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Abstract
Background and Objectives
Progranulin (PGRN) is an important immune regulatory molecule in several immune-
mediated diseases. The objective of this study is to investigate the role of PGRN in uveitis and
its counterpart, experimental autoimmune uveitis (EAU), and experimental autoimmune en-
cephalomyelitis (EAE).

Methods
Serum PGRN levels in patients with Behcet disease (BD) or Vogt-Koyanagi-Harada (VKH)
disease and normal controls were measured by ELISA. EAE and EAU were induced in B10RIII,
wild-type, and PGRN−/− mice to evaluate the effect of PGRN on the development of these 2
immune-mediated disease models. The local and systemic immunologic alterations were
detected by ELISA, flow cytometry, and real-time PCR. RNA sequencing was performed to
identify the hub genes and key signaling pathway.

Results
A significantly decreased PGRN expression was observed in patients with active BD and active
VKH. Recombinant PGRN significantly reduced EAU severity in association with a decreased
frequency of Th17 and Th1 cells. PGRN−/− mice developed an exacerbated EAU and EAE in
association with strikingly increased frequency of Th1 and Th17 cells and reduced frequency of
regulatory T (Treg) cells. In vitro studies revealed that rPGRN could inhibit IRBP161–180-
specific Th1 and Th17 cell response and promote Treg cell expansion. It promoted non–
antigen-specific Treg cell polarization from naive CD4+ T cells in association with increased
STAT5 phosphorylation. Using RAN sequencing, we identified 5 shared hub genes including
Tnf, Il6, Il1b, Cxcl2, and Ccl2 and the most significantly enriched MAPK and tumor necrosis
factor signaling pathway in PGRN−/− EAU mice. The aggravated EAE activity in PGRN−/−

mice was associated with a skew from M2 to M1 macrophages.

Discussion
Our results collectively reveal an important protective role of PGRN in EAU and EAE. These
studies suggest that PGRN could serve as an immunoregulatory target in the study of pre-
vention and treatment for the Th1/Th17-mediated diseases.
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It has been reported that up to 25% of cases of legal blind-
ness in the developing world were implicated with uveitis.1,2

The characteristics of uveitis include blood-ocular barrier
disruption and inflammatory effector T-cell recruitment
from peripheral lymphoid tissues into the retina.3 The
mechanisms underlying this disease have not been fully
elucidated. Accumulating evidence demonstrates that in-
terferon (IFN)-γ–producing T helper (Th1) and interleukin
(IL)-17–producing (Th17) cells exert a critical role in au-
toimmune uveitis.4,5 In addition, our previous studies have
found a decreased CD4+CD25+Foxp3+regulatory T (Treg)
cells contributed to the development of Vogt-Koyanagi-
Harada (VKH) disease.6 All these results suggest that dis-
turbed balance between inflammatory and Treg cells may
underlie the pathogenesis of autoimmune uveitis. Experi-
mental autoimmune uveitis (EAU) shares clinical and im-
munopathologic features with human uveitis.7 Numerous
studies on EAU have focused on seeking out targets that can
be used to inhibit autoreactive Th1 and Th17 cells or pro-
mote Treg cell immune response for the treatment of au-
toimmune uveitis.

Multiple sclerosis (MS) is a chronic and recurrent inflammatory
disease of the CNS, largely similar to uveitis clinically. It is
characterized by the neurodegeneration and demyelination.8

Experimental autoimmune encephalomyelitis (EAE) has long
been used as a model for studying the pathogenesis of MS.
Similarly, Th1 and Th17 are also known to be implicated in the
development ofMS and EAE.Macrophages play a crucial role in
EAE and have 2 polarized subpopulations: proinflammatoryM1
macrophages induced by IFN-γ and immunomodulatory
M2 macrophages induced by IL-4. A predominant skew of M1
macrophages has been observed in EAE,9 and the pathways or
factors that could skew balance toward M2 macrophages have
been proven to control the autoimmune inflammation by
inhibiting pathogenic CD4+ T cells.10

Progranulin (PGRN) is abundantly expressed in immune
cells, neurons, epithelial cells, and chondrocytes.11 PGRN
plays a crucial role in several physiologic and pathologic
processes including wound healing, neurodegeneration, tu-
morigenesis, and infection.12-14 Recently, PGRN has been
reported to have anti-inflammatory functions. Studies on
collagen-induced arthritis revealed a higher susceptibility and
server inflammatory activity in PGRN−/− mice.14 However,

the study with lupus nephritis have showed that PGRN could
significantly exacerbate the disease activity.15 Collectively,
these findings suggest that PGRN may exert different roles in
different physiopathologic conditions. However, the role of
PGRN in the autoimmune uveitis is still unknown. In-
flammation involving small vessels is a typical feature of
Behcet disease (BD). Involvement of retinal blood vessels, as
evidenced by vascular leakages on fluorescein fundus angi-
ography, may also be observed in VKH disease.16 EAU has
long been used as a model in the study of the mechanisms
implicated in both diseases. EAU and EAE have some features
in common, such as induction with specific antigen, over-
activation of Th17 and/or Th1 cells, and decreased Treg
cells.17 In addition, both BD and VKH diseases may cause
inflammation in the CNS. In this study, we investigated the
effect of PGRN on both autoimmune-driven inflammatory
disease models and possible mechanisms involved in them.

Methods
Details of all methods are provided in eMethods (links.lww.
com/NXI/A687).

Standard Protocol Approvals, Registrations,
and Patient Consents
All the patients fulfilled the international criteria for the di-
agnosis of BD18 and VKH,19,20 respectively. All the patients
signed the informed consent forms, and this study adhered to
the tenets of Declaration of Helsinki and was approved by the
Ethical Research Committee of The First Affiliated Hospital
of Chongqing Medical University.

All mice were treated in strict adherence with the Institutional
Animal Care and Use Committee’s guidelines at the
Chongqing Medical University. In this study, the ARRIVE
reporting guidelines were used.21

Statistical Analysis
All data were expressed as mean ± SEM. Statistical calcula-
tions of the cell frequency, cytokine expression, and clinical
and histologic analysis were performed with the unpaired
Student t test or Mann-Whitney test (2 tailed). The difference
of serum PGRN in normal controls and patients was per-
formed with independent-samples t test. The differences were
considered statistically significant at p < 0.05.

Glossary
Arg-1 = arginase 1; BD = Behcet disease; DEGs = differentially expressed genes; EAE = experimental autoimmune
encephalomyelitis; EAU = experimental autoimmune uveitis; ERK = extracellular signal-regulated kinase;GO = gene ontology;
GSEA = gene set enrichment analysis; IFN = interferon; IL = interleukin; iNOS = inducible nitric oxide synthase; JNK = Jun N-
terminal kinase; KEGG = Kyoto Encyclopedia of Genes and Genomes; MAPK = mitogen-activated protein kinase; MCP =
monocyte chemoattractant protein; mRNA = messenger RNA; MS = multiple sclerosis; PGRN = progranulin; RNA-seq =
RNA sequencing; RT-PCR = real-time PCR; Th = T helper; TNF = tumor necrosis factor; Treg = regulatory T; VKH = Vogt-
Koyanagi-Harada; WT = wild type.
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Data Availability
Data not shown in this article because of space limitations can
be shared if requested by other investigators for purposes of
replicating procedures and results.

Results
Expression of PGRN Is Decreased in Both aBD
and aVKH
The serum level of PGRN in patients with aBD/aVKH and
normal controls was assessed using ELISA, and the results
showed a decreased expression of PGRN in the serum from
aBD or aVKH compared with normal controls (Figure 1, A
and B). A similar result was also observed in the gene ex-
pression of PGRN in peripheral blood mononuclear cells
(Figure 1, C and D) and monocyte-derived DCs (eFigure 1,
links.lww.com/NXI/A687) from patients and controls.

Recombinant PGRN Ameliorates EAU and
Inhibits Th1 and Th17 Effector Responses
In Vivo
To investigate the function of PGRN in vivo, we examined the
expression of PGRN in the isolated retina tissues from the
EAU mice. Our results showed that there was a substantial
increase of the PGRN gene expression in the retina on day 14
and a rapid decrease on day 21(Figure 2A). This upregulated
PGRN gene expression may be responsible for the rapid re-
gression of EAU as seen on day 21.22

We induced EAU in B10RIII mice with or without adminis-
tration of recombinant PGRN. The results showed that
PGRN-treatedmice showed a significantly lower clinical score
and reduced vasculitis and cell infiltration in the retina com-
pared with the phosphate-buffered saline–treated mice
(Figure 2B and eFigure 2A, links.lww.com/NXI/A687). To
investigate the mechanisms involved in the protective role of
PGRN in EAU, splenocytes were harvested on day 13 for the
detection of Th1, Th17, and Treg frequency and detection of
cytokines. The results showed a significantly decreased fre-
quency of IL-17A+CD4+ T cells and IFN-γ+CD4+ T cells in
the spleen from PGRN-treated EAU mice. Consistently, a
decreased messenger RNA (mRNA) level of IFN-γ and IL-17
was found in the spleen from PGRN-treated EAU mice.
However, there were no differences concerning the frequency
of CD4+CD25+Foxp3+ T cells or the mRNA level of IL-10
and FoxP3 in the spleen between these 2 groups (Figure 2, C
and D and eFigure 2B). In addition, we found a markedly
decreased mRNA expression of IL-1β, monocyte
chemoattractant protein (MCP)-1 IL-6, tumor necrosis fac-
tor (TNF)-α, IFN-γ, and IL-17 in the retina from PGRN-
treated EAU mice (eFigure 2C).

PGRN2/2 Mice Develop Exacerbated EAU
To further identify the role of PGRN in EAU, wild-type (WT)
and PGRN−/− mice of C57BL/6 background were used for
induction of this model. The results showed that PGRN−/−

mice developed more severe EAU compared with WT mice
(Figure 3A). In addition, histologic analysis showed a more

Figure 1 Expression of PGRN in Patients With aBD and aVKH

(A-B) PGRN levels were detected by ELISA in se-
rum collected from patients and normal con-
trols (A: 34 aBD patients VS 31 normal controls,
B: 37 aVKHpatients VS 34 normal controls). (C-D)
PGRN mRNA expression was measured by RT-
PCR in PBMCs from patients and normal con-
trols. (C: 22 aBD patients VS 20 normal controls,
D: 17 aVKHpatients VS 18 normal controls). Data
are expressed as mean ± SEM, and dots repre-
sent individual participants. Mann-Whitney U
tests or independent t tests were used for sta-
tistical analyses. BD = Behcet disease; mRNA =
messenger RNA; PGRN = progranulin; RT-PCR =
real-time PCR; VKH = Vogt-Koyanagi-Harada.
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severe vasculitis and inflammatory cell infiltration within the
eye from PGRN−/− mice (Figure 3B and eFigure 3A, links.
lww.com/NXI/A687).

A further experiment was designed to detect the mechanisms
underlying the effect of the deficiency of PGRN on EAU. The
results showed a significantly higher frequency of IL-17A+CD4+

T cells and IFN-γ+CD4+ T cells and lower frequency of
CD4+CD25+Foxp3+ T cells in the spleen from PGRN−/− EAU
mice compared withWTEAUmice (Figure 3C and eFigure 3B,
links.lww.com/NXI/A687). Consistently, real-time PCR (RT-
PCR) analysis showed a higher mRNA expression of IFN-γ and
IL-17 and a decreased mRNA levels of IL-10 and Foxp3 in the
spleen from PGRN−/− EAUmice (Figure 3D). Furthermore, we
found significantly higher levels of IFN-γ and IL-17 and lower
levels of IL-10 in the retina of PGRN−/− mice compared with
WT mice (eFigure 3C).

Recombinant PGRN Inhibits Antigen-Specific
Th1/Th17 and Promotes Antigen-Specific Treg
Cell Expansion and Non–Antigen-Specific Treg
Cell Differentiation In Vitro
The aforementioned results showed that the deficiency of
PGRN could lead to a higher frequency of Th1/Th17 cells
and a lower frequency of Treg cell in EAU. A further exper-
iment was designed to examine whether rPGRN specifically
regulated IRBP peptide–induced immune response. Spleen
cells from EAU mice of C57BL/6 background were stimu-
lated with IRBP651–670 peptide in the presence or absence of
rPGRN. The results showed that the administration of
rPGRN could directly inhibit the frequency of IL-17A+CD4+

T cells and IFN-γ+CD4+ T cells in association with upregu-
lation of CD4+Foxp3+ T cells in vitro (Figure 4, A and B).

To examine the effect of PGRN on T-cell differentiation,
naive CD4+ T cells from the spleen of normal C57BL/6 mice
were cultured under Th1, Th17, or Treg cell polarization
conditions in the presence or absence PGRN. The results
showed that PGRN could induce CD4+Foxp3+ T-cell differ-
entiation, but did not have any influence on Th1 and Th17
cell differentiation (Figure 4, C and D). In view of the critical
role of STAT signaling activity in the differentiation of dif-
ferent Th cell subsets, we assessed the signaling activity of
STAT in the Th cell differentiation. The results showed that
naive CD4+ T cells under Treg polarization condition and in
the presence of PGRN had an increased STAT5 phosphor-
ylation (eFigure 4, links.lww.com/NXI/A687).

Identification of Hub Genes and Pathways
Involved in the ExacerbatedUveitis in PGRN2/2

Mice by RNA Sequencing
We investigated the key genes and pathways involved in the
exacerbated EAU in PGRN−/− mice using RNA sequencing
(RNA-seq). The principal component analysis showed a
significantly different gene expression profiles between
PGRN−/− EAU and WT EAU (eFigure 5, A and B, links.lww.
com/NXI/A687). A total of 226 differentially expressed genes
(DEGs) in the spleen and 160 DEGs in the retina were
identified from PGRN−/− EAUmice compared withWTEAU
(eFigure 5, C and D). The volcano plots of DEG in the spleen
and retina between the 2 groups are illustrated in Figure 5A. A
total of 13 DEGs were shared in the spleen and retina

Figure 2 PGRN Attenuates EAU and Inhibits Th1 and Th17 Immune Response

(A) Quantitative RT-PCR analysis of PGRN ex-
pression in the retinal tissues from EAU mice at
different time points after immunization. (B)
B10RIII mice were immunized for EAU and
injected intraperitoneally with rPGRN or PBS
every other day from days 7–13 post-
immunization. Quantification of clinical score of
2 EAU groups from day 7 to day 13 after im-
munization was shown. (C) Quantification of
intracellular expression of IL-17, IFN-γ, and
CD25+Foxp3+ by CD4+ T cells (Th1, Th17, and
Treg, respectively) in the spleen from the 2
groups. (D) Quantitative RT-PCR analysis of IFN-
γ, IL-17, IL-10, and foxp3 in the splenocytes from
PGRN- or PBS-treated mice after immunization
on day 13. Data are shown asmean ± SEM from
2 to 3 independent experiments with total of 10
mice per group. *p < 0.05, **p < 0.01, ***p <
0.001, and NS, not significant. EAU = experi-
mental autoimmune uveitis; IL = interleukin; IFN
= interferon; PBS = phosphate-buffered saline;
PGRN = progranulin; RT-PCR = real-time PCR; Th
= T helper; Treg = regulatory T.
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(Figure 5B), which were Lcn2, Chil1, Tnf, Rac2, Hp, Cd14,
Steap4, Il6, Cxcl2, F10, Ccl2, Il1b, and S100a8, respectively.

We conducted gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis for DEGs using
DAVID online software. GO enrichment analysis showed that
the enriched GO terms both in the spleen and in the retina
were mostly involved in inflammatory response, immune re-
sponse, and signaling pathway transduction (eFigure 6, links.
lww.com/NXI/A687). KEGG enrichment pathway analysis
showed that the DEGs were mostly enriched in mitogen-
activated protein kinase (MAPK) signaling pathway and TNF
signaling pathway in the spleen and mostly involved in
cytokine-cytokine receptor interaction pathway and TNF
signaling pathway in the retina (eFigure 7).

We further performed gene set enrichment analysis (GSEA)
to identify meaningful signaling pathway. The GSEA results
showed a 5 top-ranked enriched upregulated and 3 top-
ranked enriched downregulated gene sets in the spleen as
well as the top 5 enriched upregulated and the top 5
enriched downregulated gene sets in the retina (Figure 5, C
and D). Collectively, both KEGG analysis and GSEA
showed that MAPK signaling pathway and cytokine and
cytokine receptor interaction pathway were the most sig-
nificantly enriched pathway in the spleen and retina, re-
spectively. Importantly, the shared most significantly
enriched pathway in both the spleen and the retina was TNF
signaling pathway.

To identify the hub gene in the process of the exacerbation
of uveitis in PGRN−/− mice, the PPI network for DEGs in

the spleen and retina was constructed using STRING data-
base (eFigure 8, A and C, links.lww.com/NXI/A687). Hub
genes were then screened and identified by Cytoscape
MCODE. The results showed that 24 hub genes in the
spleen and 23 hub genes in the retina were identified
(eFigure 8, B and D). Five overlapping hub genes including
Tnf, Il6, Il1b, Cxcl2, and Ccl2 were all upregulated in both the
spleen and the retina (eFigure 8E). The 5 overlapping hub
genes in both the spleen and the retina were all validated by
RT-PCR, showing an increased expression in both the
spleen and the retina from PGRN−/− EAU mice (eFigure 9,
A and B).

To verify the changes of MAPK signaling pathway in the
spleen between PGRN−/− EAU mice and WT EAU groups,
phosphorylation levels of MAPK p38, Jun N-terminal
kinase (JNK), and extracellular signal-regulated kinase1/2
(ERK1/2) were assessed by flow cytometry. The results
showed increased phosphorylation levels of p38 and JNK,
but not ERK1/2, in the spleen from PGRN−/− EAU mice
compared with WT EAU mice (eFigure 9C, links.lww.com/
NXI/A687).

PGRN2/2 Mice Develop Exacerbated EAE
The aforementioned results showed a protective role of
PGRN in EAU. A further study was designed to investigate
whether it had a similar effect on EAE. The results showed
that PGRN−/− EAE mice exhibited significantly severer in-
flammatory activity and a smaller body weight compared with
WT EAE mice (Figure 6, A and B). Histopathologic analysis
showed that the infiltration of inflammatory cells and de-
myelination were more severe in the brain from PGRN−/−

Figure 3 PGRN−/− Mice Develop Exacerbated EAU

WT and PGRN−/− mice of C57BL/6 background
were induced for EAU. (A) Quantification of
clinical score of the 2 groups from day 7 to day
13. (B) Pathologic scores of the 2 EAU groups on
day 13. (C) Detection of intracellular expression
of IL-17, IFN-γ, and Foxp3 by CD4+ T cells in
spleen by flow cytometry. (D) Quantitative RT-
PCR analysis of IFN-γ, IL-17, IL-10, and foxp3 in
the splenocytes. Data are shown asmean ± SEM
from 2 to 3 independent experiments with a
total of 10 mice per group. *p < 0.05, **p < 0.01,
and ***p < 0.001. EAU = experimental autoim-
mune uveitis; IL = interleukin; IFN = interferon;
PGRN = progranulin; RT-PCR = real-time PCR; Th
= T helper; WT = wild type.
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EAE mice (Figure 6C and eFigure 10A, links.lww.com/NXI/
A687). We investigated whether the aggravated activity in
PGRN−/− EAE mice correlated with the imbalanced regula-
tion of Th1/Th17 and Treg cell response. The results showed
that PGRN−/− EAE mice exhibited a significantly higher fre-
quency of CD4+ T cells (eFigure 10B), IL-17A+CD4+ T cells,
and IFN-γ+CD4+ T cells and lower frequency of
CD4+Foxp3+ T cells in the CNS and spleen compared with
WT EAE mice, respectively (Figure 6D and eFigure 10C).
Consistent with the flow cytometric result, RT-PCR analysis
showed an increased mRNA level of the proinflammatory
cytokines including MCP-1, TNFα, IL-1β, and IL-6 and a
decreased mRNA expression of anti-inflammatory cytokines
such as TGF-β and IL-10 in the spinal cord from PGRN−/−

EAE mice (eFigure 10D).

PGRN Skews the Balance of Macrophage
Polarization From M1 to M2 in EAE
A further study was designed to detect whether PGRN de-
ficiency in EAE could lead to the imbalance of macrophage
subtype. We investigated the frequency of M1 and M2 mac-
rophages in the CNS and spleen from PGRN−/− EAE mice in
vivo. The results showed that PGRN−/− EAE mice had an
increased frequency of CD11b+ F4/80+ macrophages in the
CNS and spleen compared with WT EAE mice (Figure 7A).
PGRN−/− EAE mice showed an upregulated level of M1
surface molecules including MHC-II and CD86, and a
downregulated expression of M2 surface molecule CD206 on
the CD11b+F4/80+ macrophages from the CNS and spleen,
respectively. An increased expression of CD40 was only found
in the CNS but not in the spleen from PGRN−/− EAE mice

Figure 4 Recombinant PGRN Inhibits IRBP-Reactive Th1 and Th17 Cell Expansion and Promotes IRBP-Reactive Treg Cell
Expansion

(A and B) Spleen cells from EAU mice were stimulated with IRBP651–670 in the presence or absence of rPGRN for 72 hours and then assessed for
intracellular expression of IFN-γ, IL-17, and Foxp3 by CD4+ T cells by flow cytometry (n = 8). (A) Representative flow cytometry dot plots. (B) Histograms
of IFN-γ, IL-17, and Foxp3 by CD4+ T cells (Th1, Th17, and Treg, respectively). (C and D) Naive CD4+ T cells from spleen cells of normal C57BL/6mice were
stimulated with Th1, Th17, and Treg cell polarization conditions in the presence or absence PGRN for 72 hours and then assessed for intracellular
expression of IFN-γ, IL-17, and Foxp3 by CD4+ T cells by flow cytometry (n = 8). (C) Representative flow cytometry dot plots of the 2 groups. (D)
Histograms of Th1, Th17, and Treg of the 2 groups. Data are shown as mean ± SEM from 2 independent experiments. *p < 0.05, **p < 0.01, and NS,
not significant. EAU = experimental autoimmune uveitis; IL = interleukin; IFN = interferon; PGRN = progranulin; RT-PCR = real-time PCR; Th = T helper;
Treg = regulatory T.
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(Figure 7, B and C). We further investigated whether PGRN
could directly regulate the polarization of macrophages in
vitro. Inducible nitric oxide synthase (iNOS) and arginase 1

(Arg-1), 2 important enzymes of arginine metabolism path-
way, were used in the evaluation of M1 and M2 macrophage
levels.23 The results showed that PGRN inhibited the mRNA

Figure 5 DEG Screening and GSEA Analysis

(A) Volcano plots showed DEGs in the spleen and retina between the PGRN−/− EAU group (knockout (KO) n = 4) and the WT EAU group (WT n = 4). The red dots
represent upregulated DEGs, whereas the blue dots represent the downregulated DEGs. Nonchanged genes are shown in gray color. (B) Venn diagram showed
the shared 13DEGs both in the spleen and in the retina. (C andD) The bar graphs showednormalized enrichment scores of GSEA onKEGGgene sets for RNA-seq
analysis in the (C) spleen and (D) retina betweenWT and PGRN−/− EAU group. The figure presented the top 5 of significant gene sets (FDR <0.05). Upregulated and
downregulated genesets arehighlighted in red andblue, respectively. In the spleen, therewereonly3downregulatedgenesets. Upper left of the figure shows the
enrichment plot of MAPK signaling pathway and cytokine-cytokine receptor interaction gene sets, respectively. DEG = differentially expressed genes; EAU =
experimental autoimmune uveitis; FDR = false discovery rate; GSEA = gene set enrichment analysis; PGRN = progranulin; WT = wild type.
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expression of iNOS on M1 polarizing conditions and pro-
moted the mRNA expression of Arg-1 on M2 polarizing
conditions (Figure 7D).

Discussion
Previous studies have shown that PGRN has different roles
in various autoimmune disease models. In this study, we
demonstrate its protective effect on Th1- and Th17-
mediated inflammatory diseases from the following areas.
First, we revealed a decreased expression of PGRN in pa-
tients with active VKH and active BD. Second, we found an
increased expression of PGRN during EAU, suggesting a
possible inhibitory effect for this model. Third, experiments
with PGRN administration or PGRN−/−mice showed that it
could significantly inhibit EAU severity and regulate the
differentiation of Th1, Th17, and Treg cells in vivo and in
vitro. Fourth, RAN sequencing and bioinformatic analysis
revealed that 5 shared upregulated hub genes and the most
significantly enriched MAPK and TNF signaling pathway
were involved in the exacerbation of EAU in PGRN−/−mice.
Finally, using EAE, an important model for MS, we dem-
onstrated that PGRN could also significantly inhibit in-
flammatory activity in association with downregulation of
Th1 and Th17 cell response and upregulation of Treg cell
response in the spleen and CNS. Of interest, we also found a
substantial effect of PGRN on the skew from M1 to M2
polarization. Collectively, our study revealed an important
negative effect of PGRN on Th1/Th17-mediated uveitis and
autoimmune neuroinflammation.

PGRN has been known as a critical molecule in the regulation
of autoimmune response. In this study, we first investigated
whether there was an abnormal expression of PGRN in pa-
tients with uveitis. We detected PGRN expression in patients

with active BD or VKH and found its downregulation in both
diseases. These results suggest that PGRN could be poten-
tially involved in these 2 diseases. However, our results are
contrary to those described in previous reports showing an
elevated expression of PGRN in the inflammatory disorders,
such as systemic lupus erythematosus, rheumatoid arthritis,
and inflammatory bowel disease.24-26 This discrepancy con-
cerning the expression of PGRN may be owning to the dif-
ference of disease type, inflammatory activity state, and
medication used when sampling.

In view of the decreased expression of PGRN in human non-
infectious uveitis, we then dynamically evaluated the expression
and the effect of PGRN in EAU mice. The results showed that
the expression of PGRN in the retina was significantly corre-
lated with the severity of EAU. This result suggests that a
feedback inhibitory mechanism is initiated during EAU and
eventually leads to resolution of the inflammation. Our study
with administration and deficiency of PGRN revealed a pro-
tective effect of this molecule on EAU. These results are in line
with previous reports that also showed its immune regulatory
effect on autoimmune mouse models such as dextran sulfate
sodiumor picrylsulfonic acid–induced colitis,25 osteoarthritis,27

and collagen-induced arthritis.14 However, PGRN has been
reported to play a proinflammatory role in some diseasemodels
such as systemic lupus erythematosus.15,28 These findings
suggest that PGRN exerts complex immune regulatory func-
tion and may contribute different effects under different
physiopathologic conditions.

Previous studies showed Th1 and Th17 cells play a critical
role in the development of EAU,7,22 and the aforementioned
results showed a protective role of PGRN in EAU.Our further
study was designed to investigate whether PGRN exerted its
role through inhibiting Th1 and Th17 cells. The in vivo ex-
periments using both administration and deficiency of PGRN

Figure 6 PGRN−/− Mice Develop More Severe EAE

WT and PGRN−/− mice of C57BL/6 background
were induced for EAE. (A and B) Quantification
of clinical score and bodyweight of the 2 groups
from day 7 to day 22. (C) Quantification of in-
flammation and demyelination of the spinal
cord from the 2 EAE mice groups at day 22
postimmunization and hematoxylin and eosin
staining of the spinal cord sections for analyzing
the degree of inflammation. Luxol fast blue
staining of spinal cord sections for analyzing the
degree of demyelination. (D) Quantitative
analysis the frequency of IFN-γ+CD4+ T cells
(Th1), IL-17+CD4+ T cells (Th17), and Foxp3+CD4+

T (Treg) cells in the CNS (brain and spinal cord)
and spleen by flow cytometry. Data are shown
as mean ± SEM from 3 independent experi-
ments with a total of at least 10mice per group.
*p < 0.05, **p < 0.01. EAA = experimental au-
toimmune encephalomyelitis; IL = interleukin;
IFN = interferon; PGRN = progranulin; Th = T
helper; Treg = regulatory T; WT = wild type.
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demonstrated that PGRN had a negative regulation effect on
these 2 cell populations. Treg cells have been reported to
downregulate the inflammation in EAU and promote its
resolution.29,30 We also performed several experiments to
investigate whether PGRN exerts its protective role in EAU
through upregulating Treg cells. The in vitro experiments
showed that PGRN could induce the IRBP651–670-specific
Treg cells in spleen cells from EAUmice and induce Treg cell
differentiation from naive CD4+ T cells of normal C57BL/6
mice on polarizing conditions. The in vivo experiments with
PGRN−/−mice showed that the deficiency of PGRN led to an
exacerbated EAU in association with a significantly decreased
frequency of Treg cell population and decreased expression of
IL-10 and Foxp3. A similar result was also observed in the
experiment with EAE. All these results showed that PGRN
could upregulate Treg cells. Our results are in line with pre-
vious reports that showed that the deficiency of PGRN
resulted in a significant reduction of Treg cells in the models
of experimental dermatitis and collagen-induced in-
flammatory arthritis.31,32 However, no effect was observed in
the experiment with intraperitoneal injection of PGRN on
EAU. The reasons as to this paradoxical result are not known.
A low-dose injection of rPGRN as used in this study or
degradation of this protein from unknown mechanism after
intraperitoneal injection may be responsible for this result.
Studies are needed to clarify this issue in future.

To further shed light on the mechanism underlying PGRN’s
action, RNA-seq was performed. We identified 24 hub genes
in the spleen and 23 hub genes in the retina. The expression of
shared hub genes including Tnf, Il6, Il1b, Cxcl2, and Ccl2 in

both the spleen and the retina was all increased in PGRN−/−

EAU, which were further verified by RT-PCR. These results
suggested that the upregulated 5 hub genes may play a critical
role in the aggravation of EAU induced in PGRN−/− mice.
These results are generally consistent with previous studies
whereby macrophages from PGRN-deficient mice released
more inflammatory cytokines including MCP-1, CXCL1, IL-
6, and TNF.33

Our further GO enrichment analysis indicated that the
enriched GO terms both in the spleen and in the retina were
mostly involved in inflammatory response, immune response,
and signaling pathway transduction. These results suggest that
PGRN may be involved in these physiopathologic processes,
which are in line with the previous studies on the function of
PGRN.34-36We also identified that TNF signaling pathway was
the sharedmost significantly enriched pathway for the DEGs in
both the spleen and the retina. This result is consistent with
previous study whereby PGRN exhibited immune regulatory
function through blocking the effect of TNFα.27,35 Therefore, it
is reasonable to presume that PGRN deficiency leads to an
activation of TNF signaling pathway and, in turn, exacerbates
EAU in the PGRN−/−mice. GSEA and KEGG analysis showed
that another important signaling pathway most significantly
enriched in the spleen is MAPK signaling pathway. Flow
cytometry verified this result. This result is, by and large, in
line with a report concerning the inhibition of PGRN on
TNFα-induced phosphorylation of p38, JNK, and ERK1/2.14

Collectively, the bioinformatical analysis and subsequent veri-
fication suggest that MAPK signaling pathway was involved in
the more severe inflammation in PGRN−/− EAU mice.

Figure 7 PGRN Skews the Balance of Macrophage Polarization From M1 to M2

(A and B) Mononuclear cells were harvested
from the CNS or spleen from PGRN−/− EAE mice
and control EAE mice on day 22; then, the cells
were stained for CD11b, F4/80, MHC-II, CD86,
CD40, and CD206 (6 mice per group). (A) Flow
cytometric analysis of the frequency of
CD11b+F4/80+ macrophages in the CNS and
spleen, respectively. (B and C) Flow cytometric
analysis of the expression of MHC-II, CD86,
CD40, and CD206 on the CD11b+F4/80+ cells in
the CNS and spleen, respectively. (D) Bone
marrow cells were cultured with theM-CSF for 7
days and then stimulated with or without PGRN
onM1 orM2 polarizing conditions for another 2
days; then, the cells were analyzed for the ex-
pression of iNOS andArg-1 by real-time PCR (n =
6). *p < 0.05, **p < 0.01; NS = not significant. Arg-
1 = arginase 1; EAE = experimental autoimmune
encephalomyelitis; iNOS = inducible nitric oxide
synthase; PGRN = progranulin.
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As EAE shares similar immunopathogenic features with EAU,
and PGRN exerts a protective role in EAU, we performed a
study to investigate whether PGRN was also involved in the
development of EAE. Consistently, we revealed an inhibitory
effect of PGRN on EAE clinically and pathologically in asso-
ciation with a downregulation of Th1 and Th17 cell response
and upregulation of Treg cell response. It has been reported
that GRN−/−mice were resistant to EAE.37 A paradoxical result
was also observed in their experiment. The deletion of PGRN
by monoclonal antibody could lead to an aggravation of EAE.
Our study showed that PGRN−/−mice displayed a more severe
EAE activity. The discrepancy concerning the effect of PGRN
deficiency on EAE may be owing to the different doses used in
the induction of EAE or different immunization protocols used
in both experiments. More studies are needed to clarify the
exact role of PGRN in EAE under different conditions. In
addition, our in vivo and vitro experiments showed that PGRN
could inhibit M1 differentiation but improve M2 polarization.
It has been well known that M1 mainly exert proinflammatory
role by inducing Th1/Th17-steering cytokines, whereas M2
macrophages primarily play anti-inflammatory effect through
inducing IL-10 and TGF-β production.38 These results showed
that PGRN may exert its regulatory function through modu-
lating the balance of M1 and M2 macrophage phenotypes.

In this study, we demonstrated an inhibitory effect of PGRN
on EAU up to 13 days and EAE activity up to 22 days via
observation of these models in PGRN−/− and WT mice.
However, it is not clear whether the deficiency of PGRN
could lead to a longer or more chronic inflammation in these 2
models. More studies are needed to address this issue. A
checkboard experiment, in which injection of T cells from the
PGRN−/− vs WT mice in same number after activation into
WT vs PGFN−/− recipients, is expected to provide more ev-
idence to the protective role of PGRN on EAU and EAE.

It has been reported that PGRN deficiency could lead to neu-
rodegeneration in the brain, and Th17 cells are involved in the
degeneration of motor neurons.39,40 Studies also have shown
that PGRN is expressed by microglia and its deficiency may give
birth to an aberrant increase in phagocytosis and lysosome
function,39 as well as the transition from homeostatic to disease-
specific state of microglia.41,42 Collectively, these results suggest
an important role of PGRN in the modulation of neuro-
degeneration and neuroinflammatory diseases. Elucidation of
themodulatingmechanisms of PGRN in the neurodegeneration
and neuroinflammationmay provide new insight onto the target
for the studies on prevention and treatment of these diseases.

Collectively, the present study shows that PGRN may play a
protective role both in EAU and EAE through inhibiting
autoreactive Th1 and Th17 cell response and inducing the ex-
pansion of Treg cells. Of interest, we also revealed that it could
also exert its role through promoting the polarization of M2
macrophages in EAE model. These results suggest that PGRN
could act as therapeutic target in study on the prevention and
treatment of Th1/Th17-mediated autoimmune diseases.
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