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Ocular inflammation is a major cause of visual impairment
attributed to dysregulation of the immune system. Previously, we
have shown that the receptor for growth-hormone-releasing hor-
mone (GHRH-R) affects multiple inflammatory processes. To clarify
the pathological roles of GHRH-R in acute ocular inflammation, we
investigated the inflammatory cascades mediated by this receptor.
In human ciliary epithelial cells, the NF-xB subunit p65 was phos-
phorylated in response to stimulation with lipopolysaccharide
(LPS), resulting in transcriptional up-regulation of GHRH-R. Bioinfor-
matics analysis and coimmunoprecipitation showed that GHRH-R
had a direct interaction with JAK2. JAK2, but not JAK1, JAK3, and
TYK2, was elevated in ciliary body and iris after treatment with LPS
in a rat model of endotoxin-induced uveitis. This elevation aug-
mented the phosphorylation of STAT3 and production of proin-
flammatory factors, including IL-6, IL-17A, COX2, and iNOS. In
explants of iris and ciliary body, the GHRH-R antagonist, MIA-602,
suppressed phosphorylation of STAT3 and attenuated expression
of downstream proinflammatory factors after LPS treatment. A
similar suppression of STAT3 phosphorylation was observed in
human ciliary epithelial cells. In vivo studies showed that blocking
of the GHRH-R/JAK2/STAT3 axis with the JAK inhibitor Ruxolitinib
alleviated partially the LPS-induced acute ocular inflammation by
reducing inflammatory cells and protein leakage in the aqueous
humor and by repressing expression of STAT3 target genes in rat
ciliary body and iris and in human ciliary epithelial cells. Our findings
indicate a functional role of the GHRH-R/JAK2/STAT3-signaling axis
in acute anterior uveitis and suggest a therapeutic strategy based
on treatment with antagonists targeting this signaling pathway.
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ntraocular inflammation is a common ophthalmic complication

that can lead to visual impairment. Uveitis is an intraocular
inflammation occurring primarily in the uveal tract, which in-
cludes the iris, ciliary body, and choroid. Patients with uveitis
suffer from symptoms of eye redness, pain, photophobia, ex-
cessive tearing, and blurred vision (1). If left untreated, uveitis
can cause irreversible ocular tissue damage and eventually im-
paired vision. As a sight-threatening disease, uveitis is estimated
to account for ~10 to 15% of blindness in developed countries
(2). Currently, corticosteroids are the main therapeutic agents
for the treatment of uveitis although they may cause side effects
such as cataracts, glaucoma, stomach ulcers, and osteoporosis (3,
4). Novel therapeutic approaches are needed.

Endotoxin-induced uveitis (EIU) is a widely used animal
model for studying inflammatory cascades during pathogenesis
of infectious uveitis (5). Acute ocular inflammation is initiated in
rodents by lipopolysaccharide (LPS), which generates symptoms
mimicking those of human anterior uveitis, such as miosis, iris
hyperemia, destruction of blood-ocular barrier, and massive
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influx of immune cells into the aqueous humor (6). Previous
studies using this animal model have identified that some cyto-
kines, such as TNFa and IL-6, actively participate in the path-
ogenesis of ocular inflammation (7, 8). Nevertheless, the
underlying mechanisms controlling the production of these cy-
tokines remain elusive.

Signaling of growth hormone-releasing hormone (GHRH) is
emerging as an important participant in mediating tumorigenesis
and serial inflammatory processes (9, 10). As a hypothalamic
neuropeptide, GHRH modulates a wide spectrum of physiological
events, including reproduction, body growth, gastrointestinal func-
tion, and immune responses. GHRH and its receptor (GHRH-R)
are expressed in immune cells such as leukocytes, thymocytes, and
macrophages (10-13). Moreover, growing evidence indicates that
the GHRH-signaling pathway actively participates in the progression
of autoimmune diseases. The suppression of this signaling pathway
reduces inflammation. For example, mice deficient in GHRH-R
expression are less susceptible to develop inflammatory responses
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in an experimental model of autoimmune encephalomyelitis (11). It
was also reported that GHRH-R antagonists significantly lower the
prostate weight and decrease the level of inflammatory cytokines in
a model of benign prostatic hyperplasia (14). Subsequent study in
the mouse demonstrated that GHRH-R antagonists inhibited pro-
liferation of prostatic epithelial cells induced by chronic inflamma-
tion and thus alleviated autoimmune prostatitis (15).

In addition to chronic inflammation, a previously unknown
role of GHRH-R in acute inflammation was reported in our earlier
work (10). We have shown an elevation of GHRH-R specifically in
the ciliary and iris epithelial cells 24 h after treatment with LPS.
Blocking the activity of GHRH-R with GHRH-R-specific antag-
onist alleviates significantly the LPS-induced ocular inflammation,
as manifested by a reduction in infiltration of inflammatory cells
and accumulation of protein and proinflammatory cytokines in the
aqueous humor (10). However, the signaling mechanisms of this
inflammatory cascade remain to be determined. In the present
study, we investigated the signaling axis of GHRH-R and found
evidence showing how GHRH-R is up-regulated after stimulation
of LPS in human ciliary epithelial cells and the contribution of a
noncanonical signaling axis of GHRH-R that involves JAK2 and
STAT3 in acute ocular inflammation.

Results

LPS Activates Expression of GHRH-R through Transcriptional Regulation
of NF-xB Subunit p65 in Human Ciliary Epithelial Cells. Our previous
study showed that GHRH-R expression is up-regulated in ciliary
epithelium of the eye in adult rats during LPS-induced inflamma-
tion (10). In the present study we first utilized human nonpigmented
ciliary epithelial cells to verify whether this pattern of changes in
GHRH-R expression can be observed in a corresponding human
cell type. Consistent with previous findings in rats, we found that
these epithelial cells are susceptible to a LPS insult. LPS at the dose
of 100 ng/mL triggered dramatic up-regulation of TNFo, IL-6,
IL-1p, and IL-17A in 24 h (Fig. 14). Furthermore, both RT-PCR
and Western blot analyses showed a concomitant increase in the
level of GHRH-R (Fig. 1 A and B). Previous work has shown that
LPS binds directly to its receptor TLR4 and initiates the activation
of multiple transcription factors including NF-xB, AP-1, and IRF3
(16). By using the bioinformatics tool JASPAR we examined the
potential interactions of these transcription factors with GHRH-R
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promoter and identified two potential binding sites in the promoter
sequence of a GHRH-R gene with high scores for NF-xB family, but
not for AP-1 and IRF3 (Fig. 1C). We designed primers covering
these predicted binding sites (Fig. 1D) for chromatin immunopre-
cipitation (ChIP) assays. The results show that the NF-xB subunit
p65 pulled down DNA fragments from predicted binding sites in the
GHRH-R promoter region (Fig. 1E). Furthermore, the ectopic
expression of NF-xB subunit p65 dramatically increased the mes-
senger RNA (mRNA) level for GHRH-R in human ciliary epithe-
lial cells (Fig. 1F), indicating that p65 is a positive regulator of
GHRH-R expression. We also examined the phosphorylation
status of p65 after LPS challenge and found that LPS could induce
a significant increase in p65 phosphorylation in human ciliary ep-
ithelial cells and in ciliary body and iris of rats (Fig. 1G). These
results indicate that LPS enhances expression of GHRH-R in cil-
iary epithelial cells by phosphorylating NF-xB that binds to the
promoter sequence of GHRH-R.

GHRH-R Physically Interacts with JAK2. To elucidate the down-
stream signaling of GHRH-R, we used two independent
bioinformatics tools (PrePPI and FpClass) to screen for the possible
protein partners that may interact with the receptor (Fig. 24). We
identified eight common candidate genes. Among them, JAK2 is of
special interest due to its biological importance in modulating a va-
riety of immune responses (17). Coimmunoprecipitation (co-IP) assay
verified that JAK2 successfully pulled down the GHRH-R protein
from lysates of human ciliary epithelial cells, as well as from lysates of
rat ocular tissues (Fig. 2B), showing that this mutual interaction is
highly conserved across different species. Moreover, immunohis-
tochemical results showed a colocalization of JAK2 with GHRH-R
in the rat ciliary epithelium and posterior epithelium of the iris after
LPS treatment (Fig. 2C and SI Appendix, Fig. S1), confirming the
spatial correlation of JAK2 and GHRH-R in these ocular tissues.

JAK2/STAT3-Signaling Pathway in Rats Is Activated with EIU. As an
important immunomodulatory molecule, JAK2 can recruit and
phosphorylate STAT3, which is known as the master transcription
factor of inflammatory genes (18). We examined these JAK2/STAT3-
signaling cascades in rats induced with EIU. Western blotting
demonstrated that protein levels of JAK2 and phosphorylated
STAT3 were elevated in the ciliary body and iris 24 h after treatment
with LPS (Fig. 34). The RNA levels of JAK2 and downstream target
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Fig. 1. NF-xB subunit p65 transcriptionally activates GHRH-R expression in human ciliary epithelial cells. (A) RT-PCR results showed that LPS treatment el-
evated the RNA levels of inflammation-related factors in human ciliary epithelial cells (n = 5). (B) GHRH-R was up-regulated in human ciliary epithelial cells
after LPS treatment (n = 5). (C) Bioinformatics prediction of putative binding sites for the NF-kB family in the GHRH-R promoter region. (D) Schematic il-
lustration of the primer design in the ChIP assay. (£) ChIP assay showed that p65 antibody pulled down the DNA fragments from the GHRH-R promoter region
(n = 3). (F) RT-PCR showed that ectopic expression of p65 activated GHRH-R expression (n = 5). (G) LPS treatment induced p65 phosphorylation in vitro and

in vivo (n = 5). *P < 0.05; **P < 0.01.
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genes of STAT3, including IL-6, COX2, IL-17A, iNOS, and MMP?9,
were all increased significantly in these ocular tissues (Fig. 3 B-G),
indicating the that JAK2/STAT3-signaling pathway was constitutively
active during LPS-induced acute ocular inflammation.

The Effects of Modulating GHRH-R Activities in the Signaling Pathway
of JAK2/STAT3. Given that GHRH-R/JAK2 may potentiate gene
transcription of proinflammatory factors through phosphorylation
of STAT3, we next examined the effect of modulating GHRH-R
on activity of STAT3 in human ciliary epithelial cells. Western
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blotting showed that the GHRH-R agonist MR-409 (1 uM)
potentiated phosphorylation of STAT3 while its antagonist,
MIA-602 (1 pM), inhibited it (Fig. 4 A and B). A rescue ex-
periment using the JAK inhibitor Ruxolitinib (at 1 pM) dem-
onstrated that blocking JAK activity significantly suppressed
STAT3 phosphorylation and that this inhibition was signifi-
cantly attenuated by activating GHRH-R with MR-409 (Fig.
4C). Since the phosphorylation of STATS3 is tightly linked to its
transcriptional activity, we examined whether suppression of
GHRH-R activity could alleviate the expression of STAT3 target
genes induced by LPS in an explant culture of ciliary body and iris
isolated from the eye of adult rats. The ocular tissues were pre-
pared after perfusion of the animal with sterile saline to remove
most cells from the blood vessels. These tissues were cultured on a
membrane in the upper chamber of a transwell, whereas LPS (100
ng/mL) and the GHRH-R antagonist MIA-602 (1 pM) were
added to the medium in the lower chamber (Fig. 54). RT-PCR
analysis showed that LPS alone triggered increased expression of
STAT3-targeted genes, which include IL-6, IL-17A, COX2, iNOS,
and MMP9. MIA-602 attenuated elevation of all these proin-
flammatory mediators (Fig. 5 B—F). These results are consistent
with our previous in vivo findings showing that the GHRH-R
antagonist alleviates experimentally induced ocular inflammation
by reducing production and secretion of cytokines in ciliary body
and iris (10), and our results also demonstrate that GHRH-R
mediates the expression of proinflammatory mediators through
the JAK2/STAT3-signaling pathway.

JAK Inhibitor Suppresses LPS-Induced Ocular Inflammation. To test
whether the blocking of the JAK2/STAT3 pathway alleviates
ocular inflammation induced by LPS, we investigated antiin-
flammatory effects of Ruxolitinib, a potent inhibitor of JAK,
including JAK2, in adult rats with EIU. Western blotting con-
firmed that Ruxolitinib at the dose of 16 mg/kg significantly
suppressed phosphorylation of p65 and STAT3 induced by LPS
in ciliary body and iris, whereas the effect on JAK2 was not
significant (Fig. 64). The suppression was more significant for

B. G

l>J 5 20 Ak
L 3

5 £ 154

2 ]

8 @

2] 4

8 £ 101

o 3

g 14 _g 5

g k|

[}
& e |
Saline LPS 24h Saline LPS 24h
JAK2 IL-6

_ 250 _ 80~ A
s . 3

5 .0 3

; 5

@ 1504 @

& -5 40

@ 1007 3

(]

s 2 20

g 50 :'g

& & |

Saline LPS 24h Saline LPS 24h
MMP9 iNOS

Fig. 3. _Activation of the JAK2/STAT3-signaling pathway in animals with EIU. (A) Western blotting results showed that the JAK2/STAT3 pathway was activated
24 h after LPS treatment. (B) RT-PCR analysis showed an increased mRNA level of JAK2 after LPS treatment. (C-G) RT-PCR results showed that selected targets
downstream of STAT3 were elevated in expression after LPS treatment. *P < 0.05; **P < 0.01; n.s., not significant; n = 6.
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Fig. 4. The effect of GHRH-R activities on modulating STAT3 phosphorylation. (A) The GHRH-R agonist MR-409 (1 uM) increased phosphorylation of STAT3 in human
ciliary epithelial cells. (B) The GHRH-R antagonist MIA-602 (1 pM) suppressed STAT3 phosphorylation. (C) MR-409 attenuated the Ruxolitinib-mediated inhibition on

STAT3. *P < 0.05; **P < 0.01; n.s., not significant; n = 4.

STAT3 than for p65, as phosphorylated STAT3 was effectively
inhibited at a low dose (8 mg/kg) of Ruxolitinib, but such an effect
was not observed for p65 at this dosage. Moreover, the level of
GHRH-R was reduced significantly after treatment with Ruxolitinib.
Oral administration of Ruxolitinib reduced dose-dependently the
elevation in number of inflammatory cells and total protein level in
the aqueous humor 24 h after LPS treatment (Fig. 6 B and C).
These effects were further confirmed by histological examination,
which showed a substantial reduction in infiltrating immune cells
and accumulation of protein in the aqueous humor after treatment
with Ruxolitinib (SI Appendix, Fig. S2). However, these antiin-
flammatory actions were partial, as there was no obvious reduction in
cellular infiltrates in the cornea, limbus, and vitreous body. RT-PCR
analysis showed that treatment with Ruxolitinib reduced expression
of STAT3 target genes, which included IL-6, IL-17A, COX2, and
iNOS, in ciliary body and iris (Fig. 6 D-H). Similar effects of Rux-
olitinib were also observed in human ciliary epithelial cells in which
phosphorylation of STAT3 induced by LPS was virtually abolished by
Ruxolitinib and expression of proinflammatory mediators regulated by
STAT3 was highly suppressed (SI Appendix, Fig. S3). As Ruxolitinib is
known to inhibit other kinases including JAK1, JAK3, and TYK2,
we examined the expression level of these genes in ciliary body and
iris. The results showed that LPS did not cause a significant change
in the expression of JAK1, JAK3, and TYK2 (SI Appendix, Fig. S4).
These expression patterns are different from JAK2, which is mark-
edly elevated, and support that JAK?2 is likely the major mediator
and primary target of Ruxolitinib in this inflammatory process.

Discussion

In this study we elucidate the signaling mechanism of GHRH-R
in mediating the inflammatory cascades during LPS-induced acute
ocular inflammation. The major findings include the following: 1)
LPS elevates expression of GHRH-R in human ciliary epithe-
lial cells; 2) the downstream effector of LPS/TLR4, NF-kB,

6070 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1904532117

binds directly to the promoter regions of the GHRH-R gene
and positively modulates gene transcription; 3) GHRH-R physi-
cally interacts with JAK2 and potentiates STAT3 phosphoryla-
tion; 4) the GHRH-R antagonist MIA-602 alleviates elevation
of proinflammatory mediators regulated by STAT3 in explant
culture of ciliary body and iris after treatment with LPS; and 5)
blocking of JAK2 activity with Ruxolitinib reduces cell infil-
tration and protein exudation in the aqueous humor, along with
down-regulation of proinflammatory mediators in the ocular tis-
sues during inflammation. We conclude that ciliary epithelial cells
are capable of responding directly to LPS and producing proin-
flammatory factors and that this inflammatory response is medi-
ated by the TLR4/NF-kB/GHRH-R/JAK2/STAT3- signaling axis.
A summary diagram depicting these signaling events is shown
in Fig. 7.

Our earlier study has shown that GHRH-R is elevated spe-
cifically in the epithelium of ciliary body and iris after a LPS
insult, which is associated with production of proinflammatory
factors that causes influxes of protein and inflammatory cells
from the blood vessels into the aqueous humor (10). These in-
flammatory reactions are likely caused by an activation of LPS
receptor TLR4, which has been shown to express on the ciliary
and iris epithelial cells, and the antigen-presenting cells in the
stroma (19). Activation of TLR4 in resident macrophages and
other antigen-presenting cells in the tissues and the systemic cir-
culation triggers phosphorylation of NF-kB, which is translocated
into the nucleus and switches on gene expression of proin-
flammatory factors (8, 20, 21). In the present study we show that,
in addition to the immune cells, human ciliary epithelial cells
alone, without the influence of other antigen-presenting cells, are
able to respond to LPS by phosphorylating the NF-kB subunit p65
and up-regulating expression of proinflammatory factors, playing a
role similar to other antigen-presenting cells. Using co-IP, we
show further a direct interaction of phosphorylated NF-xB with
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Fig. 5. The GHRH-R antagonist MIA-602 attenuates the expression of downstream targets of STAT3 in explant culture of ciliary body and iris. (A) Schematic
illustration of the explant culture system. LPS and MIA-602 were added to the lower chamber. (B-F) MIA-602 repressed the RNA levels of selected downstream

targets of STAT3, which include IL-6, COX2, IL-17A, MMP9, and iNOS. *P < 0.05; **P < 0.01; n = 6.

promoter regions of the GHRH-R gene. Overexpression of p65-
NF-«B results in an increased expression of GHRH-R, demon-
strating the signaling mechanism that up-regulates GHRH-R after
LPS insult in the ciliary epithelial cells.

Another major finding is that we have defined the signaling
cascades that mediate GHRH-R and production of proin-
flammatory factors. Our earlier study has shown that expression
of GHRH is also elevated specifically in the ciliary body and iris
after LPS treatment (10), which probably stimulates the GHRH-R

on the epithelial cells and the downstream cascades through an
autocrine and/or paracrine action. This regulatory mechanism has
been demonstrated in cancer cell lines that express high levels of
GHRH-R, in which knocking down of GHRH causes a substantial
inhibition of cell growth that is reversed with exogenous GHRH
(22). We show in the present study that GHRH-R signals directly
through JAK2/STAT3 to mediate the inflammatory responses in
human ciliary epithelial cells. The signaling mechanism is sup-
ported by the findings that JAK2 is a protein partner of GHRH-R
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(B) LPS-induced cell infiltration was suppressed dose-dependently by Ruxolitinib. (C) LPS-induced protein exudation in the aqueous humor was reduced by
Ruxolitinib. (D-H) Ruxolitinib repressed the RNA levels of selected STAT3 downstream targets. *P < 0.05; **P < 0.01; n.s., not significant; n = 6.
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Fig. 7. Summary diagram showing the signaling cascades mediated by
GHRH-R in LPS-induced acute inflammation in ciliary epithelial cells.

in human ciliary epithelial cells and is colocalized with GHRH-R
in the epithelial cells of ciliary body and iris. Additional supports
are obtained from human ciliary epithelial cells in which the
GHRH-R agonist triggers phosphorylation of STAT3, while sup-
pression of receptor activity with antagonist reduces the phos-
phorylation in ciliary epithelial cells. Phosphorylation of STAT3 is
suppressed by pharmacological inhibition of JAK2, which can be
reverted by the GHRH-R agonist, demonstrating a role of these
protein partners in the regulation of STAT3 activities. Functional
analysis in explant cultures of ciliary body and iris shows that
blocking of GHRH-R with antagonist reduces significantly the
elevated expression of proinflammatory genes known to be regu-
lated by STAT3. Furthermore, analysis in animals with EIU
confirms that the elevated level of GHRH-R recruits and activates
JAK?2 that promotes phosphorylation of STAT3 in ciliary body
and iris. This phosphorylated transcription factor switches on ex-
pression of proinflammatory genes such as IL-6, COX2, IL-17A,
iNOS, and MMP9, which generates another wave of production of
proinflammatory mediators (Fig. 7). The expression of these
STAT3-regulated genes is suppressed by treatment with JAK in-
hibitor, which is accompanied by a reduction of expression of
GHRH-R, supporting strongly the contribution of the GHRH-R/
JAK2/STAT3-signaling axis in acute inflammation in anterior
segments of the eye. Stimulation of GHRH-R is known to activate
the adenyl cyclase/cAMP/PKA pathway that leads eventually to
the synthesis and release of growth hormone (23), which likely
underlies the secretion of growth hormone from the ciliary body
and iris into the aqueous humor as reported in our earlier study
(10). It remains to be determined whether this cAMP-dependent
mechanism may regulate the JAK2/STAT3 pathway in the pro-
duction of proinflammatory factors.

In this study we focused on the GHRH-R-signaling pathway,
but did not rule out the contribution of other molecules like IL6
and its receptor that signal through JAK2/STAT3 in ocular in-
flammation. IL6 and its downstream pathway have been well
documented in acute inflammation (24). Other relevant receptors
including leptin, thrombopoietin, and angiotensin receptor 1 may
also play important roles (25-27). However, the role of GHRH-R
in acute inflammation remains poorly understood. Our results
have characterized a noncanonical role of the GHRH-R-signaling
pathway in mediating inflammation in the eye. The actions of
GHRH in enhancing phosphorylation of STAT3 and JAK2 have
been reported in HeLa cancer cells (28). However, how GHRH
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activates STAT3 phosphorylation is unknown since GHRH-R is
not a kinase and apparently it cannot directly potentiate STAT3
phosphorylation. Here we show that the regulation of STAT3 is
mediated through JAK2 that binds directly to GHRH-R. As other
kinases like EGFR and Src participate in the phosphorylation of
STAT3, we narrowed down the range of signaling molecules
through bioinformatics analysis and identified JAK2 as a
partner of GHRH-R. In another study the GHRH-R antagonist
MIA-602 has been shown to effectively suppress in vivo and in vitro
proliferation of gastric cancer through inhibiting PAK1-mediated
STATS3 signaling (29). Apart from malignant cells, the antagonist
also attenuates STAT3 phosphorylation in mesenchymal stem cells
derived from mouse bone marrow (30). Our results provide a in-
sight into this signaling cascade, demonstrating a role of JAK2 in
mediating the function of GHRH-R signaling in inflammatory re-
sponses of the ciliary epithelial cells.

Ruxolitinib has been shown to protect EIU and has demonstrated
strong inhibitory effects against JAK1 and JAK2 (with ICs, of 3.3
and 2.8 nM, respectively), moderate inhibitory activity against TYK2
(with an ICsy of 19 nM), and minimal inhibitory activity against
JAKS3 (with an ICsy of 428 nM). Thus, in the in vivo model,
Ruxolitinib is likely inhibiting selectively JAK1 and JAK?2 in the eye.
We have conducted RT-PCR to examine the expression of JAK1/2/3
and TYK?2 in control animals and animals with EIU. We found that
only JAK2, but not the other kinases, is up-regulated in the ciliary
body and iris after LPS treatment, supporting that JAK2 is likely the
primary target of Ruxolitinib in this antiinflammatory action. We
have demonstrated further that JAK2 mediates the STAT3 activity
in the production of proinflammatory factors through a direct in-
teraction with GHRH-R and that STAT3 phosphorylation and cy-
tokine production are regulated by GHRH-R activities. Although
JAK?2 is likely the primary target, we cannot rule out the contribu-
tion of other kinases targeted by Ruxolitinib. Ruxolitinib has been
approved by the Food and Drug Administration for the treatment of
myelofibrosis and polycythemia vera (31). A previous report has
shown that Ruxolitinib exerts antiinflammatory effects through in-
terruption of the IL-17 signaling, playing a potential role in in-
fectious and noninfectious uveitis (32). In line with this finding, a
reduction in gene expression of IL-17A is found after treatment with
Ruxolitinib in the iris and ciliary body. Furthermore, a recent report
has demonstrated a case of using another JAK inhibitor, Tofacitinib,
in the treatment of refractory uveitis and scleritis (33), supporting the
potential application of JAK inhibitors in the treatment of
ocular inflammation.

These findings demonstrate the potential of targeting the
GHRH-R/JAK2/STAT3 axis as a therapeutic approach to the
treatment of acute uveitis. In fact, we have shown in this study
that blocking this signaling axis with GHRH-R antagonist at-
tenuates the expression of inflammatory mediators regulated by
STATS3 in explant cultures of ciliary body and iris. Moreover,
pharmacological inhibition of JAK function in animals with EIU
suppresses phosphorylation of STAT3 in ciliary body and iris,
reducing expression of proinflammatory factors, accumulation of
inflammatory cells, and leakage of protein into the aqueous
humor. These findings support the contribution of GHRH-R/
JAK2/STATS3 signaling to the pathogenesis of acute uveitis. In-
hibition of JAK activity also suppresses expression of p65 NF-kB,
suggesting a role of JAK in regulating NF-kB activity. Further-
more, blocking of JAK activity is more effective in improving
infiltration of immune cells into the aqueous humor, but less so
in reducing the exudation of protein from the ocular vessels.
Similar effects are observed in rats with EIU after treatment with
the GHRH-R antagonist MIA-602 (10), suggesting that the
GHRH-R/JAK2/STAT3 signaling contributes to recruitment
and mobilization of macrophages and leukocytes from the sys-
temic circulation into the aqueous humor. This specific action
could be caused by a reduced production of cytokines and che-
mokines from the ciliary epithelium due to blocking of GHRH-R
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signaling. Another possibility is that the GHRH-R antagonist or
JAK inhibitor reduces motility of the immune cells, which also up-
regulates expression of GHRH-R when they accumulate in the
aqueous humor (10). The latter view is supported by early studies,
which show that GHRH accelerates wound healing and tissue re-
pair by stimulating the migration of wound-associated fibroblasts
(34). In addition, GHRH reduces cell adhesion and promotes mi-
gration of prostate cancer cells (35), whereas GHRH-R antagonist
impairs motility of endometrial cancer cells (36). As GHRH-R is
expressed ubiquitously in a wide spectrum of immune cells, in-
cluding macrophages, leukocytes, and lymphocytes (37), it is pos-
sible that GHRH-R may promote the migration of immune cells
toward the aqueous humor, causing further production of proin-
flammatory mediators and thus augmenting the inflammation.

In conclusion, the present study elucidates the molecular
mechanisms that regulate expression of GHRH-R in LPS-induced
ocular inflammation and outlines a noncanonical signaling path-
way of GHRH-R in controlling production of proinflammatory
factors in ciliary epithelial cells. Our study reveals a previously
uncharacterized role of the GHRH-R/JAK2/STAT3 axis in acute
ocular inflammation and demonstrates that blocking of this sig-
naling axis is effective in improving inflammatory responses in
experimentally induced acute anterior uveitis. We also provide
evidence that the ciliary epithelial cells play a role of immune
surveillance in anterior segments of the eye similar to that of other
antigen-presenting cells.

Materials and Methods

Cell Culture and Cell Transfection. The human nonpigmented ciliary epithelial
cells (HNPCEpiC), which were isolated from human ciliary body, were pur-
chased from ScienCell Research Laboratories. Isolation efficiency is charac-
terized by immunofluorescence with antibodies specific to epithelial markers
cytokeratin-18 and -19. HNPCEpiC are confirmed to be negative for HIV-1,
hepatitis B virus, hepatitis C virus, mycoplasma, bacteria, yeast, and fungi. To
avoid spontaneous cellular senescence, we limited the use of cells within six
passages. The HNPCEpiC were maintained in Epithelial Cell Medium (Scien-
Cell) with 2% fetal bovine serum (FBS), 1% epithelial cell growth supplement
(ScienCell), and 1% penicillin/streptomycin. The transfection using Lip-
ofectamine 2000 was conducted according to the manufacturer’s instruc-
tions (Life Technologies). Briefly, the cells were seeded onto six-well plates
and then transfected with 2 pg GFP-RelA (Addgene, no. 23255) plasmid plus
1 pL Lipofectamine 2000. Two days post transfection, the cells were collected
for the indicated experiments.

Peptides and Chemicals. The GHRH-R antagonist MIA-602 and the GHRH
agonist MR-409 were synthesized by the A.V.S. laboratory as previously
described (10, 29, 38). The JAK2 inhibitor Ruxolitinib was purchased from
ApexBio. These peptides and chemicals were dissolved in dimethylsulfoxide
(DMSO) (Sigma-Aldrich) and used in the final concentration of 1 pM. LPS
(from Salmonella enterica serotype typhimurium) was purchased from
Sigma-Aldrich (L2262). LPS was dissolved in pyrogen-free saline and used in
the final concentration of 100 ng/mL.

EIU Model and Drug Treatment. All of the animal studies were conducted in
accord to the guidelines of Association for Research in Vision and Ophthal-
mology Statement on the Use of Animals in Ophthalmic and Vision Research.
Ethics approval was obtained from the Animal Experimentation Ethics Com-
mittee of The Chinese University of Hong Kong. Male Sprague-Dawley rats
weighing 210 to 250 g were obtained from the Laboratory Animal Service
Center of the Chinese University of Hong Kong. They were housed in a 12:12-h
light:dark cycle room and were allowed to freely access food and water. EIU
was induced by a footpad injection of LPS at the dose of 1 mg/kg following
our previous investigations (10, 19). The JAK2 inhibitor Ruxolitinib was sus-
pended in 25 pL DMSO and then resuspended in 475 pL distilled water.
Ruxolitinib was fed intragastrically into the rat at the dose of 8 mg/kg or
16 mg/kg. The rats were fed with Ruxolitinib twice at 2 and 6 h after LPS
injection. The rats were euthanized at 24 h post injection. The ciliary body and
iris tissues were collected for RT-PCR and Western blotting analysis.

Hematoxylin_and_Eosin_Staining. After deep anesthesia, the rats were per-

fused intracardially with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde. The eyes were collected and, further fixed in 10%
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formalin for 24 h at 4 °C. The eyes were embedded in paraffin, and 5-um
sections of the tissues were cut along the pupil-optic nerve position. After
deparaffinization and rehydration, the sections were stained with hema-
toxylin and eosin.

Ocular Tissue Explant Culture. The rats were anesthetized and then perfused
with 150 mL sterile saline to remove the peripheral blood cells. The iris
and ciliary body were isolated from the eyeball and cultured on a
membrane with a pore size of 0.4 um in a transwell (Corning) for 24 h.
The tissues were cultured in the upper chamber and maintained in RPMI
medium 1640 (Gibco) plus 10% FBS and 1% penicillin/streptomycin in
the lower chamber. LPS and the GHRH-R antagonist MIA-602 were
added into the lower chamber at the final concentration of 100 ng/mL
and 1 uM, respectively.

Western Blotting. The cells and tissues were lysed in radioimmunoprecipitation
assay buffer and resolved by 12% sodium dodecyl sulfate/polyacrylamide gel
electrophoresis. The protein was stained by using antibody against GHRH-R
(1:1,000, ab28692), JAK2 (1:200, sc390539), Phospho-Stat3 (1:1,000, CST9145),
STAT3 (1:1,000, S21320), p65 (1:1,000, sc372), p65-Ser536 (1:500, YP0191), and
GAPDH (1:200,000, AM4300). The expression levels were visualized under
enhanced chemiluminescence and quantified by the software Imagel.

Real-Time PCR. The total RNA was extracted by RNA Extraction Kit (Favorgen
Biotech) and converted into complementary DNA (cDNA) by a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) following the manu-
facturer’s instructions. The SYBR Green PCR Master Mix (Applied Biosystems)
was used for the quantitation of target genes. The relative fold changes of
indicated genes were calculated the using 22T method. The primer se-
quences are listed in SI Appendix, Table S1.

Bioinformatics Analysis. The 4-kb DNA sequence of human GHRH-R gene
promoter was obtained from the UCSC Genome Browser (https:/genome.
ucsc.edu/). The DNA sequence was analyzed by the online database JAPAR
(http://jaspar.genereg.net/) to identify the potential transcription factor-
binding sites. The candidate protein partners of GHRH-R were predicted
by two online bioinformatics programs: PrePPI (http://honig.c2b2.columbia.
edu/preppi/) and FpClass (http:/dcv.uhnres.utoronto.ca/FPCLASS/ppis/).

ChIP. The ChIP assay was conducted as previously described (39). Briefly, after
cross-linking with 1% formaldehyde, the cells were lysed by cold immuno-
precipitation (IP) buffer (150 mM NacCl, 50 mM Tris:HCl, 5 mM ethyl-
enediaminetetraacetic acid [EDTA]), 0.5% Nonidet P-40, 1% Triton X-100), and
the nuclear pellets were isolated by centrifugation. After sonication, 1 pg p65
antibody (sc372) was incubated with the chromatin samples overnight at 4 °C
with gentle shaking. The chromatin samples were then incubated with protein
G beads (GE Healthcare) at 4 °C for 2 h. After several washes with cold IP
buffer, 10% Chelex 100 slurry (Bio-Rad) was added to the beads and then
boiled for 10 min. After centrifugation, the supernatant was harvested for PCR
analysis. The ChIP primer sequences were designed by Primer 3 software
(http://primer3.ut.ee/) and are listed in S/ Appendix, Table S1.

Co-IP. The cells and tissues were lysed by cold lysis buffer (1% Triton X-100,
50 mM Tris-7.5, 1 mM EDTA, 150 mM NadCl, and protease inhibitors). After
sonication and centrifugation, the supernatant from cell lysates was col-
lected and incubated with 1 pg JAK2 antibody (sc390539) overnight at 4 °C.
The washed protein G beads were incubated with the lysates at 4 °C for 2 h.
After incubation, the beads were washed by cold lysis buffer. The buffer was
removed, and protein loading buffer was added to the beads. The beads and
protein-loading buffer were boiled, and the supernatants were subjected to
Western blotting analysis.

Immunostaining. Before performing the immunostaining, slides were processed
with antigen retrieval in Tris-EDTA Buffer (1 mM EDTA Solution, 10 mM Tris
Base, 0.05% Tween 20, pH 9.0) at 110 °C for 10 min. After washing with dis-
tilled water, the slides were incubated with 10% normal goat serum in PBS
with 0.01% Triton X-100. Primary antibodies against GHRH-R (ab28692, 1:80),
TYK2 (sc5271, 1:100), JAK1 (sc376996,1:100), and JAK2 (sc390539, 1:100) were
diluted in 1% normal goat serum and incubated with the slides overnight at
4 °C. Following incubation with secondary antibody, the fluorescence signals
were captured by confocal microscopy (FV300, Olympus).

Cell Counting and Protein Concentration Measurement of Aqueous Humor. The
experiments were conducted as previously described (10). Aqueous humor
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was obtained from the anterior chambers with insulin syringe and sub-
sequently subjected to 10-fold dilution with PBS. The number of cells was
counted by using a hemocytometer under a microscope. The remaining
undiluted aqueous humor was centrifuged at 2,500 x g for 10 min at 4 °C,
and the protein concentration of supernatant was measured by the Bio-Rad
assay kit.

Statistical Analysis. Experimental data are expressed as mean + SEM and
analyzed by Prism 5. Mann-Whitney U tests were used for paired comparisons.
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