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Resolvin D1 Programs Inflammation Resolution by
Increasing TGF- 3 Expression Induced by Dying Cell
Clearance in Experimental Autoimmune Neuritis
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Experimental autoimmune neuritis (EAN) is the animal model of human acute inflammatory demyelinating polyradiculoneuropathies
(AIDP), an auto-immune inflammatory demyelination disease of the peripheral nervous system (PNS) and the world’s leading cause of
acute autoimmune neuromuscular paralysis. EAN and AIDP are characterized by self-limitation with spontaneous recovery; however,
endogenous pathways that regulate inflammation resolution in EAN and AIDP remain elusive. A pathway of endogenous mediators,
especially resolvins and clearance of apoptotic cells, may be involved. Here, we determined that resolvin D1 (RvD1), its synthetic enzyme,
and its receptor were greatly increased in PNS during the recovery stage of EAN. Both endogenous and exogenous RvD1 increased
regulatory T (Treg) cell and anti-inflammatory macrophage counts in PNS, enhanced inflammation resolution, and promoted disease
recovery in EAN rats. Moreover, RvD1 upregulated the transforming growth factor-3 (TGF-f3) level and pharmacologic inhibition of
TGF- signaling suppressed RvD1-induced Treg cell counts, but not anti-inflammatory macrophage counts, and RvD1-improved inflam-
mation resolution and disease recovery in EAN rats. Mechanistically, the RvD1-enhanced macrophage phagocytosis of apoptotic T cells
leading to reduced apoptotic T-cell accumulation in PNS induced TGF-f3 production and caused Treg cells to promote inflammation
resolution and disease recovery in EAN. Therefore, these data highlight the crucial role of RvD1 as an important pro-resolving molecule
in EAN and suggest its potential as a therapeutic target in human neuropathies.
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Experimental autoimmune neuritis (EAN) is the animal model of human acute inflammatory demyelinating polyradiculoneu-
ropathies, an auto-immune inflammatory demyelination disease of the peripheral nervous system (PNS) and the world’s leading
cause of acute autoimmune neuromuscular paralysis. Here, we demonstrated that resolvin D1 (RvD1) promoted macrophage
phagocytosis of apoptotic T cells in PNS, thereby upregulating transforming growth factor-3 by macrophages, increased local
Treg cell counts, and finally promoted inflammation resolution and disease recovery in EAN. These data highlight the crucial role
of RvD1 as an important pro-resolving molecule in EAN and suggest that it has potential as a therapeutic target in human neuritis.

ignificance Statement

Introduction
Human acute inflammatory demyelinating polyradiculoneu-
ropathy (AIDP) is the most common subtype of Guillain—Barré
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syndrome, the world’s leading cause of acute autoimmune neu-
romuscular paralysis, and is caused by an autoimmune attack on
the peripheral nervous system (PNS) (Hughes and Cornblath,
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2005; Soliven, 2012). AIDP is characterized by self-limitation
with spontaneous recovery, which strongly indicates the exis-
tence of a regulatory network capable of resolving vigorous auto-
immune inflammation. Unraveling the mechanisms underlying
the self-limitation of autoimmune neuropathy may not only
deepen our understanding of this disorder, but may also help
with the development of new therapeutics. Experimental auto-
immune neuritis (EAN) is a widely applied animal model used to
investigate the mechanism and therapeutic principles of AIDP
(Hughes and Cornblath, 2005; Soliven, 2012).

As a helper T (Th)-cell-mediated autoimmune disorder, the
apoptosis of auto-aggressive T cells is a well established mecha-
nism for terminating the autoimmune inflammatory responses
in EAN (Zettl et al., 1994; Weishaupt et al., 2001). However, an
efficient clearance of apoptotic cells is necessary to prevent the
leakage of harmful substances from dying cells due to so-called
“secondary necrosis,” which can cause further damage to local
tissues (Yun et al., 2008). Moreover, the clearance of apoptotic
cells by local macrophages can lead to a switch of activated mac-
rophages into an anti-inflammatory functional phenotype (Fa-
doketal., 1998; Huynh et al., 2002), which may further induce Th
cell differentiation toward the regulatory phenotype (Treg) via
the established anti-inflammatory cytokine milieu (Annunziato
et al., 2008). Interestingly, we and others have found that the
induction of Treg cells and anti-inflammatory macrophages is
crucial for inflammation resolution and the spontaneous recov-
ery of neuropathies and EAN (Zhang et al., 2009a; Zhang et al.,
2010; Meyer zu Horste et al., 2014; Luchting et al., 2015). There-
fore, the phagocytosis of apoptotic T cells seems to be a key event
that leads to autoimmune inflammation resolution and connects
the known pro-resolving factors in EAN. However, the pathways
regulating apoptotic cell clearance and the subsequent inflamma-
tion resolution in EAN remain unknown.

Resolvins are a new paradigm of endogenous mediators that
promote the resolution of inflammation and stimulate the return
to homeostasis (Tabas and Glass, 2013). Resolvin D1 (RvD1) is
an important member of resolvins and is biosynthesized from
-3 docosahexaenoic acid (DHA) via 15-lipoxygenase (15-LOX)
and 5-LOX interactions (Levy, 2010) in humans, but via 12/15-
LOX and 5-LOX interactions in rodents (Titos et al., 2011). Two
receptors, the LXA4 receptor (ALX/FPR2) and the orphan
G-protein-coupled receptor 32 (GPR32), have been shown to
transmit RvD1 signals (Krishnamoorthy et al., 2010), but only
ALX/FPR2 has been identified in rodents (Recchiuti, 2013).
RvD1 is mainly detected as being expressed on neutrophils and
macrophages (Sun et al., 2007). RvD1 can regulate the migration
of neutrophils and enhances the macrophage phagocytosis of
apoptotic leukocytes in an ALX/FPR2-dependent manner, which
contributes to the resolution of inflammation (Hong et al., 2003;
Sun et al., 2007; Spite et al., 2009; Krishnamoorthy et al., 2010).
Although RvD1 is known to promote acute inflammation reso-
lution, its contribution to the resolution of autoimmune inflam-
mation in autoimmune diseases, including EAN, remains to be
explored.

Materials and Methods

EAN induction, treatment, and clinical score evaluation. EAN was induced
in male Lewis rats (8 —10 weeks of age; Vital River) and all animal proce-
dures and protocols were approved by the local Administration District
Official Committee. EAN was induced and EAN rats were clinically mon-
itored daily for body weight and neurological signs of EAN in a blinded
manner, as described previously (Zhang et al., 2009a).

For treatment, EAN rats received intraperitoneal (i.p.) injection of
RvD1 (Cayman Chemical, 5 pug/kg/d, i.p.) or Boc-1 (a specific antagonist
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Table 1. Antibodies used in this study

Anti-CD3 antibody
Anti-CD4 antibody (D4 + Th cells
Anti-CD68 antibody Macrophages
Anti-CD16/32 antibody Feyll

Tlymphocytes

Anti-Foxp3 antibody Treg cells
Anti-TGF-3 antibody TGF-3 expression
Anti-annexin-V antibody Apoptosis
Anti-ED1 antibody Macrophages

Anti-ED2 antibody
Anti-W3/13 antibody
Anti-0X22 antibody
Anti-FPR2 antibody

Anti-inflammatory macrophages
Tlymphocytes

B cells

ALX receptor expression

of ALX; Chinapeptide, 5 mg/kg/d, i.p.) daily from day 10 to day 22. In
some cases, RvD1 was given together with SD-208 (a TGF- receptor
antagonist; Santa Cruz Biotechnology, 20 mg/kg/d, i.p.) or SD-208 alone
was given. The RvD1, Boc-1, and SD-208 were dissolved in 0.9% endotoxin-
free saline and the same volume of saline was given to control groups.

Histological analysis. Inmunohistochemical staining, including single
labeling and double labeling and the following micro-image analysis,
were performed as described previously (Zhang et al., 2010; Zhang et al.,
2011). The following antibodies were used in this study: ED1 antibody
for macrophages (1:100; Serotec), W3/13 antibody for T lymphocytes
(1:50; Serotec), OX22 antibody for B cells (1:200; Serotec), ED2 antibody
for anti-inflammatory macrophages (1:100; Serotec), or FPR2 antibody
for ALX receptor (1:50; Alomone). All antibodies used in this study are
summarized in Table 1.

For some sciatic nerves, electron microscopy was also performed as
described previously (Pilartz et al., 2002). Axonal demyelination is de-
fined as normal axons with their myelin sheaths disappeared or breaking
down. The total number of normally myelinated and fully demyelinated
axons was manually counted by an investigator blinded toward previous
treatment using the CellCounter plugin of Image]. The percentage of
intact and demyelinated axons was calculated and compared between
groups (Mausberg et al., 2011).

Tissue preparation, RNA isolation, reverse transcription, and real-time
PCR. After treatments, sciatic nerves, inguinal lymph nodes, and spleens
were quickly removed and total RNA was isolated and reverse transcribed
into cDNA, which was used to measure the relative expression of genes
using real-time PCR, as described previously (Zhang et al., 2009a). Prim-
ers used to measure gene expression are listed in Table 2.

Flow cytometric analysis of Foxp3™ regulatory T cells and TGF-
BTCD68™ cells. For the preparation of mononuclear cells (MNCs) from
lymph nodes or spleens, tissues were dissected and passed through a 40
mm cell strainer, followed by Red Blood Cell Lysis Buffer (BioLegend).
For the MNCs from sciatic nerves, tissues were carefully removed and
then transferred to RPMI-1640 (Invitrogen) containing 27% Percoll (GE
Healthcare), homogenized, and passed through a steel mesh cell strainer.
Subsequently, the cell suspension in 27% Percoll in RPMI 1640 medium
was centrifuged at 1000 X g for 30 min at 4°C. The pellet was recovered
and washed by RPMI 1640 medium containing 2% FCS.

Treg cells were identified as Foxp3™/CD4" cells. MNCs were perme-
abilized and stained according to the manufacturer’s protocol (eBiosci-
ence). For determination of CD68" TGE-B™ cells, MNCs were incubated
for 6 h in the presence of 50 ng/ml phorbol-12-myristate-13-acetate
(Sigma-Aldrich), 1 mg/ml ionomycin (Sigma-Aldrich), and 1 ug/ml
Brefeldin A (Sigma-Aldrich) in flat-bottomed 96-well plates in RPMI
1640 medium containing 10% fetal calf serum at a density of 10 cells/ml
at 37°C and 5% CO,_ Thereafter, cells were fixed, permeabilized, and
incubated with FITC-CD68 antibody (eBioscience) and TGF-f antibody
(Abcam) according to the standard protocol. For all staining, isotype
controls were used. After staining, cells were washed and suspended in
PBS and then analyzed with a FASCcanto I (BD Biosciences).

RvDI and TGF-3 measurement. After treatment, EAN rats were killed
and sciatic nerves, inguinal lymph nodes, and spleens were quickly re-
moved and homogenized in ice-cold RIPA buffer with 1 mg/ml of a
protease inhibitor mixture (Beyotime Institute of Biotechnology,
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Table 2. Primers used in this study
12/15-L0X

Sense TTCAGT GTA GACGTG GAG

Antisense ATG TAT GCC GGT GCT GGCTAT ATT TAG
FPR2 Sense ATG GAA GCCAACTATTCCATC

Antisense TCATAT TGCTTT TAT ATCAAT GTT

IL-18 Sense TGCTGA TGT ACCAGT TGG GG
Antisense CTC CAT GAG CTTTGT ACA AG
IFN-y Sense AAA GACAACCAG GCCATCAG

Antisense CTTTTCCGCTTCCTTAGG CT
IL-17 Sense TGG ACT (TG AGC CGCATT GA
Antisense GACGCA TGG (GG ACAATA GA

TGF-B Sense TGA ACCAAG GAG ACG GAATACAGG
Antisense TACTGT GTG TCCAGG CTCCAA ATG
IL-12p35 Sense TGA AGA CCA (GG ACGACA

Antisense TGT GATTCA GAGACCGCATTAG
T-bet Sense AACCAG TAT CCT GTT CCCAGC
Antisense TGT CGCCACTGG AAG GAT AG

Foxp3 Sense GCA CAA GTG CTTTGT GCG AGT
Antisense TGT (TGTGGTTG CAGACGTTGT
RORyt Sense CGCACCAACCTCTTCTCACG
Antisense GACTTCCATTGCTCCTGCTTTC
GATA-3 Sense CTCTCCTTT GCT CACCTTTTC
Antisense AAG AGA TGC GGA (T GGA GTG)
Arginase-1 Sense AAA GCC CAT AGA GAT TAT (GG AGC G
Antisense AGA CAA GGT CAA (GG CACTGCC
B-actin Sense CCGTCTTCCCCTCCATCGT

Antisense ATCGTCCCA GTT GGT TACAAT GC

Haimen, China). The homogenates were centrifuged at 13,500 rpm for 5
min at 4°C and the supernatants were collected for bicinchoninic acid
assays (for the detection and quantitation of total protein). RvD1 levels
were measured by Resolvin D1 EIA Kit (Cayman Chemical) and TGF-f
levels were detected by TGF-3 ELISA kit (R&D Systems) according to the
manufacturer’s protocols.

Peritoneal macrophage culture and in vitro apoptotic cell phagocytosis
assay. Peritoneal macrophages were isolated from 10- to 12 week-old
Lewis rats as described previously (Zhang et al., 2009a). The resulting
adherent macrophage monolayer was >90% pure according to morpho-
logical criteria using Wright—Giemsa staining.

To generate apoptotic cells, Jurkat cells were cultured in RPMI without
FCS, and apoptosis was induced with 0.5 ug/ml staurosporine (Sigma-
Aldrich) for 3 h. Staurosporine treatment yielded a population with 90%
apoptotic cells, as measured with FITC-AnnexinV/propidium iodide
staining (Sungene Biotech). Apoptotic cells were labeled with pHrodo
Green (Invitrogen), a pH-sensitive, phagocytosis-dependent indicator
that requires no washing steps or quenchers, according to the manufac-
turer’s instructions.

For phagocytosis assay, peritoneal macrophages were plated in 6-well
plates in DMEM with 10% FCS overnight. pHrodo-labeled apoptotic
cells were added to peritoneal macrophages at a ratio of 5:1 (apoptosis
cells: macrophages) and cultured at 4°C (negative control) or 37°C for 60
min. In some cases, macrophages were pretreated with RvD1 with or
without 2 uM cytochalasin D (for inhibition of the macrophage phago-
cytosis, CytD; Sigma-Aldrich) for the indicated times before coincuba-
tion with pHrodo-labeled apoptotic cells. After incubation, cells were
washed, resuspended, and stained with fluorescence-labeled anti-CD68
(eBioscience). Later, the cells were analyzed by flow cytometry and the
proportion of macrophages containing ingested apoptotic cells was
determined.

Assay of apoptotic T-cell phagocytosis by macrophages in vivo.

For determining macrophage phagocytosis of apoptotic T lympho-
cytes in sciatic nerves, collected MNCs were first blocked with anti-
mouse CD16/32 blocking antibody (Sungene Biotech) for 5 min for
blocking nonspecific binding of Ig to Fc receptors, labeled with anti-
mouse CD68 antibody (eBioscience) for 20 min, and then permeabilized
with 0.1% Triton X-100. Subsequently, permeabilized cells were stained
with anti-rat CD3 (eBioscience). The percentage of CD68*CD3™ cell to
CD68" cells was determined by flow cytometry.
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Tissue apoptotic cell accumulation assay. To measure the accumulation
of apoptotic T cells in tissue, MNCs from sciatic nerves of EAN rats were
prepared as described above. After being blocked with anti-mouse D16/
32-blocking antibody for 5 min, MNCs were labeled with anti-rat CD3
antibody and annexin-V (Sungene Biotech) for 20 min at room temper-
ature. The percentage of CD3" Annexin-V™" cell to CD3™ cells was de-
termined by flow cytometry. In addition, the in situ accumulation of
apoptotic cells in sciatic nerves of EAN rats was further detected by
TUNEL staining (Sungene Biotech) according to the manufacturer’s
instructions.

T-cell apoptosis assay. Jurkat T cells or MNCs from spleens of Lewis rats
were induced with 50 ng/ml PMA (Sigma-Aldrich) for apoptosis. RvD1
(250 nm) or saline (control) were added for indicated intervals. For Jurkat
T cells, cells were collected and labeled with anti-Annexin V for 20 min at
room temperature. For spleen T cells, spleen MNCs were collected and
labeled with anti-rat CD3 antibody antibody and anti-Annexin-V for 20
min at room temperature. Thereafter, the percentages of Annexin-V™
Jurkat T cells to total cells and CD3* Annexin-V " spleen T cells to CD3™
spleen T cells were determined by flow cytometry.

Data evaluation and statistical analysis. The unpaired t test or Mann—
Whitney U test was performed to compare differences between treated
and control EAN rats using GraphPad Prism version 5.0 software for
Windows. For all statistical analyses, significance levels were set at p <
0.05.

Results

Temporal expression of RvD1-related molecules in EAN rats
To explore the potential involvement of resolvins, we first inves-
tigated the temporal levels of RvD1, its synthetic enzyme 12/15-
LOX, and its receptor ALX in EAN rats. We induced EAN in
Lewis rats by active immunization with autoantigens. Neurolog-
ical signs of EAN rats appeared around day 7, were maximal at
day 15, declined slowly and became almost undetectable around
day 23 after immunization (Fig. 1A). Therefore, we chose four
time points for our observation: day 5 (shortly before the disease
onset), day 10 (early disease stage), day 15 (disease peak), and day
22 (recovery stage of the disease).

In sciatic nerves, where the initiation and resolution of auto-
immune inflammatory reaction occur, a continual increase in
levels of RvD1, 12/15-LOX, and ALX was observed, suggesting a
potential protective role of the RvD1 cascade in the peripheral
nerves of EAN rats (Fig. 1B). Moreover, we investigated the pro-
tein levels of ALX, also known as FPR2, in the sciatic nerves of
EAN rats by immunohistochemistry. Similar to its mRNA level
change, the accumulation of ALX™ cells was observable begin-
ning on day 10, increased thereafter, and peaked at day 22 (Fig.
1C). Furthermore, we examined the potential target cells of RvD1
by double immunostaining and found that ALX was mainly ex-
pressed in CD68" macrophages, but not in W3/13" T cells or
OX22" B cells, in the sciatic nerves of EAN rats. This finding
indicated that RvD1 mainly functions via macrophages in the
peripheral nerves of EAN rats (Fig. 1D).

In addition, we monitored the temporal levels of RvDI-
related molecules in the EAN draining (inguinal) lymph nodes,
where the autoimmune response occurs. Interestingly, in con-
trast to those observed in sciatic nerves, a continual decrease in
levels of RvD1, 12/15-LOX and ALX was observed, suggesting
that RvD1 may contribute to the maintenance of immunity ho-
meostasis, but is likely not involved in terminating the immune
response, in EAN draining lymph nodes (Fig. 1E). Therefore,
these results suggest a correlation between the RvD1 cascade and
inflammation resolution in the peripheral nerves of EAN.
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The temporal expression of resolvin D1 (RvD1), its synthetic enzyme, and its receptor in Experimental autoimmune neuritis (EAN) rats. A, EAN was induced in Lewis rats by active

immunization with autoantigens and the rats were monitored daily for neurological signs of EAN (n = 6). B, ELISA of RvD1 and real-time PCR (RT-PCR) analysis of 12/15-L0X and ALX in the sciatic
nerves of naive and EAN rats (n = 6). (, Representative immunostaining and semiquantification of ALX in the sciatic nerves of naive and EAN rats (n = 6). D, Double immunostaining of ALX in the
sciatic nerves of EAN rats. ALX was mainly expressed in (D68 macrophages, but notin W3/13™ T cells or 0X22™ B cells. E, ELISA of RvD1 and RT-PCR analysis of 12/15-LOX and ALX in the draining
(inguinal) lymph nodes of naive and EAN rats. Representative data from at least two independent experiments are shown. Error bars indicate standard error of the mean (SEM). *p << 0.05.

RvD1 promotes EAN recovery

To identify the endogenous contribution of RvD1 in EAN, we
used Boc-1 to inhibit the activity of RvD1 in EAN rats. Boc-1 was
administered from day 10 to day 22. Boc-1 administration signif-
icantly increased the neurological severity and markedly pro-
longed the duration of disease in EAN rats (Fig. 2A), implicating
a delayed inflammation resolution. Furthermore, weight loss was
much more pronounced in Boc-1-treated EAN rats than in the
control group, indicating a more severe disease course (Fig. 2A).
We further investigated axon demyelination/remyelination and
degeneration/regeneration in the sciatic nerves of EAN rats after
Boc-1 treatment by electron microscopy from day 15 and day 22
and found that Boc-1 administration aggravated PNS damage in
EAN rats by both disease peak and recovery (Fig. 2B). On day 15,
significantly more demyelinated axons indicated deteriorated de-
myelination by Boc-1 compared with the control group. On day
22, even bigger differences between control and Boc-1 groups
suggested additional impairing effect of Boc-1 during recovery.
These data indicate that Boc-1 treatment not only deteriorated
demyelination but also impaired recovery.

EAN is characterized by the infiltration of different inflamma-
tory cells into the PNS, which regulates the initiation and resolu-
tion of local inflammation. Therefore, we further analyzed the
effects of Boc-1 on local inflammatory cell accumulation in the
sciatic nerves of EAN rats. Generally, infiltrated autoreactive T
cells and B cells are of importance for the initiation and progres-
sion of EAN (Soliven, 2012); however, accumulated macro-
phages in the PNS have a conflicting role in autoimmune
neuropathy because they are detrimental in attacking nervous
tissue at early stages, but also beneficial in the termination of the
inflammatory process and the promotion of recovery in the re-
mission phase of EAN (Zhang et al., 2009a; Brunn et al., 2014).
The blocking of RvD1 activity by Boc-1 markedly increased the
accumulation of T (W3/13") and B (OX22™) lymphocytes at day
15 and day 22 in the sciatic nerves of EAN rats, indicating a
deteriorated inflammation (Fig. 2C). Interestingly, Boc-1 admin-
istration significantly increased the accumulation of macro-
phages (ED1") at day 15, but reduced this effect at day 22 in the
sciatic nerves of EAN rats, supporting a delayed inflammation
resolution (Fig. 2C). Correspondingly, Boc-1 treatment also sig-
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are shown. Error bars indicate SEM. *p < 0.05.

nificantly increased the mRNA levels of the proinflammatory
cytokines IL-B, TNF-a, IL-17, and IFN-v, but reduced the level
of the anti-inflammatory cytokine TGF- in the sciatic nerves of
EAN rats at day 15 and day 22 compared with those in the control
group (Fig. 2D). Therefore, Boc-1 in EAN rats induced a worse
inflammatory response in the PNS. Together, our data show that
the suppression of RvD1 function exacerbated EAN, supporting

an important contribution of endogenous RvD1 to the recovery
of EAN.

Given the protective role of endogenous RvD1 in EAN, we
assessed whether exogenous RvD1 can promote EAN recovery.
RvD1 was administered from day 10 to day 22 to mimic clinical
conditions. RvD1 treatment greatly shortened the disease dura-
tion compared with that in the control group (Fig. 3A), which
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daily (n = 6). B, Sciatic nerves of EAN rats were removed at day 22 for electron microscopy analysis and representative electron
micrographs are shown. Arrows indicate axon demyelination (n = 3). C, Representative immunohistochemistry staining and
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suggests its role in promoting EAN recov-
ery. Furthermore, weight loss was less
pronounced in RvDI1-treated EAN rats
than in the control group, indicating a less
severe disease course (Fig. 3A). In addi-
tion, sciatic nerves from RvDI1-treated
EAN rats showed fewer demyelinated fi-
bers compared with those in the control
group (Fig. 3B). Therefore, therapeutic
exogenous RvD1 treatment promoted
PNS repair in EAN rats. Furthermore,
exogenous RvD1 significantly reduced
the accumulation of T (W3/13%) and B
(OX22%) lymphocytes at day 15 and day
22 in the sciatic nerves of EAN rats (Fig.
3C). Notably, RvD1 treatment signifi-
cantly reduced the accumulation of mac-
rophages (ED17) at day 15, but increased
this effect at day 22, in the sciatic nerves of
EAN rats (Fig. 3C). In parallel, RvD1
treatment markedly reduced the mRNA
levels of the proinflammatory cytokines
IL-B, TNF-a, IL-17, and IFN-v, but in-
creased the level of the anti-inflammatory
cytokine TGF-f3, in the sciatic nerves of
EAN rats at day 15 and day 22 compared
with those in the control group (Fig. 3D).
Therefore, exogenous RvD1 in EAN rats
induced an alleviative inflammation in
the PNS. Therefore, our results show that
exogenous RvD1 alleviates EAN.

Collectively, our data indicate that en-
dogenous and exogenous RvD1 promotes
local inflammation resolution, reduces
peripheral nerve damage, and promotes
the recovery of EAN rats.

RvD1 increases anti-inflammatory
macrophages and Treg cells in the
sciatic nerves of EAN rats

The self-limitation of EAN is associated
with increases in anti-inflammatory mac-
rophages and Treg cells in its remission
phase (Meyer zu Horste et al, 2014);
therefore, we sought to determine the role
of RvD1 in inducing anti-inflammatory
macrophages and Treg cells in the sciatic
nerves of EAN rats.

In EAN rats, CD163" macrophages
have been identified as having an anti-
inflammatory phenotype (Fujita et al,
2010; Zhang et al., 2010). We observed
that the counts of CD163" macrophages
in the sciatic nerves of EAN rats on day 22
were reduced by Boc-1, but were induced

<«

semiquantification of inflammatory cell infiltration in the sci-
atic nerves of EAN rats (n = 3). D, mRNA levels of IFN--y,
TNF-a, IL-13, IL-17, TGF-3, and IL-12p35 were measured in
the sciatic nerves of EAN rats (n = 3). Representative data
from at least two independent experiments are shown. Error
bars indicate SEM. *p << 0.05.
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by RvD1 (Fig. 4A), suggesting that RvD1 is important for the
induction of anti-inflammatory macrophages in EAN rats.
Further double labeling of CD163 and ED1 (CD68) showed
that almost all CD163" cells were double labeled with EDI,
which proved that CD163" cells were a subpopulation of ED1*
macrophages. In addition, CD163"ED1" anti-inflammatory
macrophages showed very similar distribution patterns to the
single-labeled CD163" cells and their numbers were reduced by
Boc-1, but induced by RvD1 as well (Fig. 4B). We further deter-
mined the accumulation of CD4 " Foxp3™ Treg cells in the sciatic
nerves of EAN rats after Boc-1 or RvD1 treatment by flow cytom-
etry. Similarly, Boc-1 greatly decreased, but RvD1 increased, the
percentages and numbers of Treg cells in EAN sciatic nerves on
day 22 compared with their respective controls (Fig. 4B). How-
ever, the CD4*Foxp3™ Treg cell counts in the inguinal lymph
nodes and spleens of EAN rats remained comparable after Boc-1
or RvD1 treatment compared with those in the control groups
(Fig. 4C), indicating that RvD1 may have no significant effects on
Treg cells in lymph nodes.

Together, our results suggest that RvD1 increases the counts
of Treg cells and anti-inflammatory CD163* macrophages in the
sciatic nerves of EAN rats, which may contribute to local inflam-
mation resolution in EAN.

RvD1 induces TGF-£ to promote inflammation resolution in
EAN rats

We sought to understand the mechanisms underlying RvD1-
promoted inflammation resolution in EAN. Given the essential
contribution of TGF-f3 to promoting the self-limitation of EAN
and to inducing Treg cells (Shen et al., 2015), we assessed whether
RvD1 promotes EAN resolution via TGF-B. We found that the
mRNA and protein level of TGF- B was reduced by Boc-1 (from
day 10 to day 22), but increased by RvD1 (from day 10 to day 22),
in the sciatic nerves of EAN rats on day 22 compared with those in
the control group (Figs. 2D, 3D, 5A). Therefore, the changes in
TGF-B expression in EAN rats after Boc-1 or RvD1 treatment
were consistent with changes in disease severity, Treg cell counts,
and anti-inflammatory macrophage numbers, indicating a po-
tential role of TGF-f in RvD1-promoted EAN resolution.

To confirm the contributions of TGF- to RvD1-promoted
EAN resolution, SD-208 was used to suppress TGF-f signaling.
SD-208 or vehicle was administered alone or with RvD1 (from
day 10 to day 22) to EAN rats. In both the SD-208 alone and
RvD1 + SD-208 groups, EAN rats showed much more severe
neurological scores and significantly prolonged disease duration,
not only compared with the RvD1 + vehicle group, but also
compared with the vehicle-alone group (Fig. 5B), suggesting that
the inhibition of TGF-f signaling not only abolished the exoge-
nous RvD1 effects, but also may suppress endogenous RvD1
functions. Moreover, sciatic nerves from the RvD1 + SD-208
groups showed more demyelinated fibers without remyelination
at both day 15 and day 22 compared with that from RvD1 +
vehicle groups or vehicle-alone groups (Fig. 5C), indicating more
severe PNS damage in EAN rats by disease peak and recovery.

Furthermore, we analyzed the effects of SD-208 on local inflam-
matory cell accumulation in the sciatic nerves of RvD1-treated EAN
rats. In the RvD1 + SD-208 group, the accumulation of T (W3/137)
and B (OX22") lymphocytes in sciatic nerves was markedly in-
creased at day 15 and day 22 compared with that in the RvD1 +
vehicle group or vehicle-alone group, indicating a deteriorated in-
flammation (Fig. 5D). However, the accumulation of macrophages
(ED1™) in sciatic nerves was significantly increased at day 15, but
reduced at day 22, in the RvD1 + SD-208 group compared with that
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in the RvD1 + vehicle group or the vehicle-alone group, supporting
a delayed inflammation resolution (Fig. 5D). Correspondingly, the
mRNA levels of the proinflammatory cytokines IL-B and IL-17 in
sciatic nerves were significantly higher at day 15 and day 22 in the
RvD1 + SD-208 group compared with that in the RvD1 + vehicle
group or the vehicle-alone group (Fig. 5E).

In addition, SD-208 not only abolished exogenous RvD-1-
increased Treg cell counts in sciatic nerves of EAN rats, but also
reduced the numbers of Treg cells to levels comparable to that in
Boc-1-treated EAN rats (Fig. 5F), indicating that RvD1 increased
Treg cell counts via TGF-$ in the sciatic nerves of EAN rats.
SD-208 also reduced RvD-1-increased CD163" cell counts (Fig.
5G). Further double labeling of CD163 and ED1 presented com-
parable IR area and distribution pattern with the single labeling
of CD163 and the numbers of CD163"ED1" anti-inflammatory
macrophages were significantly reduced by SD-208 as well (Fig.
5H). Collectively, these results suggest that RvD1 induces Treg
cells and promotes inflammation resolution and disease recovery
via TGF-f3 in EAN rats.

RvD1 promotes apoptotic cell phagocytosis to induce TGF-f3
in macrophages

We next sought to explore the mechanisms underlying RvD1-
induced TGF-3 in EAN rats. We first investigated the major cel-
lular sources of TGF-B-level changes in EAN rats after RvD1
signaling interference. Macrophages and Treg cells are two major
cellular sources of TGF-B in EAN (Zhu et al., 2004; Yun et al.,
2007), but the inhibition of TGF-B signaling abolished RvD1-
induced Treg cell counts increase, suggesting that Treg cells
might not be the major cellular source for RvD-1-induced TGF-f3
in the EAN. Moreover, the RvD1 receptor ALX is mainly ex-
pressed on macrophages in the sciatic nerves of EAN rats (Fig.
1C), so we focused on macrophages. We found that Boc-1 ad-
ministration to EAN rats (from day 10 to day 22) significantly
reduced the counts of CD68"TGF-B* cells in sciatic nerves com-
pared with that in the control group (Fig. 6A). Conversely, exog-
enous RvD1 (from day 10 to day 22) greatly increased the
numbers of CD68"TGF-S7 cells in sciatic nerves compared with
the controls (Fig. 6A). Therefore, the RvD-1-induced changes in
the TGF- level in macrophages were consistent with its effects
on the changes in the total TGF-f level, disease severity, Treg-cell
counts, and anti-inflammatory macrophage numbers in EAN,
suggesting a major contribution of macrophages to RvDI-
induced TGF- in EAN rats.

We then investigated whether RvD1 can induce TGF-f di-
rectly in macrophages in vitro. Peritoneal macrophages were in-
cubated with RvD1 for 24 h and TGF- B levels were not induced at
either the mRNA or protein levels (Fig. 6B), indicating an indirect
effect. Given the high expression of TGF-S after apoptotic cell
phagocytosis by phagocytes (Huynh et al., 2002) and its known
function in promoting the macrophage engulfment of dying
cells, we speculated that RvD1 may induce macrophage TGF-f3
upregulation by promoting dying cell clearance. RvD1 enhanced
the peritoneal macrophage phagocytosis of apoptotic Jurkat cells
in a dose-dependent manner (Fig. 6C). In dying cells, RvD1 up-
regulated the TGF- mRNA level in peritoneal macrophages and
increased TGF-f3 protein levels in cell culture supernatants (Fig.
6D). Furthermore, this effect was abolished by Cyclophilin D,
which inhibited RvD1-promoted dying cell clearance by perito-
neal macrophages (Fig. 6C,D), indicating that RvD1 upregulated
TGF-B by promoting dying cell clearance in macrophages.

In addition, the phagocytosis of apoptotic cells reprograms
macrophages to an anti-inflammatory status, which is character-
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Figure4. RvD1increased anti-inflammatory macrophages and Treg cells in the sciatic nerves of EAN rats. EAN rats were treated with RvD1 (5 g/kg/d, i.p.), Boc-1(5mg/kg/d, i.p.), or saline from

day 10 to day 22 after immunization. The accumulation of (D163 anti-inflammatory macrophages and (D4™ Foxp3™* Treg cells was analyzed on day 22. A, Semiquantification of (D163*
anti-inflammatory macrophages in the sciatic nerves of EAN rats (n = 3). B, Representative immunohistochemical double immunostaining and quantifications of (D163 ED1™ anti-inflammatory
macrophages on cross-sections of the sciatic nerves (n = 3). C, D, Representative flow cytometric dot plots of 4+ Foxp3+ Treg cells in the sciatic nerves (€, n = 3), lymph nodes (D, n = 3), and
spleens (D, n = 3) of EAN rats as measured by flow cytometry. Representative data from at least two independent experiments are shown. Error bars indicate SEM. *p < 0.05.
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Figure 5.

RvD1 promoted inflammation resolution and disease recovery via TGF-3 in EAN rats. 4, Protein level of TGF-3 in the sciatic nerves of EAN rats on day 22 that were treated with RvD1

(5 pgrkg/d), Boc-1 (5 mg/kg/d), or saline from day 10 to day 22 after immunization was measured by ELISA (n = 3). B—H, EAN rats were treated with saline alone (control), RvD1 (5 eg/kg/d, i.p.)
together with saline or the TGF- 3 receptor antagonist SD-208 (20 mg/kg/d, i.p.), or SD-208 alone from day 10 to day 22 afterimmunization. Rats were monitored daily for neurological signs of EAN
and body weight (B, n = 6). (, Sciatic nerves from EAN rats on day 15 and day 22 were analyzed by electron microscopy; arrows indicate the axon demyelination (n = 3). D, Representative

immunohistochemistry staining and semiquantification of inflammatory cell infiltration in EAN sciatic nerves (n

3). E, mRNA levels of IFN-y, (Figure legend continues.)
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Figure6.  RvD1enhanced apoptotic cell phagocytosis to induce TGF-3 in macrophages. 4, Protein level of TGF-3in (D68 macrophages from the sciatic nerves of EAN rats that were treated with

RvD1 (5 eg/kg/d, i.p.), Boc-1(5 mg/kg/d, i.p.), orsaline from day 10 to day 22 afterimmunization was analyzed by flow cytometry (n = 3). B, Rat peritoneal macrophages were incubated with RvD1
for 24 h in vitro and the TGF- 3 protein level in culture supernatants and the mRNA level in macrophages were measured by ELISA and RT-PCR, respectively (n = 3). C, Rat peritoneal macrophages
were treated with RvD1 together with CytD (2 wum) or control for 24 h and fed with pHrodo-labeled apoptotic Jurkat cells for 1 h and the macrophage phagocytosis of apoptotic Jurkat cells was
measured by flow cytometry (n = 3). D, Rat peritoneal macrophages were incubated with apoptotic Jurkat cells (AJ), RvD1 (250 nm), CytD (2 pum), or control for 24 h and the TGF-3 protein level in
culture supernatants and the mRNA level in macrophages were measured by ELISA and RT-PCR, respectively (n = 3). E, Rat peritoneal macrophages were incubated with RvD1 (250 nm) in the
presence of apoptotic Jurkat cells (A)) in vitro for 24 h and the mRNA levels of Arginase-1, TNF-cy, and IL-18 in macrophages were then analyzed by RT-PCR (n = 3). F, Different concentrations of
RvD1 were directly added to Jurkat cell cultures and incubated for 24 h; TGF- 3 production was not changed. Representative data from at least two independent experiments are shown. Error bars

indicate SEM. *p << 0.05.

ized by a high expression of TGF-f and arginase-1, as well as alow
expression of TNF-« and IL-18. We also measured the expres-
sion of several other cytokines and found that RvD1 increased
arginase-1, but reduced TNF-« and IL-1f, in peritoneal macro-
phages during dying cell clearance (Fig. 6E), suggesting an anti-
inflammatory phenotype. In addition, to exclude the possible
effect of RvD1 on live Jurkat cells in our system, RvD1 was added
to Jurkat cell culture, incubated for 24 h, and no changes in
TGEF- production were observed (Fig. 6F). Therefore, these re-
sults suggest that RvD1 enhances the macrophage phagocytosis
of dying cells to induce anti-inflammatory macrophages that ex-
press high levels of TGF-f3.

<«

(Figure legend continued.) ~ TNF-c, IL-183, IL-17, 1L-12p35, and TGF-3 were measured in the
sciatic nerves of EAN rats (n = 3). F, Accumulation of (D4 Foxp3™ Treg cells in the sciatic
nerves of EAN on rats day 22 was measured (n = 3). G, Semiquantification of anti-inflammatory
macrophages (CD163") in sciatic nerves of EAN rats on day 22 (n = 3). H, Representative
immunohistochemical double-immunostaining and quantifications of (D163 ED1" anti-
inflammatory macrophages on cross sections of the sciatic nerves (n = 3). Representative data
from at least two independent experiments are shown. Error bars indicate SEM. *p << 0.05.

RvD1 promotes the macrophage phagocytosis of apoptotic
cells in the PNS of EAN rats

We investigated whether RvD1 enhances the engulfment of
apoptotic T cells by macrophages in EAN rats. Flow cytom-
etry was used to detect in vivo phagocytosis and CD3*CD68*-
permeabilized cells were identified as macrophages with ingested
T cells. Boc-1 treatment (from day 10 to day 22) significantly
reduced the number of CD3*CD68" cells in the sciatic nerves of
EAN rats compared with controls (Fig. 7A). Conversely, exoge-
nous RvD1 administration (from day 10 to day 22) greatly en-
hanced the number of CD3"CD68" cells in EAN sciatic nerves
(Fig. 7B). Correspondingly, the accumulation of apoptotic T
lymphocytes in the sciatic nerves of EAN rats was greatly in-
creased after Boc-1 treatment, but significantly reduced after
RvD1 administration by flow cytometry (Fig. 7C). This observa-
tion was confirmed by TUNEL staining in the sciatic nerves of
EAN rats after Boc-1 or RvD1 administration (Fig. 7D). In addi-
tion, RvD1 treatment did not increase Jurkat-cell or spleen T-cell
apoptosis directly in vitro, indicating that the accumulation of
apoptotic T cells in EAN rats after Boc-1 or RvD1 treatment is not
due to an increase in T-cell apoptosis by RvD1 (Fig. 7E). There-
fore, RvD1 promotes the clearance of dying T cells by macro-
phages in EAN rats.
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RvD1 promotes macrophage phagocytosis of apoptotic T cells in EAN sciatic nerves. EAN rats were treated with RvD1 (5 wg/kg/d, i.p.), Boc-1 (5 mg/kg/d, i.p.), or saline from day 10 to

day 22 after immunization (n = 3). EAN sciatic nerves were removed for flow cytometric and TUNEL analysis on day 22. A, Flow cytometry was used to detect the macrophage phagocytosis of
apoptotic T cells in EAN sciatic nerves. (D3*(D68" -permeabilized cells were identified as macrophages with ingested T cells (n = 3). B, Flow cytometry of apoptotic T lymphocytes
(AnnexinV " (D3™) accumulation in EAN sciatic nerves (n = 3). , TUNEL staining of apoptotic cell accumulation in the sciatic nerves of EAN rats (n = 3). (Figure legend continues.)
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1 Up-regulated

Schematic diagram showing how RvD1 increases the macrophage phagocytosis of apoptotic T cells to induce TGF-3, promoting inflammation resolution and disease recovery in EAN.

RvD1, its synthetic enzyme, and its receptor were greatly increased in the PNS during the recovery stage of EAN. The enhanced RvD1 pathway promoted the macrophage phagocytosis of apoptotic
T cells in the PNS, resulting in reduced apoptotic T-cell accumulation and the up-regulation of TGF-3 by macrophages. The induced TGF-3 enhanced Treg cell counts and inflammation resolution

inthe PNS, leading to disease recovery in EAN rats.

Discussion

The resolution of inflammation has been observed in various
autoimmune diseases; however, the underlying mechanisms are
largely uncharacterized. Furthermore, there is a critical need to
understand endogenous pathways that regulate autoimmune in-
flammation resolution to provide new perspectives on disease
pathogenesis and direct new therapeutic approaches. Here, we
have identified a physiological pathway that involves RvD1, apo-
ptotic T-cell clearance, anti-inflammatory macrophages, and
TGEF-f and Treg cells to promote autoimmune inflammation
resolution in EAN (Fig. 8). We determined that RvD1, its syn-
thetic enzyme, and its receptor in PNS were greatly increased
during the recovery stage of EAN. Endogenous and exogenous
RvD1 increased Treg-cell and anti-inflammatory macrophage
counts, enhanced inflammation resolution in PNS, and pro-
moted disease recovery in EAN rats. Moreover, the pharmaco-
logic inhibition of TGF-@ signaling suppressed RvD1-induced
Treg cell counts, RvD1-improved inflammation resolution, and
disease recovery in EAN rats. Mechanistically, RvD1 promoted
the macrophage phagocytosis of apoptotic T cells in the PNS,
resulting in reduced apoptotic T-cell accumulation in the PNS,
the upregulation of TGF-B by macrophages, the induction of

<«

(Figure legend continued.) D, Jurkat cell apoptosis was induced by incubation with PMA (50
ng/ml) together with RvD1 (250 nm) or control for 24, 48, or 72 h and then flow cytometry was
used to detect cell apoptosis (n = 3). E, Rat spleen cells were cultured in serum-free RPMI 1640
medium together with RvD1 (250 nm) or control for 24, 48, or 72 h. Flow cytometry was used to
detect (D3 T-cell apoptosis (n = 3). Representative data from at least two independent
experiments are shown. Error bars indicate SEM. *p << 0.05.

Treg cells, and finally inflammation resolution in EAN rats. Sev-
eral specific conclusions can be drawn from our data.

This work uncovers an essential role of the RvD1 cascade in en-
hancing apoptotic T-cell clearance and promoting autoimmune in-
flammation resolution in EAN. As a Th-cell-mediated autoimmune
disease, PNS inflammation in EAN is characterized by the infiltra-
tion of autoantigen-specific T cells, followed by circulating mono-
cytes. Although the pro-resolving activity of RvD1 has been well
established in acute inflammation that is characterized by the rapid
infiltration of blood neutrophils followed by the infiltration of
monocytes, the involvement of RvD1 in the resolution of autoim-
mune inflammation in EAN remains unknown. In acute inflamma-
tion, the production of RvD1 is mainly from neutrophils and
macrophages (Sun et al., 2007). Interestingly, we found that the lev-
els of RvD1, its receptor ALX/FPR2, and its key synthetic enzyme
12/15-LOX increased continuously in the PNS after EAN initiation.
Moreover, pharmacological blocking of the RvD1 pathway aggra-
vated the inflammation resolution in the PNS of EAN rats, but ther-
apeutic treatment with exogenous RvD1 significantly promoted
inflammation resolution in EAN. Therefore, these results reveal the
pro-resolving effects of the RvD1 cascade in EAN.

RvD1 promotes inflammation resolution mainly by enhanc-
ing the phagocytosis of apoptotic cells (Krishnamoorthy et al.,
2010). In EAN and many other autoimmune inflammatory dis-
orders such as autoimmune hepatitis (Czaja, 2014), experimental
autoimmune encephalomyelitis (Wang et al., 2013), experimen-
tal autoimmune thyroiditis (Fang et al., 2011), experimental au-
toimmune anterior uveitis (Jha et al., 2007), and experimental
autoimmune arthritis (Pay etal., 2007), although T-cell apoptosis
has been well established to contribute to inflammation resolu-
tion and disease spontaneous recovery (Orteu et al., 2000; Ariel et
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al., 2006), the mechanisms underlying apoptotic cell clearance
are poorly known. In the present study, we found that blocking
RvD1 activity strongly decreased the macrophage phagocytosis of
apoptotic T cells and increased apoptotic cell accumulation in the
PNS of ENA rats. Conversely, exogenous RvD1 significantly en-
hanced the macrophage engulfment of apoptotic T cells and de-
creased the apoptotic cell accumulation in the PNS of ENA rats,
revealing the major contribution of RvD1 to the removal of apo-
ptotic T cells in EAN. However, whether RvD1 also contributes to
apoptotic T-cell clearance in other autoimmune disorders re-
mains to be explored.

Our work also revealed that RvD1 promotes the polarization
of anti-inflammatory macrophages and thereby induces TGF-£3
production, leading to the inflammation resolution in EAN. The
clearance of apoptotic cells induces the secretion of anti-
inflammatory cytokines from macrophages and thereby pro-
motes a switch to the anti-inflammatory phenotype (Huynh et
al., 2002; Titos et al., 2011; Chang et al., 2015). Consistent with
these previous observations, we found that the blockage of RvD1
decreased anti-inflammatory macrophage counts because a sub-
population of activated local macrophages in the PNS of EAN
and exogenous RvD1 increased the counts. Anti-inflammatory
macrophages contribute to inflammation resolution in various
diseases (Sindrilaru and Scharffetter-Kochanek, 2013; Italiani
and Boraschi, 2014; Changet al., 2015), including EAN (Zhang et
al., 2009a; Zhang et al., 2010). Anti-inflammatory macrophages
exert their pro-resolving functions mainly through their secreted
cytokines such as IL-10 and TGF-$ (Zhang et al., 2012; Brunn et
al., 2014). Among these cytokines, our data revealed that TGF-3
has a central role in RvD1-induced EAN resolution because
blocking TGF- activity abolished the pro-resolving activity of
RvD1 in EAN. As one of the central instigators of the anti-
inflammatory milieu, TGF- 3 effectively orchestrated inflamma-
tion resolution by exerting its direct immune-modulating effects
(Zhu et al,, 2004), defining anti-inflammatory macrophages
(Mausberg et al., 2011), inducing Treg cells, and possibly also
inhibiting chemokines to reduce leukocyte recruitment in our
EAN model (Wahl et al., 2004). Although the exact inducing
mechanism remains unclear, our present data suggest that the
clearance of apoptotic cells promoted by RvD1 may play an im-
portant role.

Finally, we found that RvD1 contributed to the induction of
Treg cells in EAN. Accumulating evidence has revealed the con-
tribution of Treg cells to promoting the resolution of the inflam-
matory response in autoimmune inflammatory disorders such as
rheumatoid arthritis (Sarkar and Fox, 2008), multiple sclerosis
and its animal model EAE (Korn et al., 2007; Aranami and Yama-
mura, 2008; Lu et al., 2008), and specifically in EAN (Zhang et al.,
2009b; Wang et al., 2014). Our previous observations found an
increase in Treg-cell numbers during the spontaneous recovery
phase of EAN (Zhang et al., 2009b). Furthermore, we and others
have shown that the induction of Treg cells by treatments con-
tributed to the amelioration of EAN (Li et al., 2011; Xu et al.,
2014). Moreover, the depletion of Treg cells exacerbated EAN
progression, further confirming the important role of Treg cells
in EAN (Meyer zu Horste et al., 2014). Given the important con-
tribution of Treg cells to EAN inflammation regulation, the path-
ways regulating Treg-cell induction in EAN remain unknown.
The present data revealed that RvD1-induced TGF-B promotes
the macrophage phagocytosis of apoptotic T cells, which contrib-
utes to the increase in Treg-cell numbers in EAN.

Collectively, our results reveal a novel pathway that promotes
inflammation resolution and identify the essential position of
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RvD1 in orchestrating the resolution of the autoimmune inflam-
mation in EAN. Given its central role in disease recovery of EAN,
its low toxicity, and its safety as an endogenous lipid mediator
derived from the DHA, RvD1 shows potential utility for the treat-
ment of EAN.
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