In addition, PGRN's regulation of
Tregs was lost in 14-3-3ε-/- mice (Figure 5A, Supplementary Figure 15D). 14-3-3ε deficiency
resulted in the increase of IFNγ positive Th1 cells, while PGRN treatment led to reduction of this T cell
population, PGRN regulation of Th1 cells was also abolished in 14-3-3ε-/- mice (Figure 5B,
Supplementary Figure 15E). In contrast, 14-3-3ε deficiency did not affect Th2 and Th17 populations,
and PGRN treatment significantly enhanced Th2 and reduced Th17 cells, respectively, in both 14-33εf/f and 14-3-3ε-/- mice with CIA (Figure 5C, D, Supplementary Figure 15F, 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 pro-inflammation cytokines IL-6 and TNFα while suppressed production of antiinflammation cytokine IL-10 as compared to 14-3-3εf/f mice (Figure 5E-G). In contrast, PGRN
treatment significantly suppressed IL-6, TNFα and IL-1β (Figure 5E, F, H) and boosted IL-10
production (Figure 5G) in a 14-3-3ε dependent manner. Interestingly, PGRN also suppressed the proinflammation 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 pro-inflammatory M1
macrophages (Supplementary Figure 16A-H) (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 (Supplementary Figure 16I-L).
Collectively, these results suggested that global 14-3-3ε deletion promoted an overt pro-

inflammatory response in CIA, 14-3-3ε deletion could recapitulate the effects of PGRN deletion upon
macrophage plasticity, and 14-3-3ε was an essential player in propagation of anti-inflammatory
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 (Supplementary Figure 17). Myeloid specific 14-3-3ε
deletion resulted in more severe inflammation and earlier disease onset, exacerbated bone and cartilage
destruction relative to littermate 14-3-3εf/f controls (Figure 6A-C, Supplementary Figure 18). PGRN
was administered to activate TNFR2 signaling in 14-3-3ε LysM 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 14-3-3ε LysM mice with
CIA, although differences did not reach statistical significance. Strikingly, PGRN’s suppression of
inflammation in 14-3-3εLysM mice was largely abolished relative to littermate 14-3-3ε f/f controls (Figure
6A-C). In addition, 14-3-3εLysM mice had increased number of osteoclasts relative to their littermate
controls, whereas PGRN inhibited osteoclast number in a 14-3-3ε dependent manner (Supplementary
Figure 18C, D). To investigate whether 14-3-3ε deficiency affected osteoclastogenesis in vitro,
osteoclast differentiation was induced using BMDMs isolated from WT and 14-3-3ε LysM mice. 14-3-3ε
deficiency did not affect RANKL-induced osteoclastogenesis, but enhanced TNFα and RANKL costimulated osteoclastogenesis. Additionally, PGRN inhibited TNFα enhanced osteoclastogenesis which
relied on 14-3-3ε (Supplementary Figure 19A, B). These results suggested that increased osteoclasts
seen in 14-3-3εLysM mice with CIA might also be attributed to disturbed osteoclastogenesis, apart from

the elevated inflammation which is known to promote osteoclastogenesis (48, 49).
Flow cytometry analysis revealed that total number and proliferation of macrophage infiltrated in
inflamed joints were unchanged in 14-3-3ε LysM mice relative to littermate 14-3-3εf/f controls (Figure
6D, E). Despite unchanged macrophage accumulation and proliferation in the arthritic joints, 14-33εLysM mice exhibited higher MFI of iNos, and lower CD206+ cells in CD11b+F4/80+ cells relative to
littermate 14-3-3εf/f controls (Figure 6F, G), closely recapitulating the characteristic macrophage
phenotype of 14-3-3ε-/- mice. Again, in a similar manner as seen in 14-3-3ε-/- mice, PGRN treatment
skewed macrophages towards the M2 phenotype in 14-3-3εf/f controls while this effect was lost in 14-33εLysM mice. Additionally, both recombinant PGRN and 14-3-3ε deficiency did not exert significant
effects on number and proliferation of infiltrating neutrophils in the joints of the CIA mice (Figure 6H,
I, Supplementary 14B). As expected, myeloid specific deletion of 14-3-3ε did not affect the T cell
subtypes in the arthritic joints (Figure 7A-D). Moreover, the phenotype of immune cells in spleen
could closely recapitulate those in inflamed joints (Supplementary Figure 20A-G). Analysis of serum
cytokine levels demonstrated that IL-6 and TNFα (Figure 7E, F) were the major pro-inflammation
cytokines impacted by myeloid sourced 14-3-3ε given that all other cytokines measured (IL-1β, IL-17,
and IL-10) were comparable between 14-3-3εf/f and 14-3-3εLysM CIA mice (Figure 7G-I). PGRN’s
regulation of IL-6 and TNFα 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
independent of myeloid 14-3-3ε (Figure 7E-I). Together, these results indicated that myeloidexpressed 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 signaling in macrophages
To elucidate the molecular mechanisms by which 14-3-3ε regulated macrophage plasticity, we
performed unbiased RNA-seq on BMDMs isolated from 14-3-3εf/f and 14-3-3εLysM mice stimulated

with pro-inflammatory LPS/IFNγ or anti-inflammatory IL-4. 815 genes (396 down-regulated and 419
up-regulated) were differentially expressed (fold change > 2, FDR < 0.05) in LPS-treated 14-3-3εLysM
BMDMs compared with 14-3-3εf/f BMDMs (Figure 8A, Supplementary Table 1), and 583 genes (291
down-regulated and 292 up-regulated) were differentially expressed (fold change > 2, FDR < 0.05) in
IL-4-treated 14-3-3εLysM BMDMs compared with 14-3-3εf/f BMDMs (Figure 8B, Supplementary
Table 2). Similarly, PGRN deficiency was associated with an altered transcriptome pattern
(Supplementary Figure 21A, B). Gene set enrichment analysis (GSEA) revealed that both 14-3-3ε
deficiency and PGRN deficiency altered gene expression patterns in macrophages. Specifically, genes
associated with inflammation such as interferon gamma response, interferon alpha response, and
inflammatory response were largely upregulated in 14-3-3ε LysM and PGRN-/- BMDMs compared with
WT BMDMs (Figure 8C, Supplementary Figure 21C, 22A-C). Intriguingly, GSEA analysis indicated
that TNFα/NF-κB and PI3K/Akt/mTOR signaling pathways were impaired in both 14-3-3ε deficient
and PGRN deficient macrophages (Figure 8C, Supplementary Figure 22D, E) compared with WT
BMDMs, suggesting that TNFα signaling and PI3K signaling might be the key pathways regulated by
the TNFR2/14-3-3ε complex in macrophage polarization. In addition, it was previously reported that
PGRN activated Akt signaling and inhibited TNFα signaling in various kinds of cells (50). Further,
increasing evidence demonstrated that activation of the PI3K/Akt pathway was critical in restricting
pro-inflammatory and promoting anti-inflammatory response in macrophages (51-56). GSEA analysis,
together with these aforementioned reports, led us to examine whether PI3K/Akt/mTOR and TNFα
signaling were involved in TNFR2/14-3-3ε’s regulation of macrophage polarization. Firstly, we
examined the effect of PGRN on LPS-stimulated Akt phosphorylation and found that PGRN activated
Akt phosphorylation in macrophages (Figure 8D, E). In contrast, inhibition of PI3K or mTOR by their
specific 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 8G, H, Supplementary

Figure 23A). In brief, PI3K/Akt/mTOR signaling was important for TNFR2/14-3-3ε signaling in
regulating macrophage polarization.

TNFR2/14-3-3ε signaling inhibits NF-κB activation and stimulates C/EBPβ activation during
macrophage polarization
GSEA analysis indicated that genes associated with inflammation, such as interferon response and
inflammatory response, were largely up-regulated in 14-3-3ε deficient BMDMs compared with WT
BMDMs. To further identify the transcription factor(s) that modulated enhanced inflammation in 14-33ε deficient BMDMs, we searched for targets of these pathways using TFactS (57) and identified NFκB1 (p105) and Rela (NF-κB p65) as significantly activated transcription factors and C/EBPβ as a
significantly inhibited 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 negative regulator of NF-κB signaling, leading to inhibited M1 macrophage
response (54, 58, 59), but has also been linked to activation of transcription factor C/EBPβ, in turn
promoting M2 macrophage response (54, 60). In line with the TFactS assay and previous reports, 143-3ε deficiency inhibited IL-4-stimulated C/EBPβ phosphorylation (Figure 9B, C) and inhibited LPSinduced 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 pro-inflammatory
cytokines (61, 62), whereas C/EBPβ promoted the expression of anti-inflammatory 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 to WT macrophage (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 activator of IL-4/ C/EBPβ signaling in M2 macrophage polarization. In addition,

PGRN deficiency also led to the inhibition of LPS-stimulated Akt phosphorylation and enhancement of
LPS-stimulated phosphorylation of IκKα/β and NF-κB p65 (Supplementary Figure 23A, B), whereas
IL-4-stimulated C/EBPβ phosphorylation was inhibited (Supplementary Figure 23C, D). Further,
analogous to observations in 14-3-3ε deficient macrophages, PGRN deficiency enhanced LPSstimulated NF-κB p65 DNA binding (Supplementary Figure 23E) and suppressed IL-4-induced
C/EBPβ DNA binding activity (Supplementary Figure 23F). Collectively, these mechanistic findings
with 14-3-3ε deficient and PGRN deficient macrophages further implicated the importance of 14-3-3ε
in PGRN/TNFR2 regulation of macrophage polarization.

Discussion

Inflammatory and autoimmune arthritis is a polyarticular chronic inflammatory disease
characterized by deregulated immune response and bone erosion. Increasing evidence documents that
macrophages significantly contribute to inflammation in inflammatory 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 recognized that TNFR2 plays 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 anti-inflammatory M2 macrophages. Interestingly, in support of TNFR2
activation as a critical regulator of macrophage polarization, TY010, the specific TNFR2 agonist
antibody (38), largely recapitulated the effects of PGRN on macrophage polarization. More
importantly, using biochemical co-purification and mass spectrometry approaches, we isolated the
signaling molecule 14-3-3ε as a pivotal component of TNFR2 complexes in response to PGRN
stimulation and a key participant of PGRN/TNFR2 signaling 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 multi-protein
signaling complex [39-42].14-3-3ε deficiency in macrophages resulted in an overt pro-inflammatory
response through skewing macrophages toward M1 phenotype 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 targeting 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 reported 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 investigations.
Several labs, including ours, have shown that the anti-inflammatory activities of PGRN depended
largely on TNFR2 (22, 25, 26, 31, 67). In current study, we successfully characterized 14-3-3ε as a
component 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 macrophage polarization and
these effects depended on TNFR2 and 14-3-3ε. Strikingly, the finding that re-expression of 14-3-3ε
restored 14-3-3ε knockout cells’ response to PGRN, while its over-expression failed to reverse PGRN
deficiency’s effects on macrophage polarization, 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
plasticity following myeloid-specific deletion of 14-3-3ε, and blockade of PGRN’s anti-inflammation
action in 14-3-3ε deficient CIA mice, provided genetic evidence demonstrating that 14-3-3ε was a
crucial co-factor of TNFR2 and engaged in mediating TNFR2 signal’s anti-inflammatory phenotype.
Furthermore, our data indicated IL-6 and TNFα were two major pro-inflammatory cytokines secreted
and regulated by macrophages via the TNFR2/14-3-3ε signaling pathway; the importance of IL-6 and
TNFα in mediating pro-inflammatory 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 independent 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 macrophage-specific Cre system such as Cx3cr1-Cre
(71) can further confirm the importance of macrophage-expressed 14-3-3ε in mediating PGRN/TNFR2
signaling, which warrants further investigations. 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 findings 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 polarization, TNFR2/14-3-3ε signaling also
regulated T cell subtypes associated 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 anti-inflammatory
Tregs and Th2 cells, while reducing pro-inflammatory 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 anti-inflammatory effects were almost abolished in global 14-3-3ε knockout mice. PGRN’s
influence on T cell populations was significantly compromised in myeloid-specific 14-3-3ε knockout
mice, but did not reach the same degree of obstruction observed in the global 14-3-3ε knockout mice.
This difference 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 scenario that 14-3-3εdependent TNFR2 signaling plays an immunoregulatory and anti-inflammatory role during
inflammation. GSEA analysis also predicted that PI3K/Akt/mTOR and TNF signaling pathways may

be engaged in TNFR2/14-3-3ε regulation of macrophage polarization. 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 activity analysis, revealed that
TNFR2/14-3-3ε signaled through PI3K/Akt/mTOR to restrict NF-κB activation and simultaneously
stimulate C/EBPβ activation, thereby instructing macrophage functional plasticity to promote immune
suppression (Figure 9H).
In summary, our study identified 14-3-3ε as an important regulator of macrophage plasticity which
acted as a crucial co-factor of TNFR2 signaling. 14-3-3ε was necessary and sufficient to mediate
TNFR2’s regulation on macrophage polarization. TNFR2/14-3-3ε pathway represented a mechanism
by which macrophage balanced between pro-inflammatory and anti-inflammatory responses and served
as a promising candidate which could be targeted to regulate macrophage polarization. In addition, we
also provided proof of principle for the potential of exogenous PGRN to promote anti-inflammation
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 inflammatory and
autoimmunity, and more excitingly, may provide a rational for targeting the beneficial TNFR2
signaling pathway as a novel therapeutic approach for inflammatory arthritis and other inflammatory
and autoimmune diseases in which macrophage polarization plays key pathogenic roles.

Materials and Methods

Mice
TNFR2-/-, LysM-Cre, Rosa26a-CreERT2 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). 14-3-3εf/f mice were provided by Dr. Kazuhito 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, St. Louis, MO, USA) 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 laboratory (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 medium of starved cells by using nickel
nitrilotriacetic-agarose. The purity of recombinant PGRN was determined by SDS-PAGE.

Collagen induced arthritis (CIA) model
Ten-week-old mice were immunized via 0.1-ml intradermal injection of 100 mg chicken type II
collagen (Chondrex, Seattle, WA, USA) 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 0–4 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 day 20 after first immunization on
alternating days until euthanasia. Incidence 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 hematoxylin and eosin (H&E). H&Estained sections were scored for inflammation and bone erosion. Inflammation was scored according to
the following criteria: 0, no inflammation; 1, slight thickening of the lining layer or some infiltrating
cells in the underlying layer; 2, slight thickening of the lining layer plus some infiltrating cells in the
underlying layer; 3, thickening of the lining layer, an influx of cells in the underlying layer, and
presence of cells in the synovial space; and 4, synovium highly infiltrated with many inflammatory
cells. Cartilage damage was determined by Safranin O staining, and the extent of cartilage damage was
scored according to the following criteria: 0, no destruction; 1, minimal erosion limited to single spots;
2, slight-to-moderate erosion in a limited area; 3, more extensive erosion; and 4, 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 30min at 37oC, followed by 0.25 U/ml chondroitinase ABC (Sigma-Aldrich) and 1 U/ml
hyaluronidase (Sigma-Aldrich) for 60min at 37 oC, respectively. Then the sections were incubated with
antibodies against myeloperoxidase (1:100, PA5-16672, Invitrogen) overnight at 4 oC. Detection was
performed using the Vectastain Elite ABC kit (Vector, CA 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 (2mg/ml
collagenase D, 2mg/ml diapause II, and 1mg/ml DNase I in HBSS) for 60min at 37 oC. Antibodies used
were FITC conjugated anti-CD4 (GK1.5), APC conjugated anti-CD25 (PC61.5), eFluor 450 conjugated
anti-IL-17 (eBio17B7), PE conjugated anti-IL-4 (11B11), APC-CY TM7 conjugated IFNγ (XMG1.2),
biotin conjugated anti-Foxp3 (FJK-16s), FITC conjugated CD11b (M1/70), eFluor450 conjugated antiCD45 (30-F11), APC conjugated iNOS (CXNFT), PE conjugated anti-CD206 (MMR), PE-cyanine5
conjugated anti-CD4 (RM4-5) from eBioscience (San Diego, CA,USA); and streptavidin-conjugated
Qdot 605 from Thermo Fisher Scientific (Waltham, MA, USA). For myeloid progenitor experiments,
bone marrow cells were stained with the following antibodies for lineage markers (CE3e (145-2C11)
PE-cyanine7, B220 (RA3-6B2) PE-cyanine7, CD14 (Sa14-2) PE-cyanine7, CD4 (GK1.5) PEcyanine7, CD8 (53-6.7) PE-cyanine7, Ter119 (TER-119) PE-cyanine7, Gr1 (RB6-8C5) PE-cyanine7),
CD16/32 (93) APC, cKit (2B8) APC-eFluor780, Scal (D7) Pacific Blue, CD34 (RAM34) FITC and IL-

7Rα (A7R34) PE-cyanine5. Cells were acquired using BD LSR Fortessa and analyzed by FlowJo and
FCS Express.

Determining the proliferative capacity of cells
To assess cell proliferation in the joints of mice with CIA, EdU was injected into the mice at 50mg/kg
body weight twice per week for a week before sacrifice the mice as previously described (77). After
isolating cells from the joints, Click-iT EdU kit from Invitrogen with Alexa Fluor 488 was used to
detect the incorporated EdU as per manufacturer’s guidelines.

Determining LysM-Cre deletion efficiency in macrophages of the inflamed joints
Macrophages were purified from arthritic joins of 14-3-3εf/f 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 KO and PGRN KO Raw264.7 by CRISPR-Cas9
Knockout cells were generated in accordance with a previously published protocol (78). Briefly, 14-33ε or PGRN sgRNA was inserted into the lentiCRISPR V2 vector (Addgene, Watertown, MA, USA).
Co-transfection of CRISPR plasmid, psPAX2 and pMD2.G (Addgene) into HEK293T (ATCC) to
produce the lentivirus. Then Raw264.7 (ATCC, Gaithersburg, MD, USA) were infected with the
collected lentivirus for 18h, followed by selection with 2µg/ml puromycin (Gibco, Gaithersburg, MD,
USA) for 2 days.

Isolation of bone marrow derived macrophages (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 10ng/ml M-CSF (Biolegend, San Diego, CA, USA) over 7 days for macrophage differentiation.
Differentiated BMDMs were stimulated with 100ng/ml LPS (Sigma-Aldrich) + 20ng/ml IFNy
(Peprotech) or 20ng/ml IL-4 (Peprotech, Rocky Hill, NJ, USA) for 18h to polarize cells to M1 or M2
macrophage in the presence or absence of PGRN or TY010 (kindly provided by Dr. Denise Faustman
at Harvard Medical School, Boston, MA), respectively. For inhibitor studies, PI3K inhibitor
wortmannin (100nM, Sigma-Aldrich) or mTOR inhibitor rapamycin (100nM, Sigma-Aldrich) were
incubated with macrophages for 1h before the addition of polarizing stimuli.
Bone marrow neutrophils were isolated by the negative selection technique using an EasySep Mouse
Neutrophil Enrichment Kit (Stemcell Technologies).

Osteoclast differentiation and TRAP staining
BMDMs were obtained as described above and cultured with α-MEM supplemented with 10% fetal
bovine serum, 10ng/ml M-CSF, 50ng/ml RNAKL (R&D), 20ng/ml TNFα and 500ng/ml PGRN for 5
days. The medium was replaced every day. TRAP staining was performed and the number of TRAP
positive multi-nucleated cells (TRAP+-MNCs) containing more than three nuclei were counted using
microscopy as described (22).

RNA-seq and bioinformatics analysis
Freshly isolated mouse bone marrow cells from nine WT, nine 14-3-3ε LysM and nine PGRN−/− mice
were pooled into three replicate sets of WT, 14-3-3ε LysM and PGRN−/− cells and differentiated into
macrophages for 7 days in α-MEM supplemented with 10%FBS and 10ng/ml M-CSF. Each replicate
set of macrophages was then treated with IL4 or IFNγ /LPS. Total RNA was extracted from BMDMs
with RNeasy Mini Kit (Qiagen, Germantown, MD, USA). 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) ≤ 0.05. Genes which were
significantly up- and down-regulated in 14-3-3εLysm compared to 14-3-3εf/f and were implicated in
TNFα and PI3K/Akt/mTOR pathways were used for transcription factor enrichment analysis with
TFactS (57). All RNA-seq datasets used in this study have been deposited in the NCBI’s Gene
Expression Omnibus database (GEO GSE172119).

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, Foster
City, CA, USA). SYBR green (Applied Biosystems) based qPCR was performed in triplicate using
human and mouse primers to Arg1, Mgl1, Il6, Nos2, and Gapdh (Applied Biosystems Real-time PCR
system). mRNA levels were normalized to Gapdh and reported as relative mRNA fold change.

Transcription factor DNA Binding assays
NF-kB p65 and C/EBPβ DNA binding activity were measured by TransAM transcription factor assay
kits (43296 and 44196, Active Motif, Carlsbad, CA, USA). WT, 14-3-3ε LysM and PGRN−/− BMDMs
were stimulated with 100 ng/ml LPS + 20 ng/ml IFNγ or 20 ng/ml for the indicated time, and nuclear
extracts were prepared in lysis buffer AM2 (Active Motif). Nuclear extracts were incubated with the
immobilized consensus sequence and p65 or C/EBPβ was detected using specific antibodies. For
competitive binding studies, functional (oligo) or nonfunctional (mutant oligo) oligonucleotides were
used according to the manufacturer’s instructions.

Biochemical co-purification and mass spectrometry
To isolate the co-factors of the PGRN/TNFR2 complex that mediate the intracellular signaling 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
glutathione-agarose beads and used as a bait to trap proteins from RAW264.7 cells treated with
500ng/ml PGRN for 30min. These samples were then analyzed by mass spectrometry, performed by
NYU Proteomics Laboratory. All MS/MS spectra were collected using the following instrument
parameters: resolution of 15,000, AGC target of 1e5, maximum ion time of 120 ms, one microscan, 2
m/z isolation window, fixed first mass of 150 m/z, and NCE of 27. MS/MS spectra were searched
against a Uniprot Human database using Sequest within Proteome Discoverer 1.4.

Immunoprecipitation
BMDMs isolated from 14-3-3εf/f and 14-3-3εLysM mice or control and 14-3-3ε KO Raw264.7
macrophages were treated with PGRN for 30min prior to lysis in RIPA buffer containing protease
inhibitors. 400µg of total protein were immunoprecipitated with anti-14-3-3ε antibody, the protein
complexes were detected with anti-TNFR2 and 14-3-3ε antibodies.

Immunoblotting
IL-4 and LPS treated macrophage cultures were solubilized in RIPA buffer containing protease and
phosphatase inhibitors. 50 µg of total protein was separated by SDS-PAGE and electroblotted onto NC
membranes (Bio-Rad Laboratories, Hercules, CA, USA) using a wet transfer system. Proteins were
detected by incubation with 1:1,000 dilutions of primary antibodies, washed and incubated with
appropriate secondary antibodies and detected after incubation with a chemiluminescent substrate.
Primary antibodies against Akt (9272), p-AKT Thr308 (4056), p-Akt Ser473 (4058), IκKα (2682),
IκKβ (8943), p-IκKα/β (2697), p65 (4764), p-p65 (3033), C/EBPβ (3087), p-CEBPβ (3084) were
purchased from Cell Signaling Technology, and 14-3-3ε (sc-393177), PGRN (sc-28928) and TNFR2
(sc-7862) antibodies were purchased from Santa Cruz Biotechnology.

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

Statistical analyses
The numbers of mice used per genotype are indicated in figure legends. Comparisons between two
groups were analyzed using 2-tailed unpaired Student’s t-tests. One-way ANOVA with post hoc
Bonferroni test was used when comparing multiple groups. A value of P < 0.05 was considered
statistically significant.
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Fig.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/IFNγ in the presence or absence of 0.5µg/ml PGRN or 2.5 µg/ml TY010 for
18h. (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 0.5µg/ml PGRN or
2.5 µg/ml TY010 for 18h. (D, E) BMDMs from WT and TNFR2-/- were polarized to M2 (IL-4) or M1 (LPS/IFNγ) for 18 hours. Media were removed and
M2 macrophages were treated with M1 stimuli (LPS/IFNγ) while M1 macrophages were treated with M2 stimuli (IL-4) with or without of 0.5µg/ml PGRN
or 2.5 µg/ml TY010for an additional 18h. 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, 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 one-way ANOVA with post hoc Bonferroni test; *P <
0.05 or **P < 0.01.

Fig. 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 14-3-3εf/f or 14-3-3εLysM BMDMs with
14-3-3ε antibody and detection of TNFR2 and 14-3-3ε by immunoblotting. Results shown are representative of 3 biological replicates. (D-G) 14-3-3εf/f and
14-3-3εLysM BMDMs were polarized to M1 (LPS/IFNγ) or M2 (IL-4) with or without 0.5µg/ml PGRN for 18h, qPCR was performed to measure the
expression of Il6 (D), Nos2 (E), Arg1(F) and Mgl1 (G). (H-K) 14-3-3εf/f and 14-3-3εLysM BMDMs were polarized to M2 (IL-4) or M1 (LPS/IFNγ) for 18
hours, then M2 macrophages were treated with M1 stimuli (LPS/IFNγ) while M1 macrophages were treated with M2 stimuli (IL-4) for an additional 18h.
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) were
measured in M1 macrophages polarized to M2. D-K, data are mean ± SD; n = 4 biological replicates; significant difference was analyzed by one-way
ANOVA with post hoc Bonferroni test; **P < 0.01.

Fig. 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 re-expression of 14-3-3ε
which were polarized to M1 or M2 with or without 0.5µg/ml PGRN for 18h. (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 re-expression of 14-3-3ε which were polarized from M2 to M1 or M1 to M2 with or without 0.5µg/ml PGRN for 18h,
respectively. B-I, data are mean ± SD; n = 4 biological replicates; significant difference was analyzed by one-way ANOVA with post hoc Bonferroni test;
**P < 0.01. Vc, empty vector; Flag-14-3-3ε, pCMV-Flag-14-3-3ε plasmid.

Fig. 4 Global knockout of 14-3-3ε renders B6 mice highly susceptible to collagen-induced arthritis (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 one-way ANOVA with
post hoc Bonferroni test. * P < 0.05 or * * P < 0.01. (B, 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. C-I, data are mean ± SD; significant difference was analyzed by one-way ANOVA with post hoc Bonferroni test.

Fig. 5 14-3-3ε is implicated in mediating PGRN’s regulations 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), TNFα (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 one-way ANOVA with post hoc Bonferroni test.

Fig. 6 Myeloid-specific deletion of 14-3-3ε worsens inflammation in collagen-induced arthritis (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 one-way ANOVA with post
hoc Bonferroni test. * P < 0.05 or * * P < 0.01. (B, 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 mean fluorescence intensity (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. C-I, data are mean ± SD; significant difference was analyzed by one-way ANOVA with post hoc Bonferroni test.

Fig. 7 14-3-3ε deficiency in myeloid lineage is implicated in PGRN regulation of serum levels of 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), TNFα (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 one-way ANOVA with post hoc Bonferroni test.

Fig. 8 PI3K/Akt/mTOR pathway is involved in 14-3-3ε regulation of macrophage polarization. (A, B) Volcano plots of differentially expressed
transcripts in LPS/IFN-γ (A) or IL-4 (B) polarized 14-3-3εf/f and 14-3-3εLysM macrophages obtained by RNA sequencing. n = 3 biological replicates. Linear
models with empirical Bayes statistic (Limma) were used for differential expression. Genes in red or blue are up-regulated or down-regulated respectively
in 14-3-3εLysM as compared to 14-3-3εf/f macrophage with Benjamini–Hochberg adjusted P < 0.05. (C) Gene Set Enrichment Analysis (GSEA) analysis
using hallmark gene sets from the Molecular Signature Database. The statistically significant signatures were filtered by gene sets with false discovery
rates (FDR) < 0.25. Red bars represented the pathways up-regulated in the 14-3-3εLysM macrophages and blue bars indicated those enriched in 14-3-3εf/f
macrophage. (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 14-3-3εf/f 14-3-3εLysM BMDMs stimulated with LPS.
GAPDH was used as the loading control. (H) Densitometry analysis of immunoblotting results shown in (g). D-H, data are mean ± SD; n = 4 biological
replicates; significant difference was analyzed by one-way ANOVA with post hoc.

Fig. 9 14-3-3ε signals through NF-κB and C/EBPβ during macrophage polarization. (A) Transcription factors predicted to be activated or inhibited
and are implicated in the differential regulation of inflammation in 14-3-3εLysM compared with 14-3-3εf/f BMDMs by TFactS analysis. (B) Immunoblot
analysis of selected signaling molecules in IL-4 stimulated 14-3-3εf/f and 14-3-3εLysM macrophages. (C) Densitometry analysis of immunoblotting results
shown in (B). (D) Immunoblot analysis of selected signaling molecules in LPS stimulated 14-3-3εf/f and 14-3-3εLysM macrophages. (E) Densitometry analysis of immunoblotting results shown in (D). (F, G) NF-kB (F) and C/EBPβ (G) DNA binding activity in LPS and IL-4 stimulated 14-3-3εf/f and 14-33εLysM macrophages. For competitive binding studies, functional (oligo) or nonfunctional (mutant oligo) oligonucleotides were used according to the manufacturer’s instructions. C, E, F and G, data are mean ± SD; n = 4 biological replicates; significant difference was analyzed by unpaired Student’s t-test (C,
E) or one-way ANOVA with post hoc Bonferroni test (F, G); *P < 0.05 or **P < 0.01. (H) A proposed model depicting the signaling pathways by which
PGRN/14-3-3ε/TNFR2 exerts anti-inflammation effects through regulating macrophage polarization.

