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1 | INTRODUCTION

Uveitis is an ocular inflammatory disease that causes prolonged
visual loss in two-thirds of patients® and is responsible for about

5%-10% of all cases of visual loss worldwide.? Non-infectious

Abstract

We investigated how Src-homology 2-domain phosphatase-1 (SHP-1) regulates the
inflammatory response in endotoxin-induced uveitis (EIU), and the signalling path-
ways involved. One week after intravitreal injection of short hairpin RNA targeting
SHP-1 or SHP-1 overexpression lentivirus in rats, we induced ocular inflammation with
an intravitreal injection of lipopolysaccharide (LPS). We then assessed the extent of
inflammation and performed full-field electroretinography. The concentrations and
retinal expression of various inflammatory mediators were examined with enzyme-
linked immunosorbent assays and Western blotting, respectively. SHP-1 overexpres-
sion and knockdown were induced in Miiller cells to study the role of SHP-1 in the
LPS-induced inflammatory response in vitro. Retinal SHP-1 expression was up-reg-
ulated by LPS. SHP-1 knockdown exacerbated LPS-induced retinal dysfunction and
increased the levels of proinflammatory mediators in the retina, which was abrogated
by a c-Jun N-terminal kinase (JNK) inhibitor (SP600125). SHP-1 overexpression had
the opposite effects. In Mdller cells, the LPS-induced inflammatory response was en-
hanced by SHP-1 knockdown and suppressed by SHP-1 overexpression. SHP-1 nega-
tively regulated the activation of the transforming growth factor--activated kinase-1
(TAK1)/JNK pathway, but not the nuclear factor-«kB pathway. These results indicate
that SHP-1 represses EIU, at least in part, by inhibiting the TAK1/JNK pathway and
suggest that SHP-1 is a potential therapeutic target for uveitis.
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inflammation, JNK, LPS, Miiller cells, SHP-1

uveitis, especially idiopathic anterior uveitis, is the commonest
type of uveitis in developed countries, whereas infection is the
leading cause of uveitis in developing countries.® Inflammatory
cytokines play pivotal roles in uveitis. The levels of interleukin
(IL)-6, 1L-8, chemokine ligand 2 and interferon-y were elevated

in aqueous humour samples from patients with idiopathic uveitis,
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and the IL-6 level was correlated with the number of infiltrat-
ing neutrophils.* The increased activation of retinal Miiller cells,
which are specialized glial cells, is also observed in uveitis. These
cells display up-regulated glial fibrillary acidic protein and se-
crete proinflammatory cytokines.’ Uveitis is normally managed
by systemic, topical or intraocular administration of corticoste-
roids.® However, side effects include increased ocular pressure,
increased risk of cataract and greater susceptibility to infection.”
Therefore, there is a need to develop alternatives to corticoste-
roids for the treatment of uveitis.

Rodent endotoxin-induced uveitis (EIU) is a widely accepted
animal model of human uveitis, especially acute-onset uve-
itis.® EIU is generally induced by injecting lipopolysaccharide
(LPS) into the footpad or the vitreous body of the eye.®? LPS
increases vascular permeability and subsequent cellular exu-
dates, the two main pathological characteristics of EIU.° This
model is also characterized by the up-regulated expression of
inflammatory mediators, particularly tumour necrosis factor-a
(TNF-a), IL-6, IL-1p and monocyte chemoattractant protein-1
(MCP-1), which peaks at about 24 hours after the administra-
tion of LPS. It was recently demonstrated that Miiller cells
also respond to LPS with reactive gliosis and the production
of inflammatory cytokines.'?*® Investigating the regulation of
Miiller cells during EIU may provide insight into strategies to
control or treat ocular inflammation. Therefore, we used Miiller
cells to study the role of Src-homology 2-domain phospha-
tase-1 (SHP-1) in the retina.

Src-homology 2-domain phosphatase-1, also known as pro-
tein-tyrosine phosphatase non-receptor 6, negatively regulates
signal transduction pathways in the immune system by sup-
pressing the downstream nuclear factor-xB (NF-xB) and mito-
gen-activated protein kinase (MAPK) pathways.** SHP-1 is also
in control of endotoxemia.'> Microglia from SHP-1-deficient
motheaten mice produced more nitric oxide, IL-18, and TNF-«
in the central nervous system in response to LPS than the mi-
croglia from wild-type mice.'® The expression of SHP-1 was
elevated in reactive astrocytes after focal cerebral ischaemia
and might restrict reactive gliosis and inflammation.'” Retinal
SHP-1 expression has been confirmed in mice and is linked to
progressive retinal degeneration.'® However, how SHP-1 func-
tions in retinal inflammation and reactive gliosis in Miller cells
are not yet clear.

In this study, we investigated the role of SHP-1 in EIU in vivo
and in Mdller cells in vitro to identify the signalling pathways
involved. We found that SHP-1 expression increased in the ret-
ina in response to EIU and in LPS-treated Mdller cells in vitro.
SHP-1 knockdown exacerbated retinal inflammation, whereas
SHP-1 overexpression weakened the inflammatory response.
Finally, we demonstrated that SHP-1 negatively regulates the
inflammatory response by repressing the transforming growth
factor-p-activated kinase-1 (TAK1)/c-Jun N-terminal kinase
(JNK) pathway.

2 | MATERIALS AND METHODS
2.1 | Animals

All animal experiments were approved by the Animal Ethics
Committee of the Eye and Ear Nose Throat Hospital of Fudan
University, China, and conformed to the ARVO Statement on the
Use of Animals in Research. Six-week-old male Sprague-Dawley rats
were purchased from Slac Laboratories. The rats, weighing 160-
180 g, were kept in comfortable cages under a 12/12 hour light/dark

cycle and were provided with ample water and food.

2.2 | Intravitreal administration of lentivirus and
EIU induction

Anaesthesia in rats was achieved by an intraperitoneal injection
of ketamine (80 mg/kg), mixed with xylazine (10 mg/kg). SHP-1
knockdown was achieved by the administration of a short hairpin
RNA targeting SHP-1 recombinant lentivirus (shRNA-SHP-1-rLV;
Genomeditech). The recombinant lentivirus encoding SHP-1 (SHP-
1-rLV; Genomeditech) was used to overexpress SHP-1. Briefly, 3 pL
of shRNA-SHP-1-rLV or SHP-1-rLV (5 x 102 transducing units/mL)
was injected intravitreally into the right eye of each rat. As a control,
3 plL of blank-recombinant lentivirus (blank-rLV) was injected into
the left eye. One week after transfection, the rats were intravitreally
injected with 500 ng of LPS from Escherichia coli 0111:B4 (Sigma-
Aldrich) diluted in 2 pL of phosphate-buffered saline (PBS) to estab-
lish EIU or with 2 uL of PBS as the control. All intravitreal injections

were performed with a microinjector (Hamilton).

2.3 | Intravitreal administration of JNK
inhibitor and LPS

SP600125 (Beyotime), an inhibitor of JNK phosphorylation, was first
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and then
diluted with PBS to a final concentration of 0.1 mmol/L with 1%
DMSO. The Rats in the blank-rLV + PBS group received an intravit-
real injection of 2 pL of PBS with 1% DMSO. The Rats in the blank-
rLV + LPS group were intravitreally injected with 500 ng of LPS
diluted in 2 pL of PBS with 1% DMSO, whereas those in the blank-
rLV + LPS+SP600125 group or shRNA-SHP-1-rLV + LPS+SP600125
group received 500 ng of LPS mixed with 0.2 nmol SP600125 in 2 pL
of PBS with 1% DMSO.

2.4 | Assessment of EIU severity

The severity of EIU in the anterior segment was assessed with bi-
omicroscopy at 0, 24, 48, and 72 hours after the induction of EIU

and was ranked with a previously reported scoring system,’ based
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on iris hyperaemia, the presence of exudate in the anterior chamber,
hypopyon and pupil miosis.

2.5 | Electroretinography

At 24 hours after the injection of LPS and after adaptation in the
dark for 12 hours, the rats underwent electroretinography (ERG).
The rats were anaesthetized as described above, followed by topi-
cal use of atropine sulphate, oxybuprocaine (Santen Pharmaceutical)
and carbomer eye gel (Bausch & Lomb) for mydriasis, corneal anaes-
thesia and corneal hydration, respectively. The contact electrodes
were placed on the central cornea, and two needle electrodes were
placed subcutaneously near the nose and tail to act as the reference
and ground electrodes, respectively. A visual electrophysiology sys-
tem (Espion E3; Diagnosys UK) was used to record the maximum
ERGs following a stimulus of 20 cds/m? at a single pulse of 0.1 Hz in
a completely dark background. The a wave amplitude was measured
as the difference of amplitude between the baseline and the trough
of the negative deflection. The b wave amplitude was measured
from the trough of the a wave to the peak of the b wave. The ERGs
were recorded 10 times per eye, and the mean value for each eye

was calculated.

2.6 | Collection of aqueous humour samples for
enzyme-linked immunosorbent assays (ELISAs) and
cell counting

The aqueous humour collected from one eye of a rat represented
one sample and five samples per group were used to measure the
concentrations of specific inflammatory cytokines. The aqueous
humour was collected from the anterior chamber with a microsy-
ringe. The samples were kept on ice and then centrifuged at 300 g
for 5 minutes. After centrifugation, the supernatant was used to
measure the concentrations of IL-6, IL-1, MCP-1 and chemokine (C-
X-C motif) ligand 1 (CXCL1) with ELISA kits (MultiSciences Biotech).
The cell deposit obtained by centrifugation was resuspended in a
volume of PBS identical to the amount of aqueous humour obtained
from the eye. The number of free cells was then determined with
a haemocytometer by two observers blinded to the experimental

groups.

2.7 | Preparation of paraffin-embedded retinal
sections for haematoxylin and eosin staining

The enucleated eyes were kept in 4% paraformaldehyde for
48 hours at room temperature and then embedded in paraffin.
Sagittal sections (5 pm thick) from beneath the optic nerve were
prepared and stained with haematoxylin and eosin (H&E). The sec-
tions were observed with light microscopy (Leica Microsystems).

The numbers of cells that had infiltrated the anterior chamber and
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the vitreous body were counted by two observers blinded to the
experimental groups.

2.8 | Immunohistochemistry

The eyecups were fixed in 4% paraformaldehyde for 1 hour and
dehydrated sequentially in 20% and 30% sucrose solutions at 4°C
for 1 hour. After the anterior sections had been removed and the
cups filled with optimal cutting temperature compound (Tissue-Tek;
Ted Pella), they were then frozen at -80°C, and cut in the sagittal
direction (8-pm- thick sections). After being blocked with 5% goat
serum and permeated with 0.15% Triton X-100 in PBS for 45 min-
utes, the sections were incubated with the following primary an-
tibodies overnight at 4°C: mouse anti-SHP-1(sc-7289, diluted 1:50;
Santa Cruz Biotechnology); mouse anti-pJNK (92555, diluted 1:100;
Cell Signaling Technology) and rabbit anti- glutamate synthase (GS)
(ab49873, diluted 1:5000; Abcam). The sections were rinsed three
times with PBS and incubated with a secondary antibody (A28180;
Invitrogen; or 4414, Cell Signaling Technology) for 1 hour at room
temperature. After the sections were rinsed three times, they were
counterstained with Fluoroshield with DAPI mounting medium
(ab104139; Abcam). The sections were then observed with a laser
confocal microscope (Leica Microsystems).The immunofluores-
cence intensity in the images was measured with ImageJ software
(National Institutes of Health).

2.9 | Cell culture, transfection and LPS
administration

The transformed rat retinal Mdiller cell line (rMC-1) was a kind gift
from Shanghai Tenth People's Hospital, Tongji University (Shanghai,
China). The cells were cultured in low-glucose Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% foetal bovine
serum and 1% penicillin/streptomycin at 37°C under 5% CO, in a
humidified incubator. The rMC-1 cells were then transfected with
blank-rLV, SHP-1-rLV, or shRNA-SHP-1-rLV. The efficiency of SHP-1
overexpression or knockdown was estimated with Western blotting
of SHP-1. After stable transfection, the cells were seeded in six-well
plates and cultured for 12 hours before the LPS treatment. To as-
sess the phosphorylation status of the target proteins, the cells were
serum-starved overnight before treatment. LPS was stored at a con-
centration of 1 mg/mL and added to the culture medium to achieve
the appropriate final concentrations. After incubation for specific

times, the cells were harvested for Western blotting.

2.10 | Western blotting

The retina and cultured rMC-1cells were homogenized in RIPA
buffer (Beyotime), freshly mixed with phenylmethylsulfonyl flu-

oride, and lysed on ice for 30 minutes (rat retina) or 5 minutes
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FIGURE 1 SHP-1is up-regulated in the retina and Miller cells in EIU, whereas SHP-1 knockdown aggravates inflammation and retinal
dysfunction. A, Western blotting analysis of retinal SHP-1 protein expression before and 24 h after intravitreal injection of LPS. Unpaired t
test was used. n = 3 per group. B, Co-immunofluorescent staining for SHP-1 and glutamate synthase (GS) in the retina. Red: SHP-1; grey: GS;
blue: DAPI. Scale bar: 50 pm. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. C, Quantitative analysis of mean
fluorescence intensities of SHP-1 at sites of GS staining. Unpaired t test was used. n = 3 per group. D, Western blotting analysis of SHP-1
expression 1 wk after intravitreal injection of blank-rLV or shRNA-SHP-1-rLV. Unpaired t test was used. n = 3 per group. E, Representative
biomicroscopic images of the blank-rLV + PBS, blank-rLV + LPS and shRNA-SHP-1-rLV + LPS groups at O, 24, 48 and 72 h after LPS
administration. F, Comparison of clinical scores, derived from biomicroscopic images, among the three groups. One-way ANOVA followed
by Dunnett's test was used. n = 5 per group. G, Representative maximum ERG traces recorded for the blank-rLV + PBS, blank-rLV + LPS and
shRNA-SHP-1-rLV + LPS groups at 24 h after LPS administration. H, Comparison of the amplitudes of a and b waves of maximum ERG tests
in the groups mentioned above. One-way ANOVA followed by Dunnett's test was used. n = 5 for the blank-rLV + PBS group, n = 6 for the
other groups.*P < .05 and **P < .01

(rMC-1 cells). The lysate was centrifuged at 13 600 g for 5 min- anti-MCP-1 (66272-1-lg, diluted 1:800; Proteintech); rabbit anti-
utes at 4°C; resuspended in 5x sample loading buffer (Beyotime) NF-kB p65 (4764S, diluted 1:1000; Cell Signaling Technology); rab-
and boiled at 95°C for 5 minutes. The proteins were separated by bit anti-NF-kB phospho-65 (3033S, diluted 1:1000; Cell Signaling
sodium dodecyl sulphate-polyacrylamide gel electrophoresis in Technology); rabbit anti-SAPK/JNK (9252T, diluted 1:1000; Cell
12% gel. The proteins were then transferred to a polyvinylidene Signaling Technology); rabbit anti-phospho-SAPK/JNK (925185,
difluoride membrane (Millipore), which was then blocked with diluted 1:1000; Cell Signaling Technology); rabbit anti-phospho-
5% milk for 1 hour and incubated with diluted primary antibod- TAK1 (AF3019, diluted 1:1000; Affinity Biosciences); and horse-
ies at 4°C overnight: rabbit anti-SHP-1 (ab32559, diluted 1:1000; radish-peroxidase (HRP)-conjugated anti-B-actin (5125S, diluted
Abcam); rabbit anti-cyclooxygenase-2 (COX2; ab15191, diluted 1:2000; Cell Signaling Technology). After the membrane was
1:1000; Abcam); rabbit anti-IL-1p (AB1832P, diluted 1:1000; rinsed three times, it was incubated with the appropriate HRP-
Millipore); rabbit anti-macrophage inflammatory protein-la conjugated secondary antibody (Millipore) for 50 minutes at room
(MIP-1a) (80044-T32, diluted 1:800; Sino Biological); mouse temperature. The membrane was rinsed three times, and the
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protein bands were detected with enhanced chemiluminescence
fluid (Millipore). Images were taken with Kodak Image Station
4000MMPRO (Carestream).

2.11 | Statistical analysis

Data were analysed with SPSS for Windows version 17.0 (IBM-
SPSS). The data were presented as the means + standard deviations
of at least three independent experiments. The number of individu-
als included in each group and the specific method used is stated in
the figure legends. Differences were deemed statistically significant
at P <.05.

3 | RESULTS

3.1 | LPS up-regulates the retinal expression of
SHP-1 and SHP-1 knockdown exacerbates LPS-
induced inflammation

Previous studies have shown that LPS-induced inflammation is most
severe about 24 hours after the administration of LPS and that the
retina is particularly vulnerable to inflammation.?° Therefore, we
chose this time to evaluate the role of SHP-1 in the retina. We first
determined the retinal expression of SHP-1 in the EIU model and
found that its expression increased by about 1.8-fold at 24 hours
after the administration of LPS (Figure 1A). To identify the localiza-
tion of SHP-1 in the retina after LPS treatment, we performed the
immunofluorescent staining for SHP-1 and GS (a marker of Miiller
cells). SHP-1 expression was significantly up-regulated in the end-
feet of the Muiller cells 24 hours after LPS treatment (Figure 1B,C).
These results imply that SHP-1 in Miller cells participates in the
regulation of inflammation in the EIU model.

To determine the roles of SHP-1 in LPS-induced retinal in-
flammation, we knocked down retinal SHP-1 and ascertained the
knockdown efficiency with Western blotting (Figure 1D). After the
successful knockdown of retinal SHP-1, we replicated the EIU model
in eyes previously transfected with blank-rLV or shRNA-SHP-1-rLV.
The severity of inflammation was determined with biomicroscopy at
0, 24, 48, and 72 hours after LPS treatment. Consistent with a pre-
vious report,® inflammation was most severe after 24 hours and re-
turned to a near-normal level at 72 hours. The knockdown of SHP-1
exacerbated the severity of inflammation between 24 and 72 hours,
compared with that in the blank-rLV group (Figure 1E,F). Visual
dysfunction determined by ERG was evident in eyes with EIU.2%%2
Therefore, we recorded the maximal ERG 24 hours after LPS induc-
tion, following dark adaptation for 12 hours. The amplitudes of the a
and b waves were dampened in the blank-rLV + LPS group compared
with those in the control group. The amplitudes of these waves were
further reduced in the shRNA-SHP-1-rLV + LPS group (Figure 1G,H).
These results indicate that SHP-1 knockdown exacerbates visual

dysfunction in EIU.

3.2 | SHP-1 knockdown exacerbates cell infiltration
in the anterior chamber and vitreous body

Histological examinations revealed no obvious cell infiltration in ei-
ther the anterior chamber around the iris-ciliary body or the vitre-
ous body lining the inner limiting membrane in the blank-rLV + PBS
group. However, leucocytes accumulated at both of these sites in the
blank-rLV + LPS group, and to even greater degrees in the sShRNA-
SHP-1-rLV + LPS group (Figure 2A,B). The numbers of infiltrating
cells in the anterior chamber and vitreous body were about 1.7- and
twofold higher, respectively, in the shRNA-SHP-1-rLV + LPS group
than in the blank-rLV + LPS group (Figure 2C,D). SHP-1 knockdown
also increased the LPS-induced free cell exudate in the aqueous hu-
mour (Figure 2E).

3.3 | Knockdown of SHP-1
aggravates the inflammatory responses in the
retina and aqueous humour

A variety of inflammatory mediators are expressed in the retina and
secreted into the aqueous humour and may play pivotal roles in the
development of ocular inflammation.'>?>2* Therefore, Western
blotting and ELISAs were used to determine the roles of SHP-1 in
regulating inflammatory mediators in EIU. The retinal abundances of
COX2, IL-1p, MCP-1 and MIP-1a were higher in the blank-rLV + LPS
group than in the blank-rLV + PBS group, and their expression was
further increased by SHP-1 knockdown (Figure 3A-D). ELISAs of
the aqueous humour samples revealed that SHP-1 knockdown en-
hanced the LPS-induced production of IL-1p, CXCL1, MCP-1 and IL-6
(Figure 3E-H). These results indicate that LPS-induced inflammation
in the retina was aggravated by SHP-1 knockdown.

3.4 | Overexpression of SHP-1 alleviates the
inflammatory response and cell infiltration

We also examined the effects of SHP-1 overexpression on the LPS-
induced inflammatory response in the retina. SHP-1 overexpression
was induced by delivering SHP-1-rLV intravitreally. One week after
SHP-1-rLV delivery, SHP-1 expression was up-regulated nearly two-
fold (Figure 4A). After LPS treatment, the severity of inflammation in
the anterior segment was evaluated as described above. We found
that inflammation was attenuated in the SHP-1-rLV + LPS group
at 24 hours after LPS induction compared with that in the blank-
rLV + LPS group, and that SHP-1 overexpression helped return to
nearly normal state at 48 hours (Figure 4B,C). We also performed
Western blotting to determine the protein expression levels of in-
flammatory mediators in the retina. The LPS-induced increases in
the expression of COX2, IL-1p and MIP-1a were significantly miti-
gated by the overexpression of SHP-1 in the retina (Figure 4D-F).
These results show that the overexpression of SHP-1 alleviates the

inflammatory response in EIU.
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FIGURE 2 SHP-1 knockdown exacerbates cellular infiltration in the anterior chamber and vitreous body. A, Representative images of
the iris-ciliary body in the blank-rLV + PBS, blank-rLV + LPS and shRNA-SHP-1-rLV + LPS groups 24 h after LPS administration. Scale bar:
200 pm. B, Representative images of the border between the retina and vitreous body in the blank-rLV + PBS, blank-rLV + LPS and shRNA-
SHP-1-rLV + LPS groups at 24 h after LPS administration. Scale bar: 100 um. C-E, Quantitative analysis of the number of infiltrating cells in
the anterior chamber per section (C), the number of infiltrating cells in the vitreous body per section (D) and the number of free cells in the
aqueous humour (E). One-way ANOVA followed by Dunnett's test was used. n = 5 per group. **P < .01

We also performed H&E staining of the retinal sections. The re-
sults showed that fewer leucocytes were recruited into the anterior
chamber and vitreous body in the SHP-1-rLV + LPS group than in the
blank-rLV + LPS group (Figure 5A,B). The total numbers of infiltrating
cells in the anterior chamber, vitreous body and aqueous humour in
the SHP-1-rLV + LPS group were equivalent to about 65%, 70% and
50% of those in the blank-rLV + LPS group, respectively (Figure 5C-
E). These results indicate that the overexpression of SHP-1 reduces
infiltrating cells in both the anterior chamber and vitreous body.

3.5 | SHP-1inhibits the expression of inflammatory
cytokines in Miiller cells

Miuiller cells are the major glial cells in the retina, and express Toll-like
receptors, especially TLR4, which act as receptors for LPS and con-
tribute to the inflammation in EIU.2% Because SHP-1 was significantly

up-regulated in Miller cells in EIU, we investigated the possible role
of SHP-1 in rMC-1 in vitro. rMC-1 cells were exposed to O, 5, 10,
and 20 pg/mL LPS for 24 hours, and Western blotting showed that
SHP-1 expression was increased in a concentration-dependent man-
ner (Figure 6A). Exposing rMC-1 cells to 10 pg/mL LPS for O, 8, 16
and 24 hours showed that SHP-1 expression increased in a time-
dependent manner (Figure 6B). These data indicate that LPS induces
SHP-1 expression in a time- and concentration-dependent manner.
We next transfected rMC-1 cells with SHP-1-rLV to induce SHP-1
overexpression and performed Western blotting to confirm the
overexpression efficiency (Figure 6C). The expression of COX2, IL-1p
and MCP-1 was up-regulated in rMC-1 cells transfected with blank-
rLV and exposed to LPS at 10 or 20 ug/mL. These changes were sig-
nificantly inhibited by SHP-1 overexpression (Figure 6E-G). We then
knocked down SHP-1 in rMC-1 cells to confirm its role in inflam-
mation and verified the knockdown efficiency with Western blot-

ting (Figure 6D). In this experiment, LPS increased the expression



ZHUANG ET AL.

WILEY-—%

LPS (24 h) LPS (24 h)
A N o B N o
") Q' N Q’
W &
%\6 %\ﬁ(\ Q'& 6\'} e\'b(\ QS\Y
Ccox2 69 kDa IL-1B _ 18 kDa

’_‘

Blank-rLV Blank-rLV__ShRNA-SHP-1-rLV

-4

4

IS

©
w

IL-1p/B-actin
~n

COX2/B-actin
~n

-

LPS (24 h) LPS (24 h)
E F
farg jary
<} 5}
E 2500 hd E 40000 .
= 4
] 2000 % 30000 *=* l
§ 1500. . S
4 20000
] w©
c 1000 £
o 10000
g | &
= (8]
(S = 0

Blank-rLV Blank-rLV__ShRNA-SHP-1-rLV

LPS (24 h) LPS (24 h)

Blank-rLV Blank-rlLV__ShRNA-SHP-1-rLV

IL-1B in aqueous humor (pg/mL)

Blank-rLV Blank-fLV _ShRNA-SHP-1-rLV

MCP—1IB—aclin

LPS (24 1) LPS (24 h)
C Q:\‘V\\ D Q!\x\;\
& @g\ & & \;\»g’Y\
o o o o o o8
MCP-1 20 kDa miP-1c N 11 kDa
B-actin 42 kDa B-actin_ 42 kDa

*®

- @

15

MIP—1qu—actin

Lﬁ

Blank-rLV Blank-rLV _ShRNA-SHP-1-ILV ~ Blank-rLV Blank-lLV _ShRNA-SHP-1-rLV/

LPS (24 h) LPS (24 h)
G H

ar)

£

B ,
3000 5

£ P |

2 1500
2000 P

=2

8 1000

3
1000 &

£ 600

®

= o

Blank 1LV Blank-rLV__ShRNA-SHP-1-rLV
LPS (24 h)

Blank-rLV Blank-rLV.__ShRNA-SHP-1-rLV
LPS (24 h)

FIGURE 3 SHP-1 knockdown increases the expression of inflammatory mediators in the retina and aqueous humour. A-D, Expression
levels of COX2 (A), IL-1p (B), MCP-1 (C) and MIP-1« (D) at 24 h after intravitreal injection of LPS. One-way ANOVA followed by Dunnett's
test was used. n = 3 per group. E-H, Concentrations of CXCL1 (E), MCP-1 (F), IL-1p (G) and IL-6 (H) in the aqueous humour. One-way ANOVA
followed by Dunnett's test was used. n = 5 per group.*P < .05 and **P < .01

of the proinflammatory factors (COX2, IL-18 and MCP-1), which was
further enhanced by SHP-1 knockdown (Figure 6H-J). These results
suggest SHP-1 acts as an acute reactive protein in response to an
inflammatory agent (ie LPS) to alleviate the proinflammatory state

and that the absence of SHP-1 results in uncontrolled inflammation.

3.6 | SHP-1 down-regulates the TAK1/JNK pathway
in Miiller cells in vitro

TAK1, a member of the mitogen-activated protein kinase kinase ki-
nase (MAPKKK) family, is reported to be a direct downstream target of
SHP-1 and is implicated in various inflammatory signalling pathways.?’
Downstream of TAK1 mainly lie the NF-xB pathway and JNK pathway,
which play important roles in inflammation.?® To clarify the signal-
ling pathways by which SHP-1 regulates the inflammatory response
in Miller cells, we examined the phosphorylation of TAK1, JNK and
NF-xB with Western blotting. Exposure to LPS increased the phos-
phorylation status of TAK1, NF-xB and JNK. Notably, SHP-1 overex-
pression significantly attenuated the phosphorylation of TAK1 and
JNK, but not that of NF-kB (Figure 7A-D). Conversely, SHP-1 knock-
down significantly increased TAK1 and JNK phosphorylation, but not
NF-kB phosphorylation, in Miiller cells (Figure 7E-H). These results
imply that SHP-1 regulates the production of inflammatory mediators
via the phosphorylation of TAK1 and JNK, but not that of NF-«xB.

3.7 | Inhibition of the JNK pathway attenuates LPS-
induced inflammation in the retina

We next examined the role of the SHP-1-regulated TAK1/JNK
pathway in LPS-induced inflammation in vivo. A Western blotting
analysis of the retina at 0, 6, 12 and 24 hours after the intravitreal
injection of LPS showed that the phosphorylation of TAK1 and
JNK in the retina was increased by LPS treatment (Figure S1A-C).
As shown in Figure 8A,B, co-staining for p-JNK and GS indicated
that the expression of p-JNK in the Miiller cells was significantly
enhanced by LPS treatment in vivo. The knockdown of SHP-1 fur-
ther strengthened JNK phosphorylation during LPS treatment,
whereas SHP-1 overexpression attenuated the LPS-induced phos-
phorylation of JNK (Figure 8A,B). SP600125 (a JNK inhibitor) was
used in this study to investigate whether the effects of SHP-1
knockdown on EIU were mediated by JNK activation. As evident
in biomicroscopic images and clinical scores, inhibition of the JNK
pathway reduced the severity of inflammation after LPS treat-
ment and abrogated the intensifying effect of SHP-1 knockdown
(Figure 8C,D). Western blotting showed that SHP-1 knockdown
exacerbated LPS-induced expression of COX2, IL-1f and MIP-1«
in the retina, which was abrogated by SP600125 (Figure 8E-H).
These results indicate that the JNK pathway, which is negatively
regulated by SHP-1, participates in LPS-induced inflammation in

the retina.
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4 | DISCUSSION

SHP-1 belongs to the protein-tyrosine phosphatase non-receptor
family and plays important roles in regulating inflammatory signal-
ling pathways. It is recruited to cytoplasmic immunoreceptor tyros-
ine-based inhibition motifs (ITIMs) and dephosphorylates activated
proteins.?” Previous studies have shown that SHP-1 regulates the
responsiveness of macrophages to chemokines and their infiltration
of infectious sites,?® and dampens the LPS-mediated up-regulation
of TNF-a and inducible nitric oxide synthase (iNOS).?? Interestingly,
SHP-1 is also targeted by pathogens, including Leishmania, to pre-
vent inflammatory cell activation and to subvert the host's immune
response.’® However, until now, it has been unclear whether SHP-1
is involved in the development of uveitis. In the present study, we
found that SHP-1 is up-regulated in response to LPS, attenuates

LPS-induced production of inflammatory mediators and improves

retinal function by suppressing the activation of the TAK1/JNK
pathway.

An important finding of our study is that LPS-induced SHP-1
negatively regulates inflammation in the retina. Although the in-
hibitory effects of SHP-1 on inflammation have been reported, the
expression of SHP-1 in different tissues after stimulation with var-
ious agents is not always consistent. Growing evidence indicates
that SHP-1 is up-regulated in response to some stressors, and acts
as an autoinhibitory molecule that suppresses excessive inflamma-
tion. For example, SHP-1 was up-regulated in acute pancreatitis,
independently of neutrophil infiltration, and in astrocytes after
focal cerebral ischaemia.”®! It has been reported that TNF-a in-
creases SHP-1 activity and expression in cultured endothelial cells
in vitro. 32 Consistent with these studies, our results show that
SHP-1 expression is increased in the retina of rats with EIU and
in LPS-treated Miiller cells. We consider that SHP-1 is primarily
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up-regulated in the resident retinal Miiller cells, as a means of
self-protection and contributes to the restoration of retinal ho-
moeostasis. The SHP-1 knockdown reportedly weakens the ability
of cells to inhibit the signals activated by various stimuli.>®> More
intense cellular recruitment is observed at the infection sites in vi-
able motheaten SHP-1-deficient mice.®* Notably, in our EIU model,
the inflammation of the anterior segment tended to self-restrict
at 72 hours after the administration of LPS. SHP-1 knockdown
caused a more notable inflammation peak 24 hours after LPS in-
duction, and a slower resolution rate over a period of 72 hours.
Conversely, SHP-1 overexpression mitigated the LPS-induced
inflammatory response in the anterior segment. Consistent with
these clinical findings, SHP-1 knockdown exacerbated cell infil-
tration, whereas SHP-1 overexpression elicited opposite effects.
Taken together, the up-regulated SHP-1 in the retina acts as an

important anti-inflammatory effector in EIU.

Chemokines, such as MCP-1, MIP-1a and CXCL1, are responsi-
ble for neutrophil recruitment during inflammation and are critical
mediators of ocular inflammation.®>®” It has been reported that
MCP-1 knockout alleviates the infiltration of inflammatory cells
into the eye.38 The chemokines produced by resident cells are re-
sponsible for the initiation of subsequent cell infiltration.’? COX2
is another key modulator of inflammation.*® COX2 expression in
retinal microglia marks their polarization to a proinflammatory
phenotype,** and the suppression of COX2 and the production of
prostaglandin E, alleviates the inflammation in EIU.*? The knock-
down or inhibition of SHP-1 increases the production of TNF-«,
iNOS, and IL-1p in macrophages, microglia and dendritic cells ex-
posed to LPS.162%43 To determine the role of SHP-1 in LPS-induced
inflammation, we examined whether these inflammatory mediators
are regulated by SHP-1. Our results show that the LPS- induced
expression of MCP-1, MIP-1a and CXCL1 was increased by SHP-1
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FIGURE 6 SHP-1regulates the inflammatory response to LPS treatment in rMC-1 cells. A, Western blotting analysis of SHP-1 protein
expression in rMC-1 cells incubated with O, 5, 10 or 20 pug/mL LPS for 24 h. B, Western blotting analysis of SHP-1 expression in rMC-1 cells
incubated with 10 pg/mL LPS for O, 8, 16 or 24 h. One-way ANOVA followed by Dunnett's test was used to compare the groups. n = 3 per

group. *P < .05 and **P < .01. C, Overexpression efficiency of SHP-1-

SHP-1 was significantly reduced in rMC-1 cells by shRNA-SHP-1-rLV.

rLV confirmed by Western blotting. D, Western blotting showed that
E-G, After stable transfection, the rMC-1 cells were incubated with

10 pg/mL LPS for 24 h and Western blotting was performed to determine the protein abundances of COX2 (E), IL-1p (F) and MCP-1 (G). H-J,

After stable transfection, rMC-1 cells were incubated with 10 pg/mL

LPS for 24 h and Western blotting was performed to determine the

protein abundances of COX2 (H), IL-1p (I) and MCP-1 (J). Two-way ANOVA followed by Dunnett's test was used. n = 3 per group. *P < .05

and **P < .01

knockdown in the retina. The synthesis of IL-18 and IL-6 was also
increased by SHP-1 knockdown. By contrast, SHP-1 overexpres-
sion attenuated the effects of LPS on these inflammatory medi-
ators. Similar results were obtained in LPS-treated Miller cells.
These results indicate that SHP-1 inhibits the expression of inflam-
matory mediators during LPS-induced inflammation in the retina.
Chemokines and proinflammatory cytokines also contribute to tis-
sue injury. MCP-1 produced by Miiller cells is a key mediator of
photoreceptor apoptosis during retinal detachment,** and IL-1p
is reported to promote the release of reactive oxygen species in
the retinal pigment epithelium.*® In our study, the results of ERG
indicate that the LPS-induced inflammation injured photorecep-

tors, resulting in retinal dysfunction, which was aggravated by

SHP-1 knockdown. Therefore, up-regulation of SHP-1 may coun-
terbalance the responses to various stimuli to avoid the harmful
side effects of the inflammatory response. These findings provide
compelling evidence that SHP-1 inhibits the expression of inflam-
matory mediators and protects against visual dysfunction during
LPS-induced inflammation in the retina.

The modulatory effects of SHP-1 on inflammation are mostly
dependent on the dephosphorylation of the kinases involved in
the inflammatory pathways, especially the NF-xB and MAPK path-
ways.!* Mice with point mutations in the gene encoding SHP-1
develop an inflammatory skin disease, characterized by the sponta-
neous activation of TAK1.4¢ TAK1 activates JNK in response to var-

jous stressors, including LPS.#*8 SHP-1 is also reported to maintain
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TAK1/JNK/AP-1 activity in U937 cells.* Therefore, we investigated
whether the TAK1/JNK and NF-kB pathways are involved in the
SHP-1-regulated inflammatory response in the retina. Our results
show that the phosphorylation of TAK1 and JNK in response to LPS
is negatively regulated by SHP-1, whereas NF-xB activation is not
modulated by SHP-1. These findings are consistent with those of
a previous study in which the absence of SHP-1 in macrophages
increased the phosphorylation of JNK but not that of NF-xB.>°
Moreover, we also found that the TAK1/JNK pathway is activated
in EIU and that the inhibition of JNK activation with SP600125

weakened the enhancing effects of SHP-1 knockdown on the

LPS-induced inflammatory response. These findings demonstrate
that SHP-1 controls the synthesis of LPS-induced proinflammatory
mediators, at least in part, via the TAK1/JNK pathway. Although we
have demonstrated the important roles of SHP-1 on LPS-induced
inflammation in the retina, the intravitreal administration of a lenti-
virus may alter SHP-1 expression in a variety of cell types, including
Miuiller cells. Therefore, vectors that are more specific and can alter
the expression of SHP-1 or other genes in specific cell types should
be used in future studies.

In summary, our results imply that SHP-1 plays an essential
role in the pathogenesis of EIU and in LPS-induced inflammation
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Inflammation induced by LPS was mitigated by the inhibition of the JNK pathway in the retina. A, Representative

immunofluorescent images of the blank-rLV + PBS, blank-rLV + LPS and shRNA-SHP-1-rLV + LPS groups at 24 h after LPS administration.

B, Representative images of the blank-rLV + PBS, blank-rLV + LPS and SHP-1-rLV + LPS groups at 24 h after LPS administration. Red:

pJNK; grey: GS; blue: DAPI. Scale bar: 50 pm. C, Representative biomicroscopic images of the blank-rLV + PBS, blank-rLV + LPS, blank-

rLV + LPS+SP600125, shRNA-SHP-1-rLV + LPS, shRNA-SHP-1-rLV + LPS+SP600125 groups at 0, 24, 48 and 72 h after LPS treatment.

D, Clinical scores for the five groups described above. One-way ANOVA followed by Dunnett's test was used. n = 5 per group.*: blank-

rLV + LPS+SP600125 group vs blank-rLV + LPS group; #: shRNA-SHP-1-rLV + LPS+SP600125 group vs shRNA-SHP-1-rLV + LPS group. E-H,
Western blotting analysis of the retinal expression of COX2, IL-1p and MIP-1« at 24 h after LPS administration. One-way ANOVA followed

by Dunnett's test was used. n = 3 per group. */* P < .05 and **/*# p < .01

in rMC-1 cells. SHP-1 mitigates inflammation by suppressing the
activity of the TAK1/JNK pathway. This work provides direct evi-
dence of the effects of SHP-1 on the development and resolution
of uveitis and suggests that SHP-1 may offer a potential target for
the management of ocular inflammatory diseases in the future.

ACKNOWLEDGEMENTS

This study was supported by research grants from the National Key
Basic Research Program of China (2013CB967503), the National
Natural Science Foundation of China (81570854, 81770944), and
the Youth Project of the National Natural Science Fund (81700851,
81400410, 81700863).

CONFLICT OF INTEREST
The authors declare no conflict of interest associated with this

manuscript.

AUTHOR CONTRIBUTION

Gezhi Xu: Funding acquisition (lead); Supervision (lead). Xiaonan
Zhuang: Conceptualization (lead); Data curation (lead); Formal analy-
sis (lead); Investigation (lead); Methodology (lead); Writing-original
draft (lead); Writing-review & editing (lead). Jun Ma: Data cura-
tion (lead); Investigation (lead); Resources (equal); Writing-original
draft (equal); Writing-review & editing (lead). Sisi Xu: Data curation
(equal); Investigation (lead); Methodology (lead). Zhongcui Sun:
Formal analysis (equal); Investigation (equal); Methodology (equal);
Resources (equal); Validation (equal). Rong Zhang: Investigation
(equal); Methodology (equal). Meng Zhang: Investigation (equal);
Methodology (equal).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.



ZHUANG ET AL.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Durrani OM. Degree, duration, and causes of visual loss in uveitis.
Brit J Ophthalmol. 2004;88:1159-1162.

Miserocchi E, Fogliato G, Modorati G, Bandello F. Review
on the Worldwide epidemiology of uveitis. Eur J Ophthalmol.
2018;23:705-717.

Tsirouki T, Dastiridou A, Symeonidis C, et al. A focus on the epide-
miology of uveitis. Ocul Immunol Inflamm. 2016;26:2-16.

Curnow SJ, Falciani F, Durrani OM, et al. Multiplex bead immunoas-
say analysis of aqueous humour reveals distinct cytokine profiles in
uveitis. Invest Ophth Vis Sci. 2005;46:4251-4259.

Hauck SM, Schoeffmann S, Amann B, et al. Retinal mueller glial cells
trigger the hallmark inflammatory process in autoimmune uveitis. J
Proteome Res. 2007;6:2121-2131.

Taylor SRJ, Isa H, Joshi L, Lightman S. New developments in corti-
costeroid therapy for uveitis. Ophthalmologica. 2010;224:46-53.
Oray M, Abu Samra K, Ebrahimiadib N, Meese H, Foster CS.
Long-term side effects of glucocorticoids. Expert Opin Drug Saf.
2016;15:457-465.

Rosenbaum JT, McDevitt HO, Guss RB, Egbert PR. Endotoxin-
induced uveitis in rats as a model for human-disease. Nature.
1980;286:611-613.

Koga T, Koshiyama Y, Gotoh T, et al. Coinduction of nitric oxide syn-
thase and arginine metabolic enzymes in endotoxin-induced uveitis
rats. Exp Eye Res. 2002;75:659-667.

Cousins SW, Guss RB, Howes EL, Rosenbaum JT. Endotoxin-
induced uveitis in the rat: observations on altered vascular permea-
bility, clinical findings, and histology. Exp Eye Res. 1984;39:665-676.
Devos AF, Klaren V, Kijlstra A. Expression of multiple cytokines and
il-1ra in the uvea and retina during endotoxin-induced uveitis in the
rat. Invest Ophth Vis Sci. 1994,;35:3873-3883.

Gu R, Ding X, Tang W, et al. A synthesized glucocorticoid- induced
leucine zipper peptide inhibits retinal miller cell gliosis. Front
Pharmacol. 2018;9.

Tang W, Ma J, Gu R, et al. Lipocalin 2 suppresses ocular inflamma-
tion by inhibiting the activation of NF-kp pathway in endotoxin-in-
duced uveitis. Cell Physiol Biochem. 2018;46:375-388.

Zhang JY, Somani AK, Siminovitch KA. Roles of the SHP-1 tyro-
sine phosphatase in the negative regulation of cell signalling. Semin
Immunol. 2000;12:361-378.

Adhikari A, Martel C, Marette A, Olivier M. Hepatocyte SHP-1 is
a critical modulator of inflammation during endotoxemia. Sci Rep.
2017;7:2218.

Zhao J, Brooks DM, Lurie DI. Lipopolysaccharide-activated SHP-1-
deficient motheaten microglia release increased nitric oxide, TNF-
alpha, and IL-1 beta. Glia. 2006;53:304-312.

Wishcamper CA, Brooks DM, Coffin JD, Lurie DI. Focal cerebral
ischemia upregulates SHP-1 in reactive astrocytes in juvenile mice.
Brain Res. 2003;974:88-98.

Lyons BL, Smith RS, Hurd RE, et al. Deficiency of SHP-1 Protein-
Tyrosine phosphatase in “viable motheaten” mice results in retinal
degeneration. Investig Opthalmol Vis Sci. 2006;47:1201.

Qiu Y, Shil PK, Zhu P, et al. Angiotensin-Converting enzyme 2
(ACE2) activator diminazene aceturate ameliorates endotoxin-in-
duced uveitis in mice. Invest Ophth Vis Sci. 2014;55:3809-3818.
Miyamoto K, Ogura Y, Hamada M, et al. In vivo quantification of
leukocyte behavior in the retina during endotoxin-induced uveitis.
Invest Ophth Vis Sci. 1996;37:2708-2715.

Kurihara T, Ozawa Y, Shinoda K, et al. Neuroprotective effects
of angiotensin Il type 1 receptor (AT1R) blocker, telmisartan, via
modulating AT1R and AT2R signaling in retinal inflammation. Invest
Ophthalmol Vis Sci. 2006;47:5545-5552.

Lin F, Ho J, Cheng Y, et al. Theissenolactone c exhibited ocular
protection of Endotoxin-Induced uveitis by attenuating ocular

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

WILEY-—¥

inflammatory responses and glial activation. Front Pharmacol.
2018;9.

Gu R, Lei B, Shu Q, Li G, Xu G. Glucocorticoid-induced leucine zip-
per overexpression inhibits lipopolysaccharide-induced retinal in-
flammation in rats. Exp Eye Res. 2017;165:151-163.

Wallace GR, John Curnow S, Wloka K, Salmon M, Murray PI. The
role of chemokines and their receptors in ocular disease. Prog Retin
Eye Res. 2004;23:435-448.

Sakurai H. Targeting of TAK1 in inflammatory disorders and cancer.
Trends Pharmacol Sci. 2012;33:522-530.

Guha M, Mackman N. LPS induction of gene expression in human
monocytes. Cell Signal. 2001;13:85-94.

Long EO. Regulation of immune responses through inhibitory re-
ceptors. Annu Rev Immunol. 1999;17:875-904.

Christophi GP, Hudson CA, Panos M, Gruber RC, Massa PT.
Modulation of macrophage infiltration and inflammatory activity by
the phosphatase SHP-1 in Virus-Induced demyelinating disease. J
Virol. 2009;83:522-539.

Hardin AO, Meals EA, Yi T, Knapp KM, English BK. SHP-1 inhibits
LPS-mediated TNF and iNOS production in murine macrophages.
Biochem Bioph Res Co. 2006;342:547-555.

Lambertz U, Silverman JM, Nandan D, et al. Secreted virulence fac-
tors and immune evasion in visceral leishmaniasis. J Leukocyte Biol.
2012;91:887-899.

Sarmiento N, Sanchez-Bernal C, Ayra M, et al. Changes in the
expression and dynamics of SHP-1 and SHP-2 during ceru-
lein-induced acute pancreatitis in rats. Biochim Biophys Acta.
2008;1782:271-279.

Koch E, Pircher J, Czermak T, et al. The endothelial tyrosine
phosphatase SHP-1 plays an important role for vascular hae-
mostasis in TNFa-Induced Inflammationin vivo. Mediat Inflamm.
2013;2013:1-11.

Mahmood S, Kanwar N, Tran J, Zhang M, Kung SKP. SHP-1 phos-
phatase is a critical regulator in preventing natural killer cell Self-
Killing. PLoS One. 2012;7.

Forget G, Matte C, Siminovitch KA, et al. Regulation of the
Leishmania-induced innate inflammatory response by the protein
tyrosine phosphatase SHP-1. Eur J Immunol. 2005;35:1906-1917.
De Filippo K, Dudeck A, Hasenberg M, et al. Mast cell and mac-
rophage chemokines CXCL1/CXCL2 control the early stage
of neutrophil recruitment during tissue inflammation. Blood.
2013;121:4930-4937.

Diab A, Abdalla H, Li HL, et al. Neutralization of macrophage in-
flammatory protein 2 (MIP-2) and MIP-1 alpha attenuates neutro-
phil recruitment in the central nervous system during experimental
bacterial meningitis. Infect Immun. 1999;67:2590-2601.

Gerszten RE, Garcia-Zepeda EA, Lim YC, et al. MCP-1 and IL-8 trig-
ger firm adhesion of monocytes to vascular endothelium under flow
conditions. Nature. 1999;398:718-723.

Tuaillon N, Shen DF, Berger RB, et al. MCP-1 expression in endotox-
in-induced uveitis. Invest Ophth Vis Sci. 2002;43:1493-1498.
Garcia-Ramallo E, Marques T, Prats N, et al. Resident cell chemokine
expression serves as the major mechanism for leukocyte recruit-
ment during local inflammation. J Immunol. 2002;169:6467-6473.
Weinberg JB. Nitric oxide synthase 2 and cyclooxygenase 2 inter-
actions in inflammation. Immunol Res. 2000;22:319-342.

Cheng Z, Yang Y, Duan F, et al. Inhibition of notchl signaling alle-
viates Endotoxin-Induced inflammation through modulating retinal
microglia polarization. Front Immunol. 2019;10:389.

Ohgami K, llieva |, Shiratori K, et al. Anti-inflammatory effects of
aronia extract on rat endotoxin-induced uveitis. Investig Opthalmol
Vis Sci. 2005;46:275.

Ramachandran IR, Song W, Lapteva N, et al. The phosphatase
Src homology region 2 Domain-Containing phosphatase-1 is an



MWI LEY

44,
45,
46.
47.
48.

49.

ZHUANG ET AL.

intrinsic central regulator of dendritic cell function. J Immunol.
2011;186:3934-3945.

Nakazawa T, Hisatomi T, Nakazawa C, et al. Monocyte chemoat-
tractant protein 1 mediates retinal detachment-induced photore-
ceptor apoptosis. Proc Natl Acad Sci USA. 2007;104:2425-2430.
Yang D, Elner SG, Bian Z, et al. Pro-inflammatory cytokines increase
reactive oxygen species through mitochondria and NADPH oxidase
in cultured RPE cells. Exp Eye Res. 2007;85:462-472.

Gurung P, Fan G, Lukens JR, et al. Tyrosine kinase SYK licenses
MyD88 adaptor protein to instigate IL-1a-mediated inflammatory
disease. Immunity. 2017;46:635-648.

Lee J, Mira-Arbibe L, Ulevitch RJ. TAK1 regulates multiple protein
kinase cascades activated by bacterial lipopolysaccharide. J Leukoc
Biol. 2000;68:909-915.

Shirakabe K, Yamaguchi K, Shibuya H, et al. TAK1 mediates the cer-
amide signaling to stress-activated protein Kinase/c-Jun n-terminal
kinase. J Biol Chem. 1997;272:8141-8144.

Pesce M, Franceschelli S, Ferrone A, et al. Verbascoside down-reg-
ulates some pro-inflammatory signal transduction pathways by in-
creasing the activity of tyrosine phosphatase SHP-1 in the U937
cell line. J Cell Mol Med. 2015;19:1548-1556.

50. Blanchette J, Abu-Dayyeh |, Hassani K, Whitcombe L, Olivier M.
Regulation of macrophage nitric oxide production by the protein
tyrosine phosphatase Src homology 2 domain phosphotyrosine
phosphatase 1 (SHP-1). Immunology. 2009;127:123-133.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Zhuang X, Ma J, Xu S, et al. SHP-1
suppresses endotoxin-induced uveitis by inhibiting the TAK1/
JNK pathway. J Cell Mol Med. 2021;25:147-160. https://doi.
org/10.1111/jcmm.15888



https://doi.org/10.1111/jcmm.15888
https://doi.org/10.1111/jcmm.15888

