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1. Summary

1.1 Brief summary

The presented study investigates the influence of exposure of one eye to UVR-B on the
unexposed, partner eye in vivo in a mouse model. Furthermore, we try to answer the
guestion whether this sympathizing reaction of the partner eye is transmitted via a neuro-
kinin-dependent signaling pathway of substance P (SP) and its neurokinin-1 receptor
(NKR-1). In all experiments mice were unilaterally exposed in vivo to UVR-B. The unex-
posed eyes were completely shielded during exposure time. NKR-1 protein levels in ocular
tissues were quantified by immunohistochemical staining and enzyme-linked immuno-
sorbent assay (ELISA). In a second experiment, NKR-1 was blocked with NKR-1 antago-
nists. Ocular tissues were extracted for the detection of pro-inflammatory cytokine and
chemokine expression by ProcartaPlex™ Multiplex Immunoassay. The UVR-B radiation
induces the expression and upregulates NKR-1 in the exposed and unexposed, partner
eye. Pretreatment with Fosaprepitant decreased NKR-1 expression in all exposed ocular
tissues as well as in the unexposed lens epithelium. Overall, UVR-B exposure triggers
NKR-1 upregulation not only in the exposed but also in the partner eye in various ocular
tissues. In addition, the clinical approved NKR-1 antagonist Fosaprepitant effectively re-

duces NKR-1 expression in both mouse eyes.

1.2 Introduction and purpose

Sunlight consists of radiant energy, including wavelengths of UVR-B which reaches the
eyes directly (Rosenthal et al., 1985; Young, 2006). Acute high-dose exposure to UVR-B
has an impact on the physiology of the eye and induces inflammation in the anterior seg-
ment (Chen et al., 2011; Meyer et al., 2013; Newkirk et al., 2007; Norval, 2011; Sliney,
2002). Ocular implications of UVR-B have been studied in a wide spectrum of eye dis-
eases, including ocular pathologies such as pterygium (Hill and Maske, 1989; Threlfall
and English, 1999), photokeratitis (Cullen, 2002; Delic et al., 2017) or cataract formation
(Hightower, 1994; Ivanov et al., 2018; Roberts, 2011; Zhang et al., 2012).

In addition to its pro-inflammatory properties, UVR-B exposure is considered as the main
environmental risk factor for cataract disease in humans and animals (Cruickshanks et
al., 1992; Dolin, 1994; Pascolini and Mariotti, 2012). Cataract is one of the most prevalent

eye disease and still the leading cause of visual impairment worldwide (Delcourt et al.,
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2000; Wu et al., 2004). While cataract development is a common global health problem in
aging populations with surgery as the only therapeutic treatment option (Delcourt et al.,
2000; Riaz et al., 2006), it is essential to find novel strategies to prevent or slow down
cataract development.

Inflammatory processes in the eye, induced by acute exposure to UVR-B often include an
involvement of pro-inflammatory molecules, such as SP. The neuropeptide SP exerts its
actions by interacting with neurokinin receptors, among which NKR-1 displays the prefer-
ential affinity for SP (Leal et al., 2015; Mashaghi et al., 2016; O'Connor et al., 2004). The
interaction of SP and NKR-1 have been involved in several inflammatory reactions in the
eye, including apoptosis (Ou et al., 2019; Wang et al., 2019; Yoo et al., 2017; Zhou et al.,
2008) and increased production of pro-inflammatory cytokines and chemokines (Folde-
nauer et al., 2012; Lucas et al., 2012; Sun et al., 2008; Twardy et al., 2011). Previous
experimental studies have focused on the induction of pro-inflammatory cytokine and
chemokine synthesis via the SP/NKR-1 signaling pathway, including the upregulation of
interleukin (IL)-6 and TNF-a in the infected mouse cornea (Hazlett et al., 2007; McClellan
et al., 2008; Twardy et al., 2011). Additionally, treatment with NKR-1 antagonists signifi-
cantly reduced the amount of pro-inflammatory cytokines and chemokines and improved
disease outcome, by inhibition of NKR-1 signaling (Bignami et al., 2014; Bignami et al.,
2017; Hazlett et al., 2007; McClellan et al., 2008; Twardy et al., 2011). For example, in-
traperitoneal injection with the selective NKR-1 antagonist Spantide | resulted in a signifi-
cant reduction of IL-18 mMRNA (Messenger RNA) levels and protein levels in corneas in-
fected with Pseudomonas aeruginosa (Hazlett et al., 2007). Some reports indicated that
NKR-1 antagonists decrease the inflammatory response in ocular diseases (Bignami et
al., 2014; Bignami et al., 2017; Hazlett et al., 2007; McClellan et al., 2008; Twardy et al.,
2011). However, experimental evidence showing that SP receptor antagonists are capa-
ble of inhibiting inflammation in the eye by reducing pro-inflammatory molecules after
acute high-dose exposure to UVR-B remained unknown so far.

In addition to the well-studied phototoxic effects of UVR-B exposure in the eye, such as
apoptosis (Galichanin, 2017; Kronschlager et al., 2015) and epithelial cell damage (Jiang
et al., 2014; Meyer et al., 2014), there is growing evidence that UVR-B exposure is capa-
ble to induce inflammatory processes that also affects the contralateral, partner eye in a

sympathizing reaction (Lucas et al., 2012; Meyer et al., 2013; Paunicka et al., 2015). A



12

previous study found indications that UVR-B exposure to only one eye also affects the
unexposed, partner eye in a sympathetic manner (Meyer et al., 2013). This study showed
a significant UVR-B dose-dependent increase in lens light scattering as well as an inflam-
matory infiltration with monocytes and macrophages also in the unexposed, partner eye
(Meyer et al., 2013). Furthermore, earlier reports demonstrated that damage to one eye
induces NKR-1 expression and abrogation of the immune privilege in both eyes (Guzman
et al., 2018; Lucas et al., 2012; Mo et al., 2017; Paunicka et al., 2015). A study by Lucas
and co-workers showed that unilateral retinal laser burns in a mouse model abrogated the
immune privilege bilaterally (Lucas et al., 2012). Immunohistological analysis showed a
significant increase of NKR-1 in both the burned and contralateral retina after retinal laser
burn to only one eye (Lucas et al., 2012). Based on these findings, the present thesis
hypothesized that the neuropeptide SP and its receptor NKR-1 might be the signaling
molecules involved in the immunological ocular cross-talk to the partner eye following an
acute insult from UVR-B exposure to one eye. The effect of unilateral UVR-B exposure
was investigated on the expression and upregulation of NKR-1 in ocular tissues of the
exposed and contralateral eyes. The current PhD thesis further examined whether treat-
ment with NKR-1 antagonists (Spantide | and Fosaprepitant) reduces the inflammation in
both eyes after unilateral UVR-B exposure. In addition, there was a suspicion that protein
levels of NKR-1 and pro-inflammatory cytokines and chemokines decreased in both eyes.
Detailed knowledge of the signaling pathway of SP and NKR-1 as well as an extensive
understanding of NKR-1 antagonists, like the clinical approved NKR-1 antagonist Fosa-
prepitant could open new treatment options and clinical preventive strategies for bilateral

eye diseases, including UVR-B-induced cataract formation.

1.3 Material and methods

1.3.1 Experimental design and UVR-B exposure

Experiments were performed with six-week-old C57BI/6 mice (Charles River Laboratories)
maintained in the laboratory at the Department of Ophthalmology, University of Bonn. For
all experiments, mice were anesthetized with a mixture of ketamine and xylazine injected
intraperitoneally (i.p.) (Gross et al., 2018; Gross et al., 2019; Gross et al., 2020) followed
by a topical administration of tropicamide eye drops in both eyes to induce mydriasis. Prior

to UVR-B exposure mice were examined with a slit lamp (Coherent) to exclude congenital
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cataract or other ocular lesions. Afterwards, one eye of each mouse was exposed in vivo
to UVR-B radiation with a defined wavelength peak at 312 nm using a microprocessor-
controlled UV irradiation system (Vilber Lourmat®). The unexposed eye was completely
shielded with aluminium foil during exposure time. Radiation exposure is expressed as
cataract threshold dose equivalents (maximum tolerable dose — MTD2.3:16) for UVR-B and
was defined in detail by Séderberg and co-workers (Stderberg et al., 2002). One MTD
equivalent complies to 2.9 kJ/m2 in the pigmented mouse(Meyer et al., 2007). Following
the first experiments with the UVR-B dose of 2.9 kJ/m2 no suitable NKR-1 upregulation in
ocular tissues was found. Hence, for all continuing experiments the UVR-B dose was in-
creased to 14.5 kJ/m2.

a
Unilateral UVR-B exposure
(2.9 kJ/m?, 9.4 kJ/m?, 14.5 kJ/m?)

Cataract quantification (n=15) Cataract quantification (n=15)
IHC +IF (n=11) [HC +IF (n=11)
@@ ELISA (n=21) ELISA (n=21)
} } } } : } } } Days
0 3 7
b
Unilateral UVR-B exposure (14.5 kJ/m?)
ip injection of ELLSA. ELISA
NKR:1 aiitigonists Multiplex Multiplex
Immunoassay Immunoassay
AN CCW AN arrali 4 & m
5 | 5 5 I 5 5 5 i Days
0 3 7
C Cataract quantification (n=12) Cataract quantification (n=12)
- THC + IF (n=9) THC +IF (n=9)
ELISA/Multiplex ELISA/Multiplex
Immunoassay (n=21) Immunoassay (n=21)
— 5 l 3 5 5 t— Days
0 3 7/

Figure 1. Experimental setup. Mice were divided into different experimental groups: (a)
Unilateral UVR-B exposure to different intensities (2.9 kJ/m2, 9.4 kJ/m2, 14.5 kJ/m?), (b)
unilateral UVR-B exposure with pretreatment (Fosaprepitant, Spantide I, saline) and (c)
control animals.
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1.3.2 Drug administration

Mice were randomly assigned into different experimental groups, including (a) unilateral
UVR-B exposure with various irradiation intensities (2.9 kJ/m2, 9.4 kJ/m2, 14.5 kJ/m2), (b)
unilateral UVR-B exposure (14.5 kJ/m2) with pretreatment (Fosaprepitant: 10 mg/kg, MSD
Merck Sharp & Dohme Ltd.; Spantide I: 72 pg/mouse, Bachem; saline) and (c) control
animals received only anesthesia but no UVR-B exposure and no pretreatment (Fig. 1).
The volume per day amounts to 0.2 ml/mouse of NKR-1 antagonists and saline. After
predefined time points of 3 and 7 days following UVR-B exposure, animals of all experi-
ments were sacrificed, eyes enucleated and prepared for immunohistochemistry or mo-
lecular biological methods. The NKR-1 antagonists, Fosaprepitant and Spantide |, were
used for inhibiting of the SP/NKR-1 signaling pathway in mice which obtained unilateral
UVR-B exposure (14.5 kJ/m?2). Mice received repeated i.p. injections of Fosaprepitant,
Spantide | or saline on day -1, 0 (day of UVR-B exposure), 1 and 2 for a latency period
time of 3 days post-exposure, as well as on day -1, 0, 1, 2, 4 and 6 for a time period of 7

days post-exposure (Fig. 1).

1.3.3 Cataract morphology and cataract quantification

The lens was microsurgical extracted by careful dissection. Cataract morphology was doc-
umented and visualized in light- and dark field illumination photography (Leica Microsys-
tems GmbH). Cataract morphology was quantified by measuring the integrated optical
density (IOD) of the lens photographs as a quantification for experimentally induced cat-
aract. IOD measurements were taken with Image J/FIJI 1.46, based on a standardized

protocol with fixed illumination settings.

1.3.4 Immunohistochemistry

For immunohistochemical staining, eyes were embedded in paraffin and sections were
cut, dewaxed and rehydrated. Thereafter, sections were incubated overnight with a poly-
clonal anti-SP receptor antibody. The following day, slides were washed before incubating
with a secondary antibody. Counter-staining of the nuclei was performed with hematoxylin
for immunohistochemical AEC (3-amino-9-ethylcarbazole) staining and DAPI (4°,6-Dia-
midin-2-phenylindol) for immunofluorescence staining respectively. Specificity of staining

was confirmed with an isotype control (Chemicon) prepared under the same conditions.
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NKR-1 expression was quantified as immunofluorescence in stained ocular tissues by
IOD.

1.3.5 ELISA and ProcartaPlex™ Multiplex Inmunoassay

NKR-1 protein levels following the different treatments was quantified using a SP receptor
ELISA kit (Cusabio Biotech). To investigate if the pro-inflammatory chemokine MCP-
1/CCL2 is affected by UVR-B exposure in the exposed or in the partner eye ELISA anal-
ysis (R&D systems) was conducted after unilateral UVR-B exposure. In all experiments
(Fig.1), ocular tissues including aqueous humor (AgH), cornea, lens epithelium, iris/ciliary
body, retina and choroid were analyzed on day 3 or 7 following unilateral UVR-B exposure
(14.5 kJ/m2). Ocular tissue samples were homogenized in phosphate-buffered solution
containing protease inhibitor and centrifuged. Furthermore, to examine whether pro-in-
flammatory cytokines and chemokines (IL-a, IL-6, IL10, IL-12p70, MCP-1/CCL2, VEGF-
A, TNF-a, Gro-a/CXCL1) have an effect on unilateral UVR-B exposure in mice treated
with Fosaprepitant, a ProcartaPlex™ Multiplex Immunoassay (Thermo Fisher Scientific)

was performed.

1.3.6 Statistical analysis

All data were analyzed with SPSS Statistics 23. One-way analysis of variance (ANOVA)
with post-hoc comparison was used to evaluate cataract quantification, NKR-1 immuno-
reactivity, NKR-1 and MCP-1 protein levels as well as cytokine and chemokine protein
concentration. A paired sample t-test was used to quantify differences between unex-
posed and exposed eyes within latency period groups or treatment groups. P value < 0.05

was considered as statistically significant.

1.4 Results

1.4.1 Cataract morphology and cataract quantification

All lenses irradiated with UVR-B exposure developed an anterior subcapsular cataract,
while fine granular opacities were observed throughout the anterior surface of the lens at
day 3 post-exposure. At day 7 following UVR-B exposure, a dense triangular shaped cat-
aract developed in the center of the exposed lens. Control lenses which received no UVR-

B exposure remained clear. IOD for the examination of cataract intensity showed signifi-
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cant increased 10D levels in exposed lenses at day 3 (P < 0.001) and 7 (P < 0.001) post-
exposure, compared to the controls. The unexposed, contralateral lenses were mostly
transparent as seen through the microscope. However, in one mouse a slight clouding

were also detected in the contralateral lens.

1.4.2 Analysis of NKR-1 immunostaining

In vivo UVR-B irradiation induced NKR-1 expression and upregulation in ocular tissues
not only in the exposed but also in the unexposed, partner eye. After unilateral UVR-B
exposure, exposed and contralateral eyes displayed a strong NKR-1 immunostaining in
the corneal epithelium and endothelium, in the lens epithelium and nuclear bow region of
the lens at the membrane level, in nerve fibers at the end of the sphincter muscle in the
iris, in the pigmented epithelium of the ciliary processes as well as in the inner plexiform
layer (IPL) and in the inner nuclear layer (INL) of the retina in cross sections (Gross et al.,
2018; Gross et al., 2019). Control eyes which received no UVR-B exposure showed a mild
staining for NKR-1 in all ocular tissues, but the staining was less prevalent than in the
exposed and contralateral eyes. Morphologically, the corneal epithelium and endothelium
of the exposed eye was damaged with a loss of cell layers after UVR-B exposure. Irradi-
ated eyes were partially damaged in the lens epithelium and a multilayered accumulation
of cells in the disrupted lens epithelium. The contralateral and control cornea and lens
were regularly structured with no structural changes. The remaining ocular tissues showed
no morphological alterations after unilateral UVR-B exposure. NKR-1 quantification as
IOD showed a significant upregulation in the exposed cornea (3+7 days: P = 0.009), nu-
clear bow region of the lens (3 days: P = 0.024; 7 days: P = 0.002) and retina (3 days: P
=0.021; 7 days: P = 0.002) at day 3 and 7 post-exposure compared to control. The unex-
posed eye demonstrated a significant increase of NKR-1 immunoreactivity in the cornea
(83 days: P =0.019; 7 days: P = 0.033), nuclear bow region of the lens (3 days: P = 0.006;
7 days: P = 0.002) and iris (3 days: P = 0.012) after UVR-B exposure compared to the

control group.

1.4.3 Enzyme linked immunosorbent assay
ELISA analysis was performed to quantify NKR-1 protein expression in ocular tissues of

exposed, unexposed and control mouse eyes following unilateral UVR-B exposure. In ad-
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dition, ELISA assay was also implemented to examine NKR-1 expression in mice pre-
treated with the NKR-1 antagonists, Fosaprepitant and Spantide I. NKR-1 ELISA of un-
treated mouse eyes showed a significant post-exposure upregulation of NKR-1 levels in
the exposed cornea (3 days: P = 0.006; 7 days: P < 0.001), iris/ciliary body (3 days: P <
0.001; 7 days: P < 0.001) and choroid (3 days: P = 0.024; 7 days: P = 0.008), when com-
pared to the control group (Gross et al., 2019). Significantly higher NKR-1 protein levels
were also observed in the unexposed iris/ciliary body (3 days: P = 0.034), retina (7 days:
P = 0.05) and choroid (7 days: P = 0.030) of untreated mouse eyes after UVR-B exposure
to only one eye.

In mice treated with the NKR-1 antagonist Fosaprepitant, a significant reduction of NKR-
1 protein levels was examined in the exposed cornea (3 days: P = 0.004; 7 days: P =
0.006), lens epithelium (3 days: P = 0.001; 7 days: P = 0.034), AgH (7 days: P = 0.028),
iris/ciliary body ( 3 days: P = 0.035) as well as in the retina (3 days: P = 0.035; 7 days: P
=0.011) and choroid (7 days: P = 0.005) in comparison to the saline-treated group (Gross
et al., 2020). In the unexposed lens epithelium (3 days: P = 0.028; 7 days: P = 0.034) a
significant reduction of NKR-1 was also observed in the Fosaprepitant group compared to
the saline group. By contrast, in the exposed cornea (3 days: P = 0.002; 7 days: P =
0.044), lens epithelium (3 days: P <0.000), retina (7 days: P = 0.001) and choroid (3 days:
P =0.022) as well as in the unexposed cornea (3 days: P = 0.002) and lens epithelium (3
days: P = 0.018; 7 days: P = 0.010), a significant increase of NKR-1 protein levels were
displayed in mice treated with Spantide | compared to mice treated with Fosaprepitant.
UVR-B exposure induced a significant MCP-1 elevation in the exposed cornea (P <
0.001), iris/ciliary body (P = 0.014) as well as in the AgH (P = 0.004) at day 3 post-expo-
sure compared to the control group (Gross et al., 2019). MCP-1 protein levels of the un-

exposed partner eyes revealed no significant differences, when compared to the control

group.

1.4.4 ProcartaPlex™ Multiplex Immunoassay

In exposed corneas VEGF-A (P = 0.001) and Gro-a/CXCL1 (P < 0.001) protein levels
were increased significantly in mice treated with saline, compared to the unexposed con-
trol group (Gross et al., 2020). In the unexposed lens epithelium, a significant upregulation

of VEGF-A expression (P = 0.040) was observed in mice treated with saline, compared to



18

the control group which received no UVR-B exposure. In Fosaprepitant treated mice, the
level of Gro-a/CXCL1 (P = 0.001) of the exposed cornea was statistically reduced com-
pared to the saline group. Interestingly to note, mice treated with Spantide | showed a
strong upregulation of various pro-inflammatory cytokines and chemokines, compared to

the saline or Fosaprepitant group.

1.5 Discussion

1.5.1 NKR-1immunostaining and protein expression in ocular tissues of the mouse
eye

In the current PhD thesis, UVR-B exposure to only one eye induced an intraocular inflam-
matory reaction in both the exposed and the unexposed, partner eye in vivo. These results
are similar to the investigations of a previous study by Meyer and coworkers, finding indi-
cations that after unilateral UVR-B irradiation also the contralateral eye might react in a
sympathetic manner (Meyer et al., 2013). The present study demonstrated an UVR-B-
induced expression and upregulation of the SP receptor, NKR-1 in ocular tissues of the
exposed and unexposed, partner eye. In addition, NKR-1 upregulation not only in the ex-
posed but also in the unexposed eye was effectively reduced by the selective and protec-
tive NKR-1 antagonist Fosaprepitant after unilateral UVR-B exposure. Thus, the clinical
approved NKR-1 antagonist Fosaprepitant is capable to inhibit the sympathizing pro-in-
flammatory signaling to the contralateral eye in the established UVR-B cataract mouse
model. The neuropeptide SP has a short half-life time in tissues and is thus experimentally
very difficult to measure. Since SP persists in tissues only seconds to tens of minutes
(Mashaghi et al., 2016; McGregor and Bloom, 1983; Skidgel et al., 1984) the SP receptor,
NKR-1 was measured to indirectly quantify SP.

In the current study, NKR-1 expression was present in ocular tissues of the naive, exposed
and unexposed of untreated mouse eyes after unilateral exposure to UVR-B. The PhD
thesis demonstrate for the first time that NKR-1 is located in the lens epithelium and nu-
clear bow region of the lens of mouse eyes after UVR-B exposure to only one eye. These
results implicated that additionally to a direct phototoxic effect of UVR-B, an inflammatory
reaction, possibly regulated by inflammatory molecules in the AgH, is involved in UVR-B-
induced cataract formation. A contralateral upregulation of NKR-1 in several ocular tissues

of the unexposed, partner eye was observed after high-dose UVR-B exposure to only one
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eye, suggesting NKR-1 as a potential key player in the communication between both eyes.
One possible explanation for the sympathizing reaction after unilateral exposure to UVR-
B might be the transmission of signals by pro-inflammatory molecules such as SP from
the exposed to the unexposed eye. A conceivable signaling pathway for the neuropeptide
SP could be via the optic nerve or through the adjacent tissue. A sympathizing contrala-
teral response to the partner eye through the SP signaling pathway is described by a
bilateral loss of immune privilege after severing corneal nerves of one eye that occurs
during corneal graft surgery in a mouse model (Lucas et al., 2012; Paunicka et al., 2015).
The authors showed that the unilateral severing of corneal nerves induced SP secretion
in both eyes, including a disability of T regulatory cells that are essential for allograft sur-
vival.

The expression and upregulation of SP, and its receptor NKR-1 has been described in
several inflammatory eye diseases, such as herpes stromal keratitis (Gaddipati et al.,
2016; Twardy et al., 2011; Yun et al., 2016), pterygium (Chui et al., 2007), corneal neo-
vascularization (CNV) (Bignami et al., 2014; Marco et al., 2018) and proliferative vitreoreti-
nopathy (Lorenz et al., 2008; Troger et al., 1998). Moreover, experimental studies have
revealed a correlation between SP and NKR-1 in UVR-B-induced inflammation in the skin
(Eschenfelder et al., 1995; Legat et al., 2002). An experimental study demonstrated sig-
nificant higher concentrations of SP in the skin of rats irradiated with repeated sub-inflam-
matory doses of UVR-B, suggesting that UVR-B irradiation increases SP locally (Legat et
al., 2002). These results are also in accordance with a report indicating a significant higher
concentration of SP in psoriasis patients after UVR-B therapy (Narbutt et al., 2013). Alt-
hough the presence of SP was documented in skin diseases after irradiation to UVR-B,

the link between SP/NKR-1 and UVR-B in eye diseases is not known.

1.5.2 Treatment with NKR-1 antagonists, Fosaprepitant and Spantide |

In the present study, the effect of two NKR-1 antagonists, Fosaprepitant and Spantide I,
were evaluated in the established UVR-B-induced cataract mouse model.

Fosaprepitant is a water-soluble prodrug of Aprepitant, a selective antagonist of NKR-1
(Muiioz et al., 2017; Robinson et al., 2008). The prodrug is rapidly converted to Aprepitant
via the action of phosphatase enzymes (Navari, 2007, 2008; Van Belle and Cocquyt,

2008). Aprepitant is clinically approved for the prevention of chemotherapy-induced or
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post-operative nausea and vomiting (Bayati et al., 2016; Pojawa-Gotagb et al., 2019). It is
well known that Aprepitant crosses the blood-brain barrier and has anti-inflammatory prop-
erties (Bignami et al., 2017; Lonndahl et al., 2018; Mufioz et al., 2017; Robinson et al.,
2008). Aprepitant was also shown to exert a broad-spectrum antitumor activity implicating
a potent growth inhibition on human neuroblastoma or glioma (Berger et al., 2014,
Harford-Wright et al., 2014; Mufioz et al., 2010).

In the current thesis, ELISA investigations of Fosaprepitant-treated mice showed a signif-
icant decrease of NKR-1 protein levels in all examined exposed ocular tissues as well as
in the unexposed, contralateral lens epithelium after unilateral UVR-B exposure, com-
pared to the saline group. These results suggest that SP and its receptor play an essential
role in signaling the inflammatory insult to the unexposed, contralateral eye. In accordance
to the present results, an earlier study demonstrated that topical administration of Fosa-
prepitant significantly reduced corneal inflammation in a CNV mouse model (Bignami et
al., 2017). These results are in concordance to the presented findings, indicating an alle-
viated inflammation on the ocular surface by Fosaprepitant, suggesting a protective effect
of Fosaprepitant in the cornea. The selective high-affinity NKR-1 antagonist Aprepitant
and its prodrug Fosaprepitant effectively reduce inflammation in various diseases (Big-
nami et al., 2017; Lonndahl et al., 2018; Martinez et al., 2017; Robinson et al., 2008;
Robinson et al., 2016). However, a link among Fosaprepitant and the immunological con-
nection between both eyes in sympathizing ocular diseases must be established. The
current study demonstrated for the first time that Fos-aprepitant inhibits NKR-1 expression
effectively in the eye. Thus, Fosaprepitant is clinically capable to inhibit the sympathizing
pro-inflammatory signaling to the contralateral eye in the present UVR-B-induced cataract
mouse model. Aprepitant and Fosaprepitant are generally well tolerated and no significant
toxic side effects have been described for the NKR-1 antagonists (Bignami et al., 2017,
Dando and Perry, 2004; Kramer et al., 1998). Consistent with these reports, in the current
study Fosaprepitant was well tolerated by the animals and no visible side effect was ob-
served. The positive characteristics of Aprepitant and Fosaprepitant make this drug inter-
esting for other ocular diseases such as age-related macular degeneration (AMD) and
CNV. Furthermore, the clinical approved SP receptor antagonists Aprepitant and Fosa-

prepitant are directly applicable and could offer a broad application spectrum for new ther-
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apeutic and preventive treatment options for various eye diseases, such as cataract for-
mation.

The blocking of NKR-1 with Spantide | demonstrated in the present study a significant
reduction of NKR-1 expression only in the cornea. This finding is in line with previous
studies, indicating a protective effect of Spantide | in the cornea after induced impairment
(Hazlett et al., 2007; Twardy et al., 2011; Zhou et al., 2008). The effect of inhibition
SP/NKR-1 signal transduction by Spantide is supported by a study demonstrating de-
creased perforated cornea and bacterial counts in mice infected with Pseudomonas ae-
ruginosa (Hazlett et al., 2007). In the current study, ELISA analysis showed a tendency of
an NKR-1 overexpression after Spantide | administration in various ocular tissues of both
eyes. Interestingly, in a preliminary experiment a massive opacity on the cornea was de-
termined after topical administration of Spantide | within a few minutes. Confirming the
pro-inflammatory feature of Spantide I, treatment with Spantide | repeatedly resulted in a
strong overexpression of various pro-inflammatory cytokines and chemokines. These ob-
servations, together with the known drawbacks of Spantide | (e.g. its high neurotoxicity)
(Quartara and Maggi, 1997; Rosso et al., 2012) suggest that Spantide | is no effective
NKR-1 antagonist in the presented UVR-B-induced cataract model but rather has a toxic
effect. Altogether, these findings are of importance for the elucidation of the molecular
mechanism of SP/NKR-1 in sympathizing eye diseases and support the contention that
the clinical approved NKR-1 antagonist Fosaprepitant constitutes a selective and effective

antagonist to inhibit UVR-B-induced inflammation in the mouse eye.

1.5.3 Pro-inflammatory cytokine and chemokine expression in ocular tissues

The present study investigated whether unilateral UVR-B exposure induced an upregula-
tion of pro-inflammatory cytokines and chemokines in exposed and unexposed ocular tis-
sues after two different time periods. SP/NKR-1 interaction modulates the secretion of
pro-inflammatory molecules (Fiebich et al., 2000; Mashaghi et al., 2016), thus we postu-
lated a reduction of pro-inflammatory cytokines and chemokines after administration of
Fosaprepitant.

ELISA analysis of the current study showed an upregulation of MCP-1 expression in the
exposed cornea, iris/ciliary body and AqH after 3 days post UVR-B exposure. Interest-

ingly, MCP-1 levels were decreased in exposed mouse eyes on day 7 post-exposure. The
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finding suggests that MCP-1 levels increase fast and are not involved in UVR-B-induced
inflammation after a time period of 7 days post-exposure. This observation is congruent
with an earlier study by Wolf and co-workers (Wolf et al., 2019) showing that elevated
MCP-1 expression in injured mouse corneas returned to near basal levels within a few
days after injury. Previous reports are in accordance with the present results and demon-
strated links between elevated MCP-1 level in the cornea and aqueous in various ocular
diseases, including cataract (Aketa et al., 2017; Kawai et al., 2012; Sauer et al., 2016),
CNV (Mukwaya et al., 2019; Nakano et al., 2018; Wolf et al., 2019) and uveitis (Bauer et
al., 2019; Pei et al., 2019; Tang et al., 2018). The increase in MCP-1 in exposed eyes
might be indicative of a pro-inflammatory ocular environment. It is well known that MCP-
1 is secreted by a wide variety of cells that mediate the cell influx to inflammation, such
as monocytes and macrophages (Conrady et al., 2013; Kim et al., 2017; Melgarejo et al.,
2009; Zhu et al., 2015). MCP-1 expression in ocular tissues of the contralateral eyes were
not increased, suggesting that MCP-1 is not involved in the immunological cross-talk be-
tween both eyes.

In the current thesis, a UVR-B-induced increase of Gro-a/CXCL1 and VEGF-A expression
in the exposed cornea as well as a significant increase of TNF-a in the exposed lens
epithelium was determined in the saline group. These results are in accordance with ex-
perimental studies which indicated an upregulation of pro-inflammatory cytokines and
chemokines in the cornea (Chen et al., 2014; Foldenauer et al., 2012; McClellan et al.,
2008; Twardy et al., 2011). Interestingly, a significant reduction of Gro-a/CXCL1 in the
cornea after treatment with Fosaprepitant was also observed. This finding is in agreement
with experimental and clinical studies, showing a significant reduction of pro-inflammatory
molecules after administration of the clinical approved NKR-1 antagonist, Aprepitant (Bar-
rett et al., 2016; Liu et al., 2019; Martinez et al., 2017; Spitsin et al., 2017). A few reports
implying an increased expression of pro-inflammatory molecules after induced inflamma-
tion (Chen et al., 2014; Foldenauer et al., 2012; McClellan et al., 2008; Twardy et al.,
2011) as well as effective inhibition by NKR-1 antagonists (Barrett et al., 2016; Liu et al.,
2019; Martinez et al., 2017; Spitsin et al., 2017). However, the present study is the first
report that demonstrated an upregulation of pro-inflammatory cytokines in the cornea and
lens epithelium after exposure to UVR-B. These results represent the first investigations

that Fosaprepitant inhibited the upregulated Gro-a/CXCL1 protein concentration in the
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cornea, assuming that Fosaprepitant is a potent NKR-1 antagonist with a protective effect.
The positive properties of Aprepitant and Fosaprepitant, such as no toxic side effects (Ber-
ger et al., 2014; Bignami et al., 2017; Robinson et al., 2008) makes this drug interesting

for many inflammatory eye diseases.

1.5.4 Conclusion

In conclusion, unilateral exposure to UVR-B triggers the expression and upregulation of
NKR-1 in various ocular tissues of the exposed and unexposed partner eye. In addition,
the clinical approved NKR-1 antagonist Fosaprepitant reduces the inflammation in UVR-
B exposed ocular tissues, including a significant decrease of NKR-1 protein levels in ex-
posed and partner eyes. SP and its receptor, NKR-1 play a major role in the signaling
pathway to the partner eye in UVR-B-induced inflammation after exposure of only one eye
to UVR-B. Therefore, SP and NKR-1 might be candidate molecules in other sympathizing
eye diseases, like sympathetic ophthalmitis. Most age-related eye diseases, such as
AMD, are of bilateral nature. Thus, SP and NKR-1 and their antagonist Fosaprepitant
might play an important role for new treatment targets and strategies in various inflamma-
tory ocular diseases. Further experiments may enable an overall better understanding of

pathophysiological changes as well as redefined pharmaceutical interventions in the eye.
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2.1 Abstract

Purpose: The purpose of this study was to investigate the neurokinin receptor-1 (NKR-1)
protein expression in ocular tissues before and after supra-cataract threshold ultraviolet
radiation (UVR-B peak at 312 nm) exposure in vivo in a mouse model.

Methods: Six-week-old C57BI/6 mice were unilaterally exposed to a single (2.9 kJ/m?)
and an above 3-fold UVR-B cataract threshold dose (9.4 kJ/m?) of UVR. UVR-exposure
(Apeak =312 nm) was performed in mydriasis using a Bio-Spectra exposure system. After
latency periods of 3 and 7 days, eyes were fixed in 4 % paraformaldehyde, embedded in
paraffin, sectioned and stained with fluorescence coupled antibody for NKR-1 and DAPI
for cell nuclei staining. Control animals received only anesthesia but no UVR-exposure.
Cataract development was documented with a Leica dark-field microscope and quantified
as integrated optical density (I0D).

Results: NKR-1 is ubiquitously present in ocular tissues. An above 3-fold cataract thresh-
old dose of UV-radiation induced NKR-1 upregulation after days 3 and 7 in the epithelium
and endothelium of the cornea, the endothelial cells of the iris vessels, the pigmented
epithelium/stroma of the ciliary body, the lens epithelium, pronounced in the nuclear bow
region and the inner plexiform layer of the retina. A significant upregulation of NKR-1 could
not be provoked with a single cataract threshold dose (2.9 kJ/m? UVR-B) ultraviolet irra-
diation. All exposed eyes developed anterior subcapsular cataracts.

Conclusion: Neurokinin-1 receptor is present ubiquitously in ocular tissues including the
lens epithelium and the nuclear bow region of the lens. UV-radiation exposure to an above
3-fold UVR-B cataract threshold dose triggers NKR-1 upregulation in the eye in vivo. The
involvement of inflammation in ultraviolet radiation induced cataract and the role of neu-
roinflammatory peptides such as substance P and its receptor, NKR-1, might have been

underestimated to date.

Keywords: Cataract, Ultraviolet radiation B, Substance P, Neurokinin receptor 1, Inflam-

mation
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2.2 Introduction

In the eye, pro-inflammatory molecules, such as neuropeptides and cytokines regulate
inflammatory responses in multiple diseases. Until now, the role of inflammation in the
development of UVR-B induced lens opacification, or cataract, is unclear.

Cataract is defined as the opacification of the lens, which impairs the passage of light to
the retina. It is still the major cause of blindness in the world (Brian and Taylor, 2001;
World Health Organization, 2010; Wu et al., 2013) and there are so far no therapeutic
strategies to prevent cataract formation. Apart from other risk factors such as age, trauma,
diabetes or the use of corticosteroids, exposure to ultraviolet radiation type B (UVR-B) is
considered to be the main risk factor for cataract formation in humans and animals
(Delcourt et al., 2000; Hejtmancik, 1998). UV irradiation causes lens epithelial cell damage
and disrupts the physiological functions of the lens. It can lead to apoptosis via UV-in-
duced phototoxic DNA damage (Jiang et al., 2015). Furthermore, protein denaturation,
protein insolubility of normally water soluble crystallins and inflammatory changes of lens
cells due to the activation of pro-inflammatory mediators are attributed to UVB induced
lens damage (Hejtmancik and Kantorow, 2004).

Several experimental and epidemiological studies have shown that UVR-B exposure in-
duces cataract development in humans and animals (Cruickshanks et al., 1992; High-
tower, 1995; Ji et al., 2015; Jose and Pitts, 1985; Merriam et al., 2000; Pitts et al., 1977;
Taylor, 1989; Wu et al., 2013). Recently, an experimental study in rats demonstrated UVR-
B dependent corneal damage and found a significant increase of pro-inflammatory cyto-
kines, TNF-a and VEGF in the cornea (Chen et al., 2016). Another correlation to inflam-
mation and cataract disease is the inflammatory response to unilateral UVR-B irradiation
in conjunction with an increased IL-1B production in a mouse model (Meyer et al., 2013).
So far it is known that ocular inflammatory reactions to different lesions include the ex-
pression and upregulation of several inflammatory chemokines and cytokines, such as
substance P (SP), which mediates diverse pathways involved in immune cell proliferation
(Castagliuolo et al., 2000; Koon et al., 2004; Mei et al., 2013), cytokine production
(Mashaghi et al., 2016), apoptosis (Muioz et al., 2008; Zhou et al., 2008) and inflamma-
tion (O'Connor et al., 2004; Park et al., 2016; Weinstock et al., 2003). SP is a member of
the tachykinin family and consists of 11 amino acids (Chang et al., 1971). It is established

that SP is encoded by the TAC1 gene and secreted by both, non-neuronal cell types like
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epithelial cells, immune cells and specific neuronal cells (Bignami et al., 2014; Hong et al.,
2015; O'Connor et al., 2004). The cellular actions of SP are mediated by the neurokinin 1
receptor (NKR-1). The G-protein coupled receptor, NKR-1 exhibits the highest affinity for
SP (Monastyrskaya et al., 2005). Previous studies demonstrated the presence of NKR-1
and SP in ocular tissues of different species (Casini et al., 2000, 2002; Catalani et al.,
2004; Oyamada et al., 1999): NKR-1 has been localized in rabbit (Casini et al., 2002), rat
(Casini et al., 2000; Oyamada et al., 1999) and mouse (Catalani et al., 2004) bipolar and
amacrine cells of the retina using immunohistochemical techniques. Furthermore, the role
of SP in ocular inflammation has been investigated in different corneal disease models.
For example, SP was present in the corneal stroma of mouse eyes in a HSK (herpetic
stromal keratitis) lesion model (Twardy et al., 2011). Furthermore, Bignami et al. (2014)
showed an increase of SP expression in two different mouse models that verify SP upreg-
ulation in the epithelial layer of the infected cornea (Bignami et al., 2014). However, the
role of SP and its receptor NKR-1 in association with UV-radiation with peak wavelength
at 312 nm and cataract disease is unknown. Here we investigated whether in vivo UVR
exposure has an effect on the localization and expression of the SP receptor NKR-1 in

various ocular tissues, including the lens in a mouse model.

2.3 Materials and methods

2.3.1 Animals

Six-week-old C57BL/6 mice were obtained from Charles River Laboratories (Germany)
and housed in the laboratory at the Department of Ophthalmology, University of Bonn
(accession number: 84-02.04.2015.A154). All animals were kept and treated according
to the Association of Research in Vision and Ophthalmology (ARVO) Statement for the

Use of Animals in Ophthalmic and Vision Research.

2.3.2 Immunohistochemical procedure for NKR-1

Exposed eyes were embedded in paraffin. Sections were cut, dewaxed and rehydrated.
For immunohistochemical AEC staining, endogenous peroxidase was blocked using 3 %
H202. Thereafter, sections were heated in citrate buffer and incubated overnight with a
rabbit polyclonal anti-substance P receptor antibody (1:800, AB5060, Chemicon). Follow-

ing washing, the slides were incubated with a polyclonal swine anti-rabbit secondary an-
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tibody (1:200, E0431, DAKO). AEC (3-amino-9-ethylcarbazole) was applied to enhance
the staining of horseradish peroxidase reaction. Counter-staining of the nuclei was per-
formed with hematoxylin. For immunofluorescence staining sections were incubated with
the primary anti-substance P receptor antibody. Sections were washed before adding anti-
rabbit secondary antibody conjugated to Alexa Fluor® 488 (1:200, Thermo Fisher Scien-
tific). Nuclei were counterstained with DAPI. Specificity of staining was confirmed using
equal concentrations of an isotype control. Isotype controls were prepared under same
immunohistochemically conditions replacing the primary anti-substance P receptor anti-

body with an isotype-specific immunoglobulin (NI01, Chemicon, rabbit, polyclonal).

2.3.3 Quantification of NKR-1 expression

NKR-1 expression was quantified as immunofluorescence in stained ocular tissues as the
integrated optical density (IOD) in IHC samples of exposed, and control eyes (Lucas et
al., 2012). Cataract morphology was also quantified by measuring the IOD of the lens
photographs. Measurements were analyzed with Image J/FIJI 1.46, based on a standard-

ized protocol with fixed illumination settings.

2.3.4 UVR exposure

UV- irradiation was performed in mydriasis using a Bio-Spectra system (Vilber Lourmat®,
Marne-La Vallee, France). UVR was generated by 40 W illumination tubes providing a
uniform irradiation area at an energy peak at 312 nm in an area of 900x80 mm. The spec-
tral UVR curve of the Vilber Lourmat® tubes includes mainly UVR-B (280-315 nm) with a
defined wavelength peak at 312 nm.

A small fraction of UVR-A in a wavelength region from 315 nm to 370 nm is also emitted
by the Bio-Spectra system (Fig. 1).
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Figure 1: Spectral curve of the Vilber Lourmat® UVR tube (312 nm). The UVR spectrum
incorporates A = 280-370 nm (UVR-B 280-315 nm and UVR-A 315-380 nm) with a defined
wavelength peak at 312 nm.

Radiation exposure is expressed as cataract threshold dose equivalents (maximum toler-
able dose — MTDz2.3:16) for UVR (312 nm). The MTD2.3:16 concept was defined in detail by
Soederberg et al. (2002). One MTD in the pigmented mouse equals 2.9 kJ/m? (Meyer et
al., 2007). The comparability to the Soederberg irradiation system is given by adjusting
the Bio Spectra system to an energy dose of 9.4 kJ/m?. Mice were unilaterally exposed in
vivo to a low-dose, single cataract threshold dose of 2.9 kJ/m? (in the following “low-dose
group”) and an above 3-fold cataract threshold dose (9.4 kJ/m?) of UVR (in the following
“high-dose group”). The exposure time was 3 min. To exclude congenital cataract all ani-
mals were examined with a slit lamp prior to UVR exposure (peak at 312 nm). Mice were
anaesthetized with a mixture of 40 mg/kg ketamine and 5 mg/kg xylazine injected intra-
peritoneally and 1 % tropicamide was instilled into both eyes to induce pupil dilation. The
non-exposed eye was shielded with a specially designed aluminum foil during exposure.
The mice were sacrificed after 3 and 7 days following UVR exposure. Eyes were enucle-
ated and prepared for immunohistochemical staining. To document cataract morphology,
lenses were extracted microsurgically and visualized in light and dark field illumination

photography.

2.3.5 Experimental design
A total of 74 C57BL/6 mice were subdivided into two latency groups (3 and 7 days post
UVR irradiation). For immunohistochemical analysis 22 animals were included in each
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latency period group for both UVR dose groups. Cataract morphology was analyzed in 15
animals per group. One eye of each animal was exposed to UVR single and above the 3-
fold cataract threshold equivalent dose (MTDz2.3:16). Control mice (n=30) received no UV-
radiation. Six mice were excluded from the experiment due to pre-existing cataract and/or

dissecting problems.

2.3.6 Statistical analysis

The data was analyzed with SPSS Statistics 23. One way ANOVA was performed to an-
alyze the difference in NKR-1 level following UVR exposure. The ANOVA data (F-test) is
summarized in Tables 1 and 2. If significant differences were detected according to
ANOVA, a post hoc test (Least significant difference: LSD) were performed to indicate the
difference in NKR-1 level of the groups. To quantify differences between cataract thresh-
old dose groups of each latency periods, paired sample t-test were used. Regarding sam-
ple size the significance levels were set to 0.05 and the confidence coefficients to 0.95,

respectively.

2.4 Results
2.4.1 NKR-1 immunohistochemistry and NKR-1 upregulation

An above 3-fold cataract threshold dose of UV-radiation induced NKR-1 expression and
upregulation at day 3 and 7 in the following tissues of the exposed mouse eyes: corneal
epithelium and endothelium, endothelial cells of the iris vessels, epithelium and stroma of
the ciliary body, the anterior lens epithelium including the nuclear bow region of the lens,
and the strongly marked inner plexiform layer as well as the inner nuclear layer of the
retina (Figs. 2-9). A low UVR dose of 2.9 kJ/m? induced no measurable NKR-1 upregula-
tion at day 3 and 7 following exposure in the above mentioned ocular tissues (Figs. 3, 5,
7 and 9). NKR-1 immunostained photomicrographs of these animals were comparable to
the control group (data not shown).

Cornea
Positive NKR-1 immunostaining was observed in the corneal epithelium and endothelium
of the high-dose exposed eyes (Fig. 2 A + D). The corneal epithelium showed a decrease

in cell layers and the endothelium showed a loss of endothelial cells 3 days post-exposure.
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The corneal stroma displayed no specific immunostaining for the SP receptor. Control
mice showed a mild staining for NKR-1 in the regularly structured corneal epithelium (Fig.
2 B + E), but less than in the high dose exposed eyes. The negative control is demon-
strated in Fig. 2 C and F. Fig. 3 summarizes the quantification of NKR-1 immunolabeling
as 10D of the low-dose (2.9 kJ/m?) and a high-dose group (9.4 kJ/m?) in the cornea of
control and exposed eyes. Three and seven days following high-dose UV-radiation, ex-
posed eyes had a significantly increased 10D for NKR-1 compared to the control group (P
= 0.009) and the low-dose UV-R group (P = 0.001; P < 0.001). Corneas in the low-dose
group had a tendency to reduced 10D over the period studied compared to the control
group, but the difference was not statistically significant.

AR IB C
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Figure 2: NKR-1 immunostaining and NKR-1 fluorescence staining of the exposed and
control mouse cornea. Three days post high-dose UVR irradiation, the corneal epithelium
is damaged with irregular epithelial cells. NKR-1 is upregulated in the epithelium and en-
dothelium of the exposed cornea (A, D). Control corneas showed a mild epithelial NKR-1
staining in the AEC staining (B) but no immunofluorescence staining (E). Low-dose UVR
exposed corneas showed mild epithelial damage but no increased immunofluorescent
staining compared to control sections (data not shown). Negative controls showed no im-
munofluorescence staining (C+F). Ep = epithelium, Str = stroma, Ed = endothelium.
Red/Green: Substance P receptor (NKR-1). Blue: H&E/DAPI (nuclei staining). Scale bars
=25 pum.



41

Cornea

'

[12.9kI/m?
[ 9.4 kJ/m?

W = ok o
o =) = o
T T T T

2
o=
T

._.
(=]
T

Integrated Optical Density (I0D)

=
S

Control 3 Days 7 Days
exposed exposed

Figure 3: NKR-1 quantification of the mouse cornea. Quantification of NKR-1 immuno-
labeling in the cornea expressed as integrated optical density (IOD) after low-dose, single
(2.9 kd/m?) and an above 3-fold (9.4 kJ/m?) cataract threshold dose of UVR. The cornea
revealed a statistically significant increase of NKR-1 after 3 and 7 days post UVR expo-
sure (9.4 kJ/m2), compared to control eyes. Differences are significant between cataract
threshold dose groups 3 and 7 days following UVR exposure (**P < 0.01; ***P < 0.001).
Bar is 95 % CI for mean.

Iris and Ciliary body

NKR-1 immunostained nerve endings were detected at the margin of the iris sphincter
muscle of exposed eyes (Fig. 4 A + G). Most NKR-1 positive nerve fibers of exposed eyes
were located at the end of the sphincter muscle. Muscle cell membranes also displayed a
positive staining for NKR-1. Additionally, examinations with albino mice demonstrated im-
munoreactive nerve fibers in the stroma of the exposed iris and at the endothelium of iris
vessels (Data not shown). In control eyes NKR-1 immunostained nerve endings were only
detected sporadically at the margin of the sphincter muscle (Fig. 4 B + H). The NKR-1
guantification of the mouse iris displayed an increase 3 and 7 days after high-dose UVR
exposure as compared to the low-dose and the control group (Fig. 5A). A significant dif-
ference was observed at day 3 (P = 0.007) as well as at day 7 (P < 0.001) post UVR
exposure between high-dose and low-dose animals but not between high-dose and con-
trol eyes. Similar to other ocular tissues NKR-1 in the low-dose group decreased over

time.
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The pigmented epithelium of the ciliary processes of exposed eyes exhibited an intense
NKR-1 immunostaining (Fig. 4 D + J). The control group demonstrated only a mild NKR-
1 immunostaining in the pigmented epithelium of the ciliary body (Fig. 4 E + K). The un-
pigmented epithelium of the ciliary body illustrated no specific NKR-1 immunoreactivity,
neither in exposed eyes nor in the control group. The negative control of the iris and ciliary
body is shown in Fig. 4 F + L. Three and seven days post high-dose exposure NKR-1 in
the ciliary body showed a slight increase in exposed eyes, compared to the control group
(Fig. 5B). Eyes exposed to low-dose UVR demonstrated a slight decrease of 10D over
time as compared to the control group. However, a significant difference was found for the
high-dose and the low-dose group at day 3 (P = 0.002) and day 7 (P = 0.018).

Figure 4. NKR-1 expression in the iris and in the ciliary body epithelium of exposed and
control mouse eyes. NKR-1 immunoreactivity showed immunohistochemical AEC staining
(A-F) and immunofluorescence staining (G-L) of the iris and ciliary body. Positive NKR-1
staining was detected in the sphincter muscle at day 3 after high-dose UVR (A+G). Control
eyes showed mild NKR-1 staining in the sphincter muscle of the iris (B+H). After high-
dose UVR exposure, the pigmented epithelium of the ciliary body displayed strong NKR-
1 immunoreactivity (D+J), whereas control eyes showed a weaker NKR-1 expression
(E+K) similar to eyes exposed to low-dose UVR (data not shown). The negative controls
of the fluorescence and AEC staining show no staining (C+l, F+L). Ac = anterior chamber,
pc = posterior chamber, Sp = sphincter muscle, Ep = epithelium, Str = stroma, Cp = ciliary
processes. Red/Green: Substance P receptor (NKR-1). Blue: H&E/DAPI (nuclei staining).
Scale bars = 25 pm.
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Figure 5: NKR-1 quantification of the mouse iris and ciliary body. Quantification of NKR-
1 immuno-labeling is expressed as integrated optical density (IOD). IOD of the mouse iris
and ciliary body revealed no significant differences between exposed eyes and the control
group (A+B). Iris and ciliary body of the high-dose (9.4 kJ/m2) UVR group revealed a sig-
nificant increase 3 and 7 days post UVR exposure, compared to the low-dose (2.9 kJ/m?)
group. Error bars are 95 % confidence interval for the mean. *P <0.05, ** < 0.01, ***P <
0.001.

Lens

In the exposed lens epithelium intense NKR-1 staining was found at the membrane level
of all epithelial cells including the equatorial region (Fig. 6 A + D + G + J). Irradiated eyes
showed a partial loss of epithelium at day 3 and a multilayered accumulation of cells in
the disrupted epithelium at day 3 after exposure (Fig. 6A). Lenses of control eyes revealed
milder NKR-1 immunostaining (Fig. 6 E + K) and their lens epithelium had a regularly
monolayered cuboidal form (Fig. 6 B + H). The negative control of the lens epithelium and
the nuclear bow region of the lens are demonstrated in Fig. 6 C+ F + | + L.

IOD of the anterior lens epithelium of both exposure groups revealed no significant differ-
ences for NKR-1 between latency periods and the control group (Fig. 7A). However, quan-
tification of NKR-1 immunoreactivity of the exposed nuclear bow region showed a signifi-
cant increase of NKR-1 immunoreactivity after 3 days (Fig. 7B; P = 0.024) as well as 7
days (P = 0.002) in the high-dose exposure group of 9.4 kJ/m? UVR compared to the
control group. NKR-1 quantification of the low-dose group revealed a slight NKR-1 in-

crease over time but no significant difference to control lenses. Furthermore, the low-dose
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group displayed a significant decrease compared to the high-dose group after 3 days (P
=0.015) and 7 days (P < 0.001) post-exposure.

A Ap B Ap C Ap
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Figure 6: Positive NKR-1 immunostaining of exposed and control anterior lens epithelium
and nuclear bow region of the lens. Photomicrographs show immunohistochemical AEC
staining (A-F) and immunofluorescence staining (G-L) for NKR-1. NKR-1 stained and dis-
rupted epithelial cells in the anterior polar region were observed in exposed lenses, 3 days
post-exposure to both dose groups UVR (A+G). Control lenses showed a light NKR-1
staining and a regular epithelial cell layer in the anterior polar region of the lens (B+H).
Intense NKR-1 immunostaining was detected in the nuclear bow region (membrane label-
ing), following high-dose UVR exposure (D+J). The nuclear bow region of control lenses
exhibited a mild NKR-1 staining in the epithelial cell membrane (E+K). The negative con-
trols are shown in C+F and I+L. Ap = anterior pole, Ep = epithelium, Cap = lens capsule,
Lf =lens fibers. Red/Green: Substance P receptor (NKR-1). Blue: H&E/DAPI (nuclei stain-
ing). Scale bars =25 um.
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Figure 7: NKR-1 quantification of the anterior lens epithelium and nuclear bow region of
the lens. Quantification of NKR-1 immunolabeling is expressed as integrated optical den-
sity (I0D). In the anterior lens epithelium 10D is slightly increased in the high-dose group
and decreased in the low-dose group throughout days 3 and 7 compared to control but no
statistical difference between is found (A). The nuclear bow region of the lens displays a
significant increase of IOD at 3 as well as 7 days following high-dose (9.4 kJ/m2) UVR
exposure as compared to the low-dose (2.9 kJ/m2) and the control group (B). Error bars
are 95 % confidence interval for the mean. *P<0.05, *P<0.01, ***P<0.001.

Retina

NKR-1 immunostaining of exposed and control mouse retinae are shown in Fig. 8. After
three days exposed eyes of the high-dose UVR group (9.4 kJ/m?) demonstrated a high
density of NKR-1 immunoreactivity in the cell bodies of the inner plexiform layer (IPL)
while the outer plexiform layer (OPL) and in the proximal INL of these retinae exhibited
only a mild NKR-1 immunoreactivity (Fig. 8 A + D + G). In control eyes positive NKR-1
immunostaining was found in the IPL and INL, but less than in exposed eyes (Fig. 8 B +
E + H) with laminae 2 of the IPL containing the highest density. The negative control of
the retina revealed no NKR-1 staining (Fig. 8 C + F). In exposed and control eyes, the
ganglion cell layer (GCL) and outer nuclear layer (ONL) revealed no specific NKR-1 im-
munostaining.

The classification of the IPL was adapted as suggested by Cajal (1893) and subdivided
into laminae 1-5 (Fig. 8 G + H) (Cajal, 1893). High power photomicrographs demonstrated
the localization of NKR-1 immunostaining in bipolar and amacrine cells in the IPL of the

exposed retinae (Fig. 8G). Lamina 2 contained the highest density of NKR-1 immunostain-
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ing, whereas lamina 1 and 3 illustrated a medium density. Sparsely immunolabeled pro-
cesses were visible in lamina 4 and the lowest density was determined in lamina 5. NKR-
1 immunoreactivity in the high-dose UVR exposed eyes was significantly higher after day
3 and 7 compared to the control group (P = 0.021) and (P = 0.002) respectively, as well
as the low-dose exposure group (P < 0.001) (Fig. 9). In the low-dose exposure group
NKR-1 slightly decreased over time compared to the control group but no statistical sig-

nificance was found.

Ol

Figure 8: Substance P receptor immunostaining pattern in a coronal section of exposed
and control mouse retina. Photomicrographs demonstrated NKR-1 staining with immuno-
histochemical AEC staining (A-C) and immunofluorescence staining (D-H). Three days
following high-dose UV-radiation, NKR-1 immunostaining is localized in the inner plexi-
form layer and the inner nuclear layer of the exposed retina. In the outer plexiform layer
and proximal INL slightly NKR-1 immunolabeling was found (A+D). In the control retina,
mild NKR-1 immunostaining was observed in the inner plexiform layer (B+E). Negative
controls of AEC and fluorescence staining showed no staining (C+F). Higher power pho-
tomicrographs demonstrated intense NKR-1 expression in the IPL laminae, especially in
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the laminae 2, of the exposed retina (G). Control eyes showed mild NKR-1 immunostain-
ing in the IPL laminae, with the highest density in laminae 2 (H). IPL laminae are subdi-
vided into laminae 1-5 (Cajal et al., 1893). RC = rods and cones, ONL = outer nuclear
layer, OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer,
GCL = ganglion cell layer. Red/Green: Substance P receptor (NKR-1). Blue: H&E/DAPI
(nuclei staining). Scale bars = 25 um.
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Figure 9: Quantification of NKR-1 staining in the retina of exposed and control eyes. NKR-
1 immunoreactivity expressed as integrated optical density (I0OD). A single and an above
3-fold cataract threshold dose of UVR are evaluated. A significant increase of I0OD was
observed between exposed and control eyes following a high-dose exposure to UVR (9.4
kJ/m2) and between the high-dose and low-dose (2.9 kJ/m?2) group. Error bars show 95 %
confidence interval for the mean. *P < 0.05, **P < 0.01, ***P < 0.001.

2.4.2 Cataract morphology and quantification

All UVR (peak wavelength 312 nm) exposed lenses developed an anterior subcapsular
cataract but no cortical and/or nuclear cataract. Control lenses were clear. At day 3 fol-
lowing exposure, dose-dependent fine granular opacities were noted throughout the an-
terior surface of the lens (Fig. 10A) resembling the damaged epithelium. At day 7 post
UVR exposure a dense triangular shaped cataract developed in the center of the lens
(Fig. 10B).

To quantify cataract intensity in exposed and control lenses IOD of lens photographs was
measured. 10D levels of exposed lenses at day 3 (P < 0.001) and at day 7 (P < 0.001)

post-exposure were significantly increased in comparison to the control lenses (Fig. 11).
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Figure 10: Cataract development following UVR exposure. Dose dependent anterior sub-
capsular cataract developed 3 and 7 days post UVR exposure. Fine granular opacities
were visible throughout the anterior surface of the lens, 3 days following UVR exposure
(A). 7 days post-exposure a triangular-shaped opacity had developed around the anterior
lens sutures (B). Scale bars = 0.5 mm.
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Figure 11: Cataract quantification of exposed and control lenses. 10D of the lenses
showed a significant difference between exposed latency period groups in relation to the
control group (n=15/latency period, control mice, n=12). Error bars represent 95 % CI of
the mean. **P < 0.001.
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2.5 Discussion
We investigated the effect of UVR exposure with a UV peak at 312 nm on the SP receptor,

NKR-1, protein expression in different ocular tissues in an in vivo mouse model.

2.5.1 NKR-1 immunostaining and NKR-1 upregulation after UVR exposure

The presence of SP, a neuroinflammatory peptide, and its receptor, NKR-1, had been
described for ocular tissues of several mammalian species (Bignami et al., 2014; Catalani
et al., 2006; Cole et al., 1983). It is well known that the SP protein has a short half-life and
is thus very difficult to measure. The neuropeptide persists in tissues only seconds to tens
of minutes, while it is stable in plasma over hours (Matsas et al., 1984; McGregor and
Bloom, 1983). Thus, in this study the SP receptor protein expression was investigated to
guantify SP expression and its upregulation in ocular tissues following UVR-irradiation. To
minimize potential drawbacks in measuring and quantifying fluorescence intensity we
used constant technical parameters as well as background subtraction to control for arte-
facts. Furthermore, we standardized the measuring area of interest using a specific tem-
plate. With these above mentioned parameters we are able to minimize potential draw-
backs of the technique.

In summary we demonstrate that a high-dose UVR exposure (9.4 kJ/m?) induces a signif-
icant NKR-1 upregulation up to one week post-exposure in different ocular tissues in con-
trast to a low-dose, or cataract threshold dose of UVR (2.9 kJ/m?). One possible explana-
tion for this might be the capacity of the ocular immune response to suppress an intraoc-
ular inflammatory response after a mild but not severe phototoxic insult via a suppression

of SP or downregulation of NKR-1, respectively.

Cornea

The cornea is a highly innervated tissue comprising sensory and autonomic nerve fibers
(Mueller et al., 2003). Corneal nerve endings contain several neuropeptides like SP (Keen
et al., 1982; Tervo et al., 1981). Bignami et al. (2014) investigated SP expression in the
epithelial layer of avascular corneas and a co-localization of SP in corneal nerve endings
(Bignami et al., 2014). Therefore we expected the cornea to be a suitable target tissue to
explore the effects of UVR-B 312 nm on SP since UVR-B is partially absorbed by the

cornea. An upregulation of NKR-1 in the cornea following an experimental insult is in ac-
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cordance with other disease models. In two different CNV (corneal neovascularization)
mouse models SP was significantly increased after injury (Bignami et al., 2014). A recent
study using a HSK (herpetic stromal keratitis) mouse model demonstrated that corneas
with severe HSK lesions exhibited a significantly higher amount of SP compared to those
with mild lesions (Twardy et al., 2011). Positive NKR-1 immunostaining in the corneal
stroma could not be demonstrated in our study as UVR at a relatively mild exposure does
not induce deep corneal lesions.

An experimental study hypothesized the role of SP and NKR-1 in directing cell migration
in pterygia that may explain the centripetal growth pattern (Chui et al., 2007). Pterygium
is an ocular surface disease and is caused by UVR-B exposure. Interestingly, the work
group demonstrated for the first time the presence and upregulation of NKR-1 in pterygia
as well as SP as a potent chemoattractant for pterygium fibroblasts and vascular endo-
thelial cells. This indicates that SP and its receptor, NKR-1 play also an important role in
pterygia disease and is involved in ocular surface inflammation.

The finding that UVR with a peak at 312 nm leads to an NKR-1 upregulation following an
above 3-fold cataract threshold dose (9.4 kJ/m?) in the cornea, 3 and 7 days following
exposure suggests that UVR has not only a phototoxic effect but also provokes dose-
dependent an unspecific inflammatory reaction in the cornea. The corneal epithelium
showed the highest expression of NKR-1. This is most likely due to it being the first tissue
being struck by UVR. Interestingly, the corneal endothelium also demonstrated an upreg-
ulation of NKR-1. Endothelial cells play an important role in the maintenance of corneal
transparency and also act as a barrier as well as contact tissue towards the aqueous
humor. It is conceivable that a SP mediated inflammatory signal might reach the aqueous

humor also via the endothelium.

Iris and Ciliary body

The SP receptor was detected immunohistochemically at the margin of the sphincter mus-
cle as well as sporadically in the iris stroma of control as well as exposed mouse eyes.
Similar findings of NKR-1 immunoreactivity were reported in rabbits (He and Bazan, 2015;
Tervo et al., 1981; Tornqgvist et al., 1982). Cole et al. even demonstrated that SP positive
nerve fibers run circumferentially in the sphincter muscle of the normal rabbit iris (Cole et
al., 1983).
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In our study in vivo UVR exposure to an above 3-fold UVR-B cataract threshold dose (9.4
kJ/m?) induced a visible upregulation of NKR-1 around the sphincter muscle and the mem-
branes of the sphincter muscle cells. The eye reacts to a strong inflammatory stimulus
with the constriction of the pupil by contracting the sphincter muscle inducing miosis. The
findings underscore the view that UV-radiation with a peak wavelength at 312 nm acts as
a strong stimulus on the anterior segment and is capable of inducing inflammatory miosis
transmitted possibly via substance P.

In exposed eyes endothelial cells of iris vessels showed an increased NKR-1 expression
as compared to the controls. This could be due to the crucial barrier function the endothe-
lial cells execute towards the blood aqueous batrrier.

In the ciliary body, high-dose but not low-dose UVR exposure induced a significant upreg-
ulation of NKR-1 immunostaining in the pigmented epithelium at day 3. The ciliary body is
involved in the ocular immune response and represents a main part of the blood-aqueous
barrier (Cunha-Vaz, 1979). Hereby, the epithelium of the ciliary processes produces aque-
ous humor and supplies the cornea, lens and anterior vitreous with nutrients and oxygen.
From previous studies it is known that inflammation of the anterior segment alters the
ocular immune privilege (Gery and Streilein, 1994). Such an inflammation is regulated in
the aqueous humor by immunosuppressive neuropeptides and cytokines. Thus, pro-in-
flammatory cytokines can reach areas that are not directly affected by UVR exposure

(peak wavelength 312 nm) via the aqueous humor explaining our results.

Lens

Based on results from previous experimental and epidemiological studies it was expected
to detect increased SP-receptor immunoreactivity in the cornea following UVR exposure
with a wavelength peak at 312 nm. Even though this has not been investigated so far the
observed NKR-1 immunostaining in the exposed and control iris and ciliary body had been
somewhat expected. However, to the best of our knowledge, we demonstrated here for
the first time that the NKR-1 receptor is located in the lens epithelium and nuclear bow
region of the lens of naive and exposed mouse eyes. Interestingly, an above 3-fold cata-
ract threshold dose (9.4 kJ/m?) already led to a significant NKR-1 upregulation in the nu-
clear bow region of the lens, after 3 and 7 days post-exposure. This finding underlines

that additionally to a direct phototoxic effect of UVR, an inflammatory response that pos-
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sibly regulated by inflammatory peptides in the aqueous humor, is involved in UVR in-
duced cataract development. Therefore, it is comprehensible that the lens and the nuclear
bow region of the lens demonstrated NKR- 1 upregulation after UVR exposure (9.4 kJ/m?),

since pro-inflammatory molecules can reach the lens via the agueous humor.

Cataract quantification

A previous study established that, unilateral UVR-B exposure with various threshold dose
equivalents leads to anterior subcapsular cataract in exposed mice lenses (Meyer et al.,
2013). Galichanin et al. (2010) showed an exponential increase of lens light scattering
after UVR-B exposure in rats. The group measured higher lens light scattering with a
higher UVR-B dose (Galichanin et al., 2010). Our results are in line with previous studies
that demonstrated the characteristic anterior subcapsular cataract development after low-
dose or threshold UV-radiation (312 nm) dose of 2.9 kJ/m?, showing granular opacities
throughout the anterior surface of the exposed lens (Fig. 10B). However, the cataract de-
velopment at this low-dose UVR threshold is not associated with a significant upregulation
of NKR-1 in the lens epithelium. Furthermore, we established integrated optical density
(IOD) as a quantification for experimentally induced cataract. Artefacts such as residues
of zonules or the ciliary body were avoided through careful dissection techniques as well
as using a specific template to mask the lens periphery and minimize potential light scat-
tering from the lens equator. We verified that the Bio-Spectra exposure system induces
similar cataracts than the exposure system used in previous studies (Meyer et al., 2013;
Pitts et al., 1983; Soederberg et al., 2002). However, since the Bio-Spectra exposure sys-
tem also partially emits UVR-A (315 — 380 nm) we cannot exclude that to some extend

the demonstrated effects might be attributed to the biological action spectrum of UVR-A.

Retina

A previous study demonstrated the localization of the substance P receptor in amacrine
cells of the IPL (Haverkamp and Wassle, 2000) and NKR-1 immunolabeling was confined
at or near the plasma membrane of cell bodies in INL, OPL and IPL (Catalani et al., 2004).
The results of these investigations are in line with our findings, observing a positive NKR-

1 immunostaining in the IPL of the naive mouse retina and a statistically significant NKR-



53

1 upregulation 3 and 7 days following an above 3-fold cataract threshold dose of UV-
radiation, as compared to the control group.

Even though UVR-B does not reach the retina directly, since it is absorbed by the cornea
and lens, we expect that the UV-radiation had an effect on retinal NKR-1 expression. We
hypothesize, that an inflammatory signal is transmitted through the anterior uveal tissue
towards the posterior segment since the pigmented and unpigmented epithelium of the
ciliary body have the same evolutionary origin as the retinal pigment epithelium and the
neuroretina. Furthermore, because the UVR spectrum used covers also longer wave-
lengths in the UVR-A spectrum it is possible that the small fraction of emitted UVR-A (315
- 380 nm) might contribute directly to the observed retinal effects.

2.6 Conclusion

In conclusion, SP receptor, NKR-1, is present ubiquitously in ocular tissues including the
lens. UV-radiation (312 nm) to an above 3-fold cataract threshold dose of 9.4 kJ/m? trig-
gers NKR-1 upregulation in ocular tissues of the anterior and posterior segment already
at day 3 following exposure. Unilateral UVR irradiation to a low-dose cataract threshold
dose of 2.9 kJ/m? induces no markable NKR-1 upregulation. To our knowledge this is the
first proof of NKR-1 immunoreactivity in the lens and the first study to demonstrate SP
receptor upregulation in the eye after UVR exposure (peak wavelength 312 nm). We con-
clude that the involvement of inflammation in ultraviolet radiation induced cataract might
have been underestimated so far. The role of SP and its receptor in UVR induced cata-

ractogenesis needs further investigations.
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2.10 Appendix

Table 1: One-way univariate ANOVA (F-Test) for the 3-fold cataract threshold dose (9.4
kJ/m?2) group.

Sum of | df | Mean Square F Sig.
Squares
Cornea
Between Groups | 8.658 2 4.329
Within Groups | 23.660 | 28 845 5.123 1.013
Total | 32.318 | 30
Iris
Between Groups | 2.015 2 1.007
Within Groups | 13.712 | 25 .548 1.837 | .180
Total | 15.727 | 27
Lens epithelium
Between Groups | 16.250 | 2 8.125
Within Groups | 76.219 | 28 2722 2.985 | .067
Total | 92.469 | 30
Nuclear bow
Between Groups | 5.283 2 2.642
Within Groups | 12.165 | 28 434 6.080 | .006
Total | 17.449 | 30
Ciliary body
Between Groups | 4.319 2 2.159
Within Groups | 21.886 | 28 782 2.763 | .080
Total | 26.205 | 30
Retina
Between Groups | 3.489 2 1.745
Within Groups | 8.367 | 28 299 5838 | .008
Total | 11.856 | 30
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Table 2: One-way univariate ANOVA (F-Test) for the single cataract threshold dose (2.9
kJ/m2) group.

Sum of df Mean Square F Sig.
Squares
Cornea
Between Groups 3.012 2 1.506
Within Groups | 29.080 | 28 1.039 1.450 1 .252
Total | 32.092 30
Iris
Between Groups 3.816 2 1.908
Within Groups | 19.722 | 27 730 2612 1.092
Total | 23.537 29
Lens epithelium
Between Groups 2.587 2 1.294
Within Groups | 51.983 | 26 1.999 647 | .532
Total | 54.570 28
Nuclear bow
Between Groups .091 2 .045
Within Groups | 24.518 27 .908 0501951
Total | 24.609 29
Ciliary body
Between Groups 3.706 2 1.853
Within Groups | 41.470 28 1.481 1.251 1 .302
Total | 45.176 30
Retina
Between Groups 3.282 2 1.641
Within Groups | 14.628 28 522 3.141).059
Total | 17.911 30
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3.1 Abstract

Purpose: To investigate the influence of unilateral ultraviolet radiation (UVR) exposure
on the unexposed, partner eye in vivo. To characterize the immunological cross-talk be-
tween the eyes and verify a sympathizing reaction of the partner eye via a neurokinin-
dependent signaling pathway of substance P and its neurokinin-1 receptor (NKR-1) and/or
monocyte chemoattractant protein-1 (MCP-1).

Methods: C57BL/6 mice were unilaterally exposed in vivo to UVR-B to a 5-fold cataract
threshold equivalent dose of 14.5 kJ/m2 with a UV irradiation Bio-Spectra system. The
unexposed contralateral eye was completely shielded during irradiation. After 3 and 7
days post exposure, eyes were stained with fluorescence-coupled antibody for substance
P NKR-1. The same was performed in control animals receiving only anesthesia but no
UVR-B exposure. NKR-1 and MCP-1 levels in ocular tissue lysates were quantified by
enzyme-linked immunosorbent assay.

Results: UVR-B induces NKR-1 upregulation after 3 and 7 days in the exposed and in
the unexposed, contralateral mouse eye. NKR-1 protein level was upregulated in the ex-
posed and contralateral iris/ciliary body complex, choroidea and in the contralateral retina
as well as in the exposed cornea. MCP-1 levels were elevated in the exposed cornea,
iris/ciliary body complex, and aqueous humor but not in contralateral ocular tissues.
Conclusions: UVR-B exposure triggers NKR-1 upregulation not only in the exposed but
also in the unexposed, partner eye in various ocular tissues. Following UVR-B exposure,
MCP-1 protein levels are upregulated in the exposed eye, but the contralateral side re-

mains unaffected.

Keywords: Ultraviolet radiation B, Neurokinin-1 receptor, Cataract, Monocyte chemoat-

tracttant protein-1, Inflammation
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3.2 Introduction

The eye is one of the only organs directly exposed to sunlight including short wavelength
ultraviolet radiation (UVR). Ocular implications of UV irradiation have been studied in a
wide spectrum of eye diseases, including acute and chronic inflammatory disorders, es-
pecially in the cornea and lens. UVR exposure correlates with ocular pathologies including
pterygium, photokeratitis, and cortical cataracts [1-4].

Acute high-dose exposure to UVR type B (UVR-B) induces inflammation in the cornea
and damages the epithelium leading to photokeratitis and pterygium [1-3, 5-8]. Set aside
the direct phototoxic effect UVR pro-inflammatory cytokines such as IL-6 and IL-8 are
upregulated in the eye after in vivo exposure to UVR [1-3].

In addition to its capacity to induce ocular surface disease, exposure to UVR-B is consid-
ered the main environmental risk factor for cataract disease in humans and animals [9,
10]. Cataract is still the leading cause of visual impairment worldwide [10-13]. In addition
to the known phototoxic damages of UVR in the lens such as epithelial cell damage [14],
inactivation of metabolic enzymes [15], and apoptosis [16], evidence is growing that in-
flammatory processes are involved in cataract development from UVR that also affect the
partner eye in sympathizing reaction [4]. However, the exact role of UVR-B and molecular
mechanisms involved in the triggered inflammatory processes and the immunological
cross-talk to the partner eye are not well understood.

We know from a previous study that in vivo UVR irradiation induces the upregulation of
the substance P neurokinin-1 receptor (NKR-1), in various ocular tissues of the eye [17].
Furthermore, the cytokine monocyte chemoattractant protein-1 (MCP-1) is involved in in-
flammation- dependent eye diseases, such as uveitis [18], herpetic stromal keratitis [19]
and is elevated after cataract surgery even in the aqueous humor (AgH) of the nonoper-
ated partner eye [20-23]. Therefore, we hypothesize that the fast-acting neuropeptide
substance P and its receptor NKR-1 and possibly MCP-1 might be the candidate signaling
molecules involved in the immunological cross-talk to the partner eye following an acute
insult to 1 eye as from high-dose UVR-B exposure. Here we investigate whether sub-
stance P signaling pathways are altered in the unexposed, partner eye after in vivo expo-
sure of only 1 eye to UVR. Furthermore, we investigate if the proinflammatory chemokine
MCP-1 is affected by UVR exposure in either the exposed or partner eye in vivo. Detailed

knowledge on the signaling pathways of these 2 cytokines could open new treatment op-
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tions for various ocular diseases, including UVR-B-induced cataract, and offer new clinical

preventive strategies.

3.3 Materials and methods

3.3.1 Animals

Six-week-old C57BL/6 mice were purchased from Charles River Laboratories (Germany)
and maintained in a 12-h light and 12-h dark cycle environment in the laboratory at the
Department of Ophthalmology, University of Bonn.

In the present study, C57BL/6 mice were subdivided into 2 latency groups of 3 and 7 days
post UVR-B exposure (wavelength peak at 312 nm) and a control group. For immuno-
histochemical experiments n = 11 C57BL/6 mice were utilized for each latency group and
n = 9 mice for the control group. Enzyme-linked immunosorbent assay (ELISA) was per-
formed in n = 21 animals per group. Animals were anesthetized with a mixture of keta-
mine/xylazine (40 mg/kg ketamine and 5 mg/kg xylazine) injected intraperitoneally. Topi-
cal 0.5% tropicamide (Mydriaticum Stulln; Pharma Stulln GmbH, Stull, Germany) eye
drops were administered for pupillary dilation of both eyes. Prior to UVR-B exposure, mice
were examined with a slit lamp to exclude pre-existing cataract. One eye of each animal
was exposed in vivo to UVR-B above the 5-fold cataract threshold equivalent dose
(MTD2.3: 16) for 5 min. The contralateral, unexposed eye was carefully and completely
shielded with aluminum foil during exposure. The mice were sacrificed after 3 and 7 days
following UVR-B exposure. Eyes were enucleated and prepared for immunohistochemical
staining as well as for ELISA. For ELISA analysis AqH, cornea, iris/ciliary body, lens epi-
thelium as well as retina and choroidea were dissected microsurgically. First, AQH was
extracted using a 30 gauge syringe needle to carefully penetrate the cornea and collect
AgH. After removing all the muscle tissue, the eye was placed in PBS buffer to avoid
drying of the lens and carefully opened along the limbus using a microsurgical scissor.
Afterwards, ocular tissues were gently separated with forceps, transferred into Eppendorf
tubes on ice and prepared for further ELISA analysis (see section below ELISA for NKR-
1 and MCP-1). During dissection of the ocular tissues, lenses were visualized in light- and

dark field illumination photography.
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3.3.2 UVR-B source

Animals were irradiated in a microprocessor-controlled UV irradiation system (Bio-Spec-
tra) for laboratory animals from Vilber Lourmat® (Marne-La Vallee, France), equipped with
a UVR-B irradiation source. The UVR-B lamps (3 x 40 W) emit ultraviolet rays between
280 and 315 nm with a defined wavelength peak at 312 nm. The spectral curve of the
Vilber Lourmat® UVR-B tubes also includes a small fraction of UVR-A in the range of 315—
370 nm [17]. Based on a programmable microprocessor, the Bio-Spectra system con-
stantly monitors the UV light emission providing a uniform irradiation area. Radiation ex-
posure is expressed as cataract threshold dose equivalents (maximum tolerable dose —
MTD2.3: 16) and was defined in detail by Soderberg et al. [24]. One MTD equivalent is
2.9 kJ/m2 in the pigmented mouse [25]. The comparability with the UVR source of Soder-
berg et al. [24] is given, and it was adjusted to the Bio-Spectra system, using an energy
dose of 14.5 kJ/m?.

3.3.3 Immunohistochemistry

For the immunofluorescence, eyes were embedded in paraffin. Thereafter, sections were
cut (5 um), dewaxed in xylene and rehydrated by passing through graded alcohol. For
antigen retrieval, sections were heated using citrate buffer (pH 6.0) and incubated over-
night with a rabbit polyclonal anti-substance P receptor antibody (1:800, AB5060,
Chemicon). The following day, sections were washed before adding anti-rabbit secondary
antibody conjugated to Alexa Fluor® 488 (1:200, Thermo Fisher Scientific). Counter-stain-
ing of the nuclei was performed with DAPI. In the final step, slides were cover slipped
using Immu-Mount (Thermo Scientific™ 9990402). Specificity of staining was confirmed
using an isotype control prepared under the same immunohistochemical conditions re-
placing the primary anti-SP receptor antibody with an isotype-specific immunoglobulin
(NIO1, Chemicon, rabbit, polyclonal).

3.3.4 Quantification of NKR-lexpression

NKR-1 expression was quantified as immunofluorescence in stained ocular tissues by
measuring the integrated optical density (I0OD), as previously described [17]. Measure-
ments were taken with Image J/FIJI 1.46, based on a standardized protocol with fixed

illumination settings.
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3.3.5 ELISA for NKR-1 and MCP-1

Protein levels of NKR-1 and MCP-1 in unexposed, exposed and control mouse eyes were
determined with a mouse substance P receptor ELISA kit (Cusabio Biotech, China, CSB-
E08362m) and a mouse CCL2/JE/MCP-1 Quantikine ELISA kit (R&D systems, MJEQO).
After microsurgical dissection on day 3 and 7 after UVR-B exposure, ocular tissues were
homogenized in phosphate-buffered solution containing a protease inhibitor cocktail
(Sigma-Aldrich®, P8340) and centrifuged at 10.000 g for 10 min. Then, aliquots were
stored at -80° until ELISA measurements, which was carried within a week. An aliquot of
each supernatant was assayed in duplicate according to the manufacturer’s instructions.
The detection range of the substance P receptor ELISA kit fluctuated between 7.8 pg/ml
and 500 pg/ml, with a minimum detectable concentration of 1.95 pg/ml. The assay range
for MCP-1 was 7.81 - 500 pg/ml with a sensitivity ranged from 0.151 — 0.666 pg/ml.

3.3.6 Statistical analysis

Data are presented as mean + SD. The normal distribution of the results was tested using
the Shapiro-Wilk-Test in combination with a quantile-quantile plot (Q-Q plot). One way
analysis of variance (ANOVA) followed by a post hoc comparison (LSD) was performed
to analyze the difference in NKR-1 and MCP-1 level between latency period groups (con-
trol, 3 and 7 days) within the ocular tissues of the exposed or the unexposed partner eye,
following UVR-B exposure. A paired sample t-test was used to quantify differences be-
tween unexposed and exposed eyes within each latency period group. Regarding sample
size, the significance levels were set to 0.05 and the confidence coefficients to 0.95, re-

spectively. The data were evaluated with SPSS Statistics 23.

3.4 Results

3.4.1 NKR-1 immunohistochemistry of ocular tissues (I0OD)
In vivo UVR-B irradiation to a 5-fold cataract threshold dose induced NKR-1 expression
and upregulation in ocular tissues not only in the exposed but also in the unexposed,

partner eye in a mouse model.
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Cornea

Histologically, the unexposed, contralateral mouse eye demonstrated a slightly stronger
NKR-1 immunostaining in the regularly structured corneal epithelium and endothelium
compared to control (Fig. 1A+B). The corneal stroma showed no specific immunostaining
for NKR-1 neither in the unexposed, the exposed or in the control eyes. The negative
control of the cornea is shown in Fig. 1C.

The unexposed, contralateral eyes demonstrated a significant increase of 10D at days 3
(P =0.019) and 7 (P = 0.033) post UVR-B exposure compared to control (Fig. 1D). NKR-
1 levels of the exposed cornea were significantly increased at days 3 (P = 0.009) and 7
(P = 0.009) compared to control eyes. At day 3, UVR-B exposed eyes had a significantly
increased 10D for NKR-1 compared to the contralateral eyes (P = 0.034).
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Figure 1. NKR-1 fluorescence staining and quantification of the mouse cornea. Three
days following UVR-B irradiation, the corneal epithelium of the contralateral mouse eye is
regularly structured and showed positive NKR-1 immunostaining (A). Control corneas
showed a mild epithelial NKR-1 staining (B). Negative control showed no immunofluo-
rescence staining (C). Quantification of NKR-1 immunoreactivity expressed as 10D after
a 5-fold (14.5 kJ/m?) cataract threshold dose of UVR-B (D). In the cornea IOD is signifi-
cantly increased in the unexposed contralateral eye and exposed eye throughout 3 and 7
days compared to control eyes (n = 10 mice per latency period group). * p < 0.05, * p <
0.01. Bar is 95% CI for mean. Green: Substance P NKR-1. Blue: DAPI (nuclei staining).
Scale bars = 25 um. Ep, epithelium; Str, stroma; Ed, endothelium; IOD, integrated optical
density.

Iris/Ciliary body

Contralateral eyes displayed NKR-1 positive nerve fibers at the end of the sphincter mus-
cle in the iris similar to exposed eyes and a slight NKR-1 fluorescence staining in the iris
stroma (Fig. 2A). The stroma and the sphincter muscle of the control group exhibited a
lower immunostaining for the substance P receptor than the contralateral mouse eye (Fig.
2B). NKR-1 was significantly increased in the iris of unexposed, partner eyes 3 days post
UVR-B exposure, compared to the control group (Fig. 2D; P = 0.012). NKR-1 quantifica-
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tion of partner eyes even exceeded those of exposed eyes at day 3. The unexposed part-
ner eyes showed an intense NKR-1 immunoreactivity in the pigmented epithelium of the
ciliary processes (Fig. 2E) compared to the control group (Fig. 2F). The stroma and the
unpigmented ciliary epithelium demonstrated no specific NKR-1 immunostaining in none
of the experimental groups. In the ciliary body, unexposed and exposed eyes showed a
mild trend for an increased 10D 3 and 7 days following exposure compared to the control
group (Fig. 2H). The negative control of the iris and ciliary body are demonstrated in Fig.
2C and G.
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Figure 2: NKR-1 immunoreactivity and quantification in the iris and ciliary body of mouse
eyes. NKR-1 staining was detected in the sphincter muscle of the contralateral iris at day
3 after UVR-B irradiation (A). Control eyes showed a decreased NKR-1 staining in the iris
(B). The pigmented epithelium of the unexposed contralateral ciliary body displayed a
strong NKR-1 staining (E), whereas control eyes showed a weaker NKR-1 expression (F).
The negative controls of the fluorescence staining show no NKR-1 staining (C, G). Quan-
tification of NKR-1 immunolabeling is expressed as 10D. The contralateral iris displays a
significant increase of 10D at day 3 (D). IOD of the mouse ciliary body revealed no signif-
icant differences between unexposed eyes and the control group (n = 10 mice per latency
period group; H). Error bars are 95% CI for the mean. Green: Substance P receptor (NKR-
1). Blue: DAPI (nuclei staining). Scale bars = 25 ym. Ac, anterior chamber; pc, posterior
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chamber; Sp, sphincter muscle; Ep, epithelium; Str, stroma; Cp, ciliary processes; 10D,
integrated optical density.

Lens epithelium

The lens epithelium of the contralateral eyes had a regularly monolayered form, showed
no structural abnormalities and a membrane-bound fluorescence staining of NKR-1 differ-
ent to control eyes (Fig. 3A+B). The negative control of the lens epithelium is shown in
Fig. 3C.

NKR-1 quantification in the lens epithelium displayed a slight trend towards an 10D in-
crease of unexposed and exposed eyes at day 3, in comparison to the control group, but
the difference was not statistically significant (Fig. 3D). At day 7 post UVR-B exposure,
the unexposed eyes displayed almost the same 10D level as the control group, whereas
the exposed eyes revealed an 10D increase compared to the control eyes. Both results
were not statistically significant. Nevertheless, a significant difference was shown at day

7 between unexposed and exposed eyes (P = 0.049).

Nuclear bow region of the lens

In the nuclear bow region of the lens, epithelial cells of the unexposed partner eyes dis-
played an intense fluorescence staining of NKR-1 (Fig. 3E) that was stronger than in con-
trol eyes (Fig. 3F). Lens fibers showed no specific NKR-1 immunoreactivity in either group.
The negative control of the nuclear bow region of the lens revealed no NKR-1 immunore-
activity (Fig. 3G). After UVR-B exposure the NKR-1 immunoreactivity of the unexposed
lenses was significantly higher after 3 (P = 0.006) and 7 (P = 0.002) days compared to the
control group (Fig. 3H). At day 3 and 7 post UVR-B irradiation, exposed eyes had a sig-
nificantly increased 10D for NKR-1 compared to the control eyes (3 days P =0.024; 7 days
P =0.002).
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Figure 3: Positive NKR-1 immunostaining and quantification of NKR-1 expression in the
lens. Photomicrographs show immunofluorescence staining of unexposed and control
lens epithelium and nuclear bow region of the lens for NKR-1. Slight NKR-1 immuno-
staining was observed in the unexposed anterior lens epithelium located in the membrane
after unilateral irradiation to UVRB (A). Milder NKR-1 immunostaining was detected in the
lens epithelium of the control group which received no UVR-B irradiation (B). A strong
NKR-1 immunostaining was detected in the nuclear bow region (also membrane labeled)
of the contralateral eye, following UVR-B exposure (E). The nuclear bow region of control
lenses exhibited a weak NKR-1 staining in the epithelial cell membrane (F). The negative
controls are shown in (C, G). IOD was used to quantify NKR-1 immunolabeling. Three
days post exposure 10D in the lens epithelium of contralateral mouse eyes is slightly in-
creased compared to control but not statistically significant. A statistical difference was
shown between unexposed and exposed eyes at day 7 (D). The nuclear bow region of
the unexposed contralateral and exposed lens displays a significant increase of IOD at 3
as well as 7 days following UVR-B exposure as compared to the control group (n = 10
mice per latency period group; H). Error bars are 95% CI for the mean. * p < 0.05, ** p <
0.01. Green: Substance P NKR-1. Blue: DAPI (nuclei staining). Scale bars = 25 ym. Ap,
anterior pole; Ep, epithelium; Cap, lens capsule; Lf, lens fibers; 10D, integrated optical
density.
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Retina

In the unexposed retina of the partner eyes intensified NKR-1 fluorescence staining was
localized in the inner plexiform layer and in cell bodies of the inner nuclear layer (Fig. 4A),
compared to the control group (Fig. 4B). The highest NKR-1 density was found in the
laminae 2 of the inner plexiform layer. Furthermore, mild NKR-1 immunostaining was also
found in the proximal inner nuclear layer in amacrine cells. The ganglion cell layer revealed
no specific NKR-1 immunostaining in none of the examined eyes. The negative control of
the retina is demonstrated in Fig. 4C and showed no NKR-1 immunostaining.

As shown in Fig. 4D, NKR-1 expression is slightly increased in the unexposed partner
eyes after day 3 and 7 following UVR-B treatment as compared to the control eyes but no
statistical significance was observed. The quantitative analysis of NKR-1 immunostaining
in the exposed retina revealed a significant increase 3 (P = 0.021) and 7 (P = 0.002) days

after UVR-B exposure compared to the control group.
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Figure 4: NKR-1 immunostaining and NKR-1 quantification of the mouse retina. NKR-1
immunostaining is localized in the inner plexiform layer (IPL) and the inner nuclear layer
(INL) of the unexposed contralateral retina. NKR-1 immunolabeling was also found in the
proximal INL in amacrine cells (A). The control retina showed a mild NKR-1 immuno-
staining in the IPL (B). The negative control revealed no NKR-1 immunostaining (C). A
slight increase of IOD was observed at days 3 and 7 following UVR-B exposure in the
unexposed retina in comparison to the control group. But a significant difference between
these groups was not found. Significant differences were found between exposed and
control retinae at days 3 and 7 (n = 10 mice per latency period group; D). Green: Sub-
stance P NKR-1. Blue: DAPI (nuclei staining). Scale bars = 25 ym. Error bars show 95%
ClI for the mean. * p < 0.05, ** p < 0.01. RC, rods and cones; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, gan-
glion cell layer.
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3.4.2 Neurokinin-1 receptor ELISA
To confirm the NKR-1 immunostaining results, and further quantify NKR-1 expression
ELISA analysis was conducted to evaluate NKR-1 protein levels after UVR-B exposure in

different ocular tissues of unexposed, exposed and control mouse eyes.

Cornea

The unexposed cornea revealed a trend of increased NKR-1 level at day 7, in contrast to
the control group, but no significant difference was detected (Fig. 5A). Between un-ex-
posed and exposed eyes, significant differences were detected at days 3 (P = 0.013) and
7 (P = 0.032). In the exposed cornea NKR-1 protein level was significantly increased at
days 3 (P =0.006) and 7 (P < 0.000) days following UVR-B exposure as compared to the
control eyes. In addition, exposed eyes showed a significant difference between latency

period groups of 3 and 7 days (P < 0.000).

Iris/Ciliary body

In the iris/ciliary body complex, unexposed contralateral eyes showed significantly higher
NKR-1 protein levels at day 3 as compared to the control group (P = 0.034; Fig. 5B).
Comparing unexposed mouse eyes to the exposed eyes, decreased NKR-1 levels at days
3 (P =0.005) and 7 (P = 0.012) were shown. Furthermore, NKR-1 expression was signif-
icantly increased in the exposed iris/ciliary body complex at 3 (P <0.000) and 7 (P < 0.000)
days post UVR-B irradiation, when compared to the control eyes. In the exposed iris/ciliary
body complex, significant NKR-1 increases were detected at day 3 post exposure, when
compared to the latency period groups of 7 days (P < 0.000).

Agueous humor

In the unexposed partner eyes and exposed eyes, no significant differences in NKR-1
levels were observed in the AqH at days 3 and 7 as compared to the control group (Fig.
5C).

Lens epithelium
Non-significant changes in NKR-1 protein levels were recorded, in unexposed and ex-

posed eyes in comparison to the control group (Fig. 5D).
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Retina and Choroidea

The unexposed contralateral retinae showed a slight change in NKR-1 protein level at day
7 (P =0.05) post UVR-B exposure as compared to the control group (Fig. 5E). In addition,
contralateral retinae showed significant difference between days 3 and 7 (P = 0.014). Ex-
posed retinae displayed no changes in NKR-1 levels compared to the control group. The
contralateral choroidea revealed a significant increase of NKR-1 expression 7 days fol-
lowing exposure (P = 0.030) compared to the control as well as a significant difference
between latency period groups of 3 and 7 days (P = 0.030; Fig. 5F). Exposed choroidea
demonstrated a significantly difference of NKR-1 protein levels at day 3 (P = 0.024) and 7
(P = 0.008), compared to the control eyes.
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Figure 5: NKR-1 protein concentration in ocular tissues after unilateral UVR-B irradiation.
Bar graphs demonstrate NKR-1 protein expression of unexposed, exposed, and control
ocular tissues at days 3 and 7 post UVR-B exposure (A—F). Tissue lysates of the cornea
(a), iris/ciliary body complex (B), AgH (C), lens epithelium (D), retina (E), and choroidea
(F) were collected and the variations in NKR-1 protein expression were measured by
ELISA. Each bar represents the 95% CI for the mean. * p <0.05, ** p < 0.01, ** p < 0.001.
n = 21 mice per latency period group. NKR-1, neurokinin- 1 receptor.
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Figure 6: MCP-1 protein concentration in various ocular tissues after unilateral UVRB
irradiation. Protein expression of MCP-1 is demonstrated in unexposed, exposed, and
control ocular tissues at days 3 and 7 following UVR-B irradiation (A—F). Tissue lysates of
the cornea (A), iris/ciliary body complex (B), AgH (C), lens epithelium (D), retina (E), and
choroidea (F) were collected and the variations in MCP-1 protein concentration measured
by ELISA. Each bar represents the 95% CI for the mean. * p < 0.05, * p < 0.01, ** p <
0.001. n = 21 mice per latency period group. MCP-1, monocyte chemoattractant protein-
1.
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3.4.3 MCP-1 ELISA
To quantify protein expression of the pro-inflammatory chemokine MCP-1 and investigate
if MCP-1 is affected by UVR-B exposure in the exposed or in the contralateral partner eye

ELISA analysis was performed following unilateral UVR-B exposure.

Cornea

The unexposed contralateral cornea showed no difference of MCP-1 protein levels, when
compared to the control group (Fig. 6A). A significant difference was demonstrated be-
tween unexposed and exposed eyes 3 days following UVR-B exposure (P = 0.015). Ex-
posure to UVR-B induced a significant MCP-1 elevation in corneas of exposed eyes at
day 3 post-exposure (P < 0.000) compared to control. A significant difference was also

observed between day 3 and 7 of exposed eyes (P < 0.000).

Iris/Ciliary body

In the partner eyes of the iris/ciliary body, no significant difference was found as compared
to the control (Fig. 6B). The difference between unexposed and exposed eyes at day 3
post exposure revealed statistical significance (P = 0.024). MCP-1 protein levels of the
exposed iris/ciliary body complex displayed a significant increase at day 3 (P = 0.014)

compared to the control eyes.

Aqueous humor
MCP-1 levels of the unexposed partner eyes revealed no significant differences compared
to the control group (Fig. 6C). Exposed eyes showed significantly higher MCP-1 expres-
sion in the AgH at day 3 post exposure (P = 0.004) as compared to the control group. In
the exposed eyes a significant difference was detected between 3 and 7 days post expo-
sure (P = 0.006).

Lens epithelium
In the contralateral and exposed lens epithelium, no significant changes in MCP-1 protein

levels were observed in comparison the control eyes (Fig. 6D).
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Retina and Choroidea

Figure 6 E and F summarizes the MCP-1 protein levels of 3 and 7 days post UVR-B irra-
diation in the unexposed, exposed and control retinae and choroidea. Unexposed and
exposed retinae revealed a significant difference at day 3 after UVR-B exposure (P =
0.027; Fig. 6E). There were no differences in MCP-1 levels between unexposed, exposed

and control choroidea (Fig. 6F).

3.5 Discussion

In the present study, we evaluate whether in vivo UVRB irradiation affects NKR-1 and
MCP-1 levels not only in the exposed but also in the unexposed, partner eye.

Most eye diseases are of bilateral nature. Age-related macular degeneration and cataract
occur predominantly in both eyes. However, very little is known how the right and left eye
are immunologically connected. A so far unexplained, but devastating contralateral effect
after damage to 1 eye occurs in sympathetic ophthalmitis, a prototypical autoimmune dis-
ease in which perforating injury to 1 eye causes sight-threatening uveitic inflammation in
the otherwise normal contralateral eye [26]. Unfortunately, the molecular mechanisms un-
derlying sympathizing ocular diseases affecting both eyes in an acute or chronic pattern
remain unclear. The verification of a neuropeptide dependent-signaling pathway to the
contralateral eye after insult to only 1 eye is thus of high clinical relevance because it could

open up new treatment strategies and preventive measures for numerous eye diseases.

3.5.1 NKR-1 expression and upregulation in the unexposed, partner eye

Because substance P has a very short half-life in tissues and therefore is very difficult to
measure, we examined the SP receptor, NKR-1 in ocular tissues after UVR-B irradiation
[27—-29]. SP modulates its actions by binding to the G-protein-coupled NK-1 receptor and
is secreted by neuronal and non-neuronal inflammatory cells, such as lymphocytes or
eosinophils [27]. The interaction of SP with NKR-1 is related to several intracellular path-
ways, including apoptosis [30—32], cell proliferation [27, 33, 34], inflammation [14, 35-37],
stimulation of the production of pro-inflammatory cytokines and chemokines, such as TNF-
a or MCP-1 [27, 36, 38].

The expression and upregulation of SP and its receptor, NKR-1, has been described in

several inflammatory eye diseases, including pterygium [39], uveitis [40], microbial kera-
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titis [14, 32, 38], and herpes stromal keratitis [33, 37]. Furthermore, a few studies have
documented a correlation between SP and NKR-1 in UVR-B-induced inflammation in the
skin. For example, repeated sub-inflammatory doses of UVR-B irradiation can influence
the cutaneous neurosensory system in rats [41]. The authors demonstrated that exposure
to UVR-B significantly increased substance P content in the skin, suggesting that UVR-B
irradiation locally increases SP. These results are also in line with previous studies con-
cerning the evaluation of narrow-band UVR-B therapy on substance P in psoriasis vulgaris
patients [42]. The authors found a significant higher concentration of SP in psoriasis pa-
tients compared to the control group. Seike et al. [43] examined the role of calcitonin gene-
related peptide in the UVR-B induced proliferation of BALB/c mice keratinocytes. Interest-
ingly, in this experimental study with mice, the expression of substance P was not induced
by UVR-B irradiation, indicating that substance P does not take part in the UVR-B-induced
epidermal cell proliferation [43]. Although substance P was observed in different skin dis-
eases following irradiation to UVR-B, a link between SP/ NKR-1 and UVR-B in eye dis-
eases remained so far unknown. We observed recently that NKR-1 expression is upreg-
ulated in exposed ocular tissues in a UVR-B-induced cataract model [17].

This study is the first report of a contralateral upregulation of NKR-1 in a part of the ocular
tissue in the unexposed, partner eye after exposure of only 1 eye to UVR-B, suggesting a
role for NKR-1 in the communication between both eyes. One explanation for the bilateral
NKR-1 expression after unilateral UVR-B exposure is that proinflammatory peptides such
as substance P might relay signals from the UVR-B exposed eye to the unexposed partner
eye in a systemic manner. Although both methods are used to detect NKR-1 in ocular
tissues after unilateral UVR-B exposure, but they do not always give identical results and
can therefore not be equated. The immunofluorescence staining as a subjective method
is quantified by the IOD measuring the relative fluorescence intensity of NKR-1 in paraffin
sections of the mouse eye. Whereby with the ELISA method the NKR-1 protein concen-
tration could be determined specifically in each ocular tissue, with the dis-advantage that
a lower sample volume of the tissue probably also leads to a lower detection of NKR-1
protein level.

Immunohistochemical analysis demonstrated a slight tendency of NKR-1 upregulation in
the examined ocular tissues of the unexposed partner eyes. A statistically significant dif-

ference could be detected in the cornea, iris, and in the nuclear bow region of the lens.
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The involvement of substance P in the contralateral sympathizing reaction is supported
by a published bilateral loss of immune privilege after unilateral retinal laser burn in a
mouse model [44]. Here the bilateral loss of immune privilege correlated with an increase
of NKR-1, which was first seen in the exposed and later in the contralateral eye. Lucas et
al. [44] assumed that the loss of immune privilege and the increase of NKR-1 lead to the
recruitment of cells from the periphery and the induction of inflammatory changes in the
ocular environment of both eyes. The group showed that the occurrence of a contralateral
inflammatory effect might depend on the immune privilege disturbing function of SP since
antagonizing NKR-1 led to the maintenance of the immune privilege. In this case, no in-
flammatory signs in the contralateral eye occurred [44]. A third confirmation of a sympa-
thetic response to the partner eye via the SP signaling pathway is the study by Paunicka
et al. [45] The authors demonstrated that severing corneal nerves of 1 eye leads to an
increase of substance P bilaterally which led to the loss of immune privilege in both eyes.
In our model, NKR-1 ELISA investigations showed an immediate response in the exposed
iris/ciliary body complex at day 3 post exposure, with an NKR-1 upregulation (Fig. 5b).
Although the exposed cornea is the first tissue hit by UVR-B, in this ocular surface tissue
NKR-1 upregulation was delayed until day 7 after exposure (Fig. 5a). A possible explana-
tion is the slow metabolism of the vessel-free cornea and the immediate epithelial damage
with the loss of epithelial cells following UVR exposure. ELISA guantification also showed
a NKR-1 upregulation in the retina and choroidea of the unexposed, contralateral eyes.
This may indicate that the uveal tissue is involved in transferring the inflammatory signal
to the contralateral eye. Even though we expected but did not find an upregulation of NKR-
1 in the exposed as well as in the unexposed AgH and in the central lens epithelium, we
assume that this result is related to the low sample volume, impeding the analysis of the
aqueous and lens epithelium. After UVR-B irradiation, the lens epithelium is severely dam-
aged with a partial up to subtotal loss of epithelial cells [17]. Therefore, the exposed and
unexposed contralateral lens epithelium might have showed less NKR-1 expression due
to the small sample volume.

Our results, demonstrating a NKR-1 protein expression after unilateral UVR-B exposure
not only in the exposed eye but also in the unexposed partner eye, are in line with a study
showing a bilateral NKR-1 expression in a muscle injury and inflammation model [46].

Herein, the authors demonstrated a bilateral upregulation of NKR-1 as well as a bilateral
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increase in SP levels measured with EIA analysis, suggesting that the system has cross-
over effects [46].

3.5.2 MCP-1 expression and upregulation after UVR-B exposure

We investigated MCP-1 protein expression in unexposed and exposed eyes following uni-
lateral UVR-B irradiation using ELISA in a mouse model. We observed a significant MCP-
1 upregulation in the exposed cornea, iris/ciliary body complex and AgH after UVR-B irra-
diation (Fig. 6a—c). However, an upregulation of MCP-1 protein levels could not be deter-
mined in the unexposed partner eyes. The small pooled sample volume of the AgH and
lens epithelium must be considered in both the NKR- 1 and MCP-1 analysis. The fact that
we were able to show a significant increase of MCP-1 in the relatively small aqueous
sample but not for NKR-1 indicates a stronger increase of MCP-1 following UVR-B in
relation to NKR- 1 in the aqueous. Therefore, we assume that the pro-inflammatory chem-
okine, MCP-1 is upregulated stronger than the substance P receptor NK-1 after UVR-B-
induced inflammation in the AgH and becomes detectable even in a small sample volume.
The possible increase of the mainly tissue-bound NKR-1 in the aqueous sample remains
below the detection level.

Similar MCP-1 amounts in different ocular compartments can be explained by the rela-
tively low absolute values of MCP-1, which is close to the minimum detection level. In
addition, to verify our data we conducted a second MCP-1 ELISA which provided identical
MCP-1 values as in the first experiment (data not shown). The only markable difference
was a significant MCP-1 upregulation in the choroidea of exposed eyes following 3 days
after unilateral UVR-B exposure. The contralateral unexposed choroidea remained as in
the current experiment unaffected.

Our results are in line with previous studies on the inflammatory effect of UVR-B focused
on cytokines, including increased MCP-1 expression following UVR-B irradiation in human
keratinocytes of mice skin [47-49]. For example, Matsui et al. [49] demonstrated in-
creased MCP-1 mRNA levels in ovarian adipose tissues as well as in the serum after
UVR-B irradiation in a mouse model. In general, there are few reports on UVR-B-induced
expression of pro-inflammatory cytokines, such as MCP- 1. However, there is no evidence

of UVR-B-induced MCP-1 expression in ocular tissues. Thus, to our knowledge this is the
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first study illustrating MCP-1 expression and upregulation in the exposed mouse eye
following different time points after UVR-B irradiation.

Previous studies have demonstrated an association of elevated MCP-1 level in the aque-
ous of various ocular diseases, including ocular surface diseases, cataract [20, 50-52],
and uveitis [53-55]. For example, in a rat model MCP-1 protein levels were significantly
elevated in experimental autoimmune uveitis of the AgH [18, 53]. Recently, in a clinical
study diverse cytokine levels were investigated in aqueous of eyes with ocular surface
diseases, comprising exposure keratitis case as well as chemical and thermal burn [20].
Cytokine levels, such as MCP- 1, in the aqueous were significantly increased in eyes with
ocular surface diseases in comparison to the controls. The authors proposed that the el-
evated cytokine levels in the aqueous are linked with the increase of immune cells in the
cornea and conjunctiva in the ocular surface diseases [20]. This suggestion is supported
by the findings of several studies showing that elevated MCP-1 levels in the aqueous are
associated with an increased number of monocytes in ocular tissue and an aggravation
of inflammatory processes in different types of uveitis and retinal ischemia [56-58]. These
reports are in line with our results detecting increased MCP-1 expression in the aqueous,
cornea, and iris/ciliary body complex of exposed mouse eyes 3 days post UVR-B expo-
sure. The increase of MCP-1 in exposed eyes might be indicative of a pro-inflammatory
ocular environment. MCP-1 is secreted in a great variety of cells, including endothelial
cells, monocytes, macrophages, and other cell types mediate the cell influx to inflamma-
tion [59]. There are some reports indicating that SP stimulates MCP-1 secretion from mast
cells, assuming that MCP-1 might be secreted by inflammatory cell types such as mast
cells after unilateral UVRB exposure [60, 61].

However, on day 7 after UVR-B exposure MCP-1 levels had decreased on the level of the
control group, suggesting that MCP-1 increases fast and is not involved in UVR-B induced
inflammation after a time period of 7 days post exposure. Kawai et al. [21] showed for the
aqueous in human and rabbit eyes that increased MCP-1 levels occur within 24 h after
cataract surgery (phacoemulsification) and then return to near basal levels within several
days. This observation is in line with our results, finding no increase of MCP-1 in ocular
tissues 7 days post exposure. This study provides evidence that UVR-B-induced lens
opacities correlate with increased MCP-1 protein levels in exposed ocular tissues after a

time period of 3 days post exposure. Further objective of this study was to investigate if
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MCP-1 is involved in UVR-B-induced contralateral, inflammatory effects. In relation to
MCP-1, a sympathetic effect could be observed in a clinical study, detecting a significant
increase of MCP-1 in the AgH in the contralateral non-operated eye of patients that un-
derwent cataract surgery in the first eye [22]. The authors suggested an MCP-1-mediated
sympathetic ophthalmic type uveitis in the contralateral eye and indicated the induction of
an inflammatory status in the contralateral eye by cataract surgery in the first eye [22].
However, in the present study a significant increase of MCP-1 levels in the unexposed,
contralateral eyes could not be detected in the examined ocular tissues. This suggests
that MCP-1 is not involved in the immunological cross-talk between exposed and unex-
posed eyes following UVR-B irradiation in our cataract model. However, little is known
about the functions of many other pro-inflammatory cytokines such as IL-1, IL-6 or TNF-a

so that further cytokines might play a role in the ocular cross-talk.

3.6 Conclusion

In conclusion, pro-inflammatory neuropeptides and cytokines, such as substance P and
MCP-1, play key roles in regulating different ocular diseases. We demonstrated for the
first time a sympathizing upregulation of NKR-1 in various ocular tissues of the unexposed
partner eye after unilateral UVR-B irradiation. These new results should be considered in
relation to the mentioned ocular pathologies, especially with regard to cataractogenesis
and other eye diseases such as sympathizing ophthalmitis but also age-related macular
degeneration.
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4.1 Abstract

Purpose: To investigate the effect of NKR-1 antagonists in an established UVR-B-
induced cataract mouse model. Furthermore, to examine the expression of pro-
inflammatory cytokines/chemokines in mouse eyes following unilateral UVR-B exposure.
Methods: Mice received intraperitoneally injections of Fosaprepitant and Spantide |,
before and after unilateral exposure to UVR-B. After day 3 and 7 post-exposure, ocular
tissues were extracted for the detection of NKR-1 protein level by ELISA.

Results: Pretreatment with Fosaprepitant decreases NKR-1 expression in exposed
ocular tissues as well as in the unexposed lens epithelium compared to the saline group.
Spantide | treatment showed a tendency of NKR-1 overexpression in ocular tissues.
Conclusion: The clinically approved NKR-1 receptor antagonist Fosaprepitant decreases
NKR-1 protein expression effectively not only in the exposed but also in the unexposed
partner eye in a UVR-B irradiation mouse model. No effect was seen on the protein

concentration of pro-inflammatory cytokines/ chemokines in either eye.

Keywords: Ultraviolet radiation B, Spantide I, Fosaprepitant (IVEMEND®), Neurokinin re-

ceptor 1, Cytokines/Chemokines
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4.2 Introduction

Exposure to acute ultraviolet radiation type B (UVR-B) has an impact on the physiology of
the eye and induces an inflammatory reaction in the anterior segment 13, In addition to its
pro-inflammatory effect, UVR-B exposure is the major environmental risk factor for cata-
ract development. Cataract disease is still the leading cause of blindness worldwide*®.
While the pathology of cataract is a common global health problem with surgery as the
only available treatment option the need is being spent to find novel strategies to prevent
or slow down cataract formation”.

Inflammation in the eye can be initiated by exposure to UVR-B leading to ocular patholo-
gies such as pterygium®1°, cataract'* and photokeratitis!>16, Inflammatory pro-cesses
often include an involvement of neuropeptides such as substance P (SP). SP is an 11-
amino acid neuropeptide of the tachykinin family, expressed on both neuronal and non-
neuronal cells. Its actions modulate SP through the interaction with neurokinin receptors,
members of G-protein-coupled receptors, among which the neurokinin receptor- 1 (NKR-
1) displays the preferential affinity for SP7:18, Various cell populations including neurons,
epithelial, endothelial and muscle cells as well as some immune cells (macrophages, mon-
ocytes, etc.) express NKR-117. SP and NKR-1 have been implicated in a number of in-
flammatory reactions in the eye including chemoattraction and activation of neutrophils,
and induction of cytokine synthesis!®2°, Previous experimental studies demonstrated that
activation of SP/NKR-1 signaling contributes to promoting pro-inflammatory cytokines and
chemokine production, including the upregulation of IL-6 and IFN-y in herpes simplex vi-
rus-1 (HSV-1) as well as in Pseudomonas aeruginosa infected corneas?®?%, This inflam-
matory response could be alleviated by blocking of NKR-1 signaling, while using NKR-1
antagonists. Therefore, treatment with Spantide I, a selective NKR-1 antagonist, resulted
in a significant reduction in the amount of IL-6 protein in HSV-1-infected corneas?!. Re-
cently, evidence is known that NKR-1 antagonists reduce the inflammatory reactions re-
lating to inflammation dependent eye diseases?%:22.

We previously found evidence that inflammatory processes are involved in UVR-B-in-
duced cataract formation including an NKR-1 upregulation not only in the exposed eye but
also in the unexposed partner eye in vivo?3. In order to comprehend the interrelationship
between selective NKR-1 antagonists and unilateral UVR-B exposure, in the current pro-

ject, we hypothesize that the treatment with NKR-1 antagonists reduces the UVR-B-in-
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duced inflammation in the exposed as well as in the contralateral partner eye leading to a
decreased protein level of substance P receptor and pro-inflammatory cyto-
kines/chemokines in both eyes. Here, we investigated Fosaprepitant/IVEMEND® and
Spantide | as the NKR-1 antagonists in the established UVR-B-induced cataract mouse
model. The clinical approved Fosaprepitant is the water-soluble, intravenously adminis-
tered prodrug of Aprepitant?42° rapidly converted to the active form, Aprepitant by phos-
phatase enzymes?%2’, Fosaprepitant is approved by the Food and Drug Ad-ministration
(FDA), indicated for the prevention of nausea and vomiting after chemotherapy or post-
operative surgery?®. To understand the signaling pathway of substance P and its receptor
NKR-1 to the partner eye, including detailed knowledge of the nonpeptide NKR-1 antag-
onist Fosaprepitant could offer new therapeutic treatment options and clinical preventive
strategies for various eye diseases, such as UVR-B-induced cataract formation but also

sympathetic ophthalmitis.

4.3 Materials and Methods
4.3.1 Animals

In all experiments, six-week-old C57BL/6 male and female mice were used. Mice were
purchased from Charles River Laboratories (Germany) and maintained in a 12-hour light
and 12-hour dark cycle environment in the laboratory at the Department of Ophthalmol-
ogy, University of Bonn. The mice were supplied with normal rodent chow and water ad
libitum. All experimental animal protocols were approved by the Association of Research
in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research.

4.3.2 Chemicals and reagents

The following reagents were purchased: peptide NKR-1 antagonist Spantide | (Bachem;
H-1925), non-peptide NKR-1 antagonist Fosaprepitant (IVEMEND®, MSD Merck Sharp &
Dohme Ltd., Hoddesdon, UK), phosphate buffered saline (PBS) solution (0.1 M, pH 7.4),
sodium chloride NaCl (B. Braun Melsungen AG, 0.9 %, 500 ml), mouse substance P re-
ceptor ELISA kit (CSB-E08362m, Cusabio Biotech), protease inhibitor cocktail (1:10,
P8340, Sigma-Aldrich®) and a ProcartaPlex™ Multiplex Immunoassay (Thermo Fisher

Scientific) to measure protein concentration of pro-inflammatory cytokines and chemo-
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kines in ocular tissue lysates (IL-a, 1I-6, IL-10, IL-12p70, MCP-1/CCL2, VEGF-A, TNF-a
and Gro-a/CXCL1).

4.3.3 UVR-B exposure and experimental design

Mice were subdivided into three treatment groups (Fosaprepitant, Spantide I, saline),
whereas each treatment group consisted of two latency period groups of 3 and 7 days
following unilateral UVR-B exposure (wavelength peak at 312 nm), and a control group.
Control groups received the same treatment but no UVR-B irradiation.

The first step of the experimental protocol implied the anesthesia of the mice with a mix-
ture of ketamine/xylazine, injected intraperitoneally (i.p.). For mydriasis, topical 0.5 % trop-
icamide (Mydriaticum Stulln; Pharma Stulln GmbH, Stull, Germany) were administered as
eye drops in both eyes. To exclude congenital cataract, mice were examined with a slit
lamp. One eye of each mouse was exposed in vivo to a 5-fold cataract threshold equiva-
lent dose (MTD2.3:16) of UVR-B, complies to an energy dose of 14.5 kJ/m2. The contrala-
teral, partner eye was carefully and completely shielded with aluminum foil during UVR-B
exposure. UVR-B irradiation was performed using a microprocessor-controlled UV irradi-
ation system (Bio-Spectra system; Vilber Lourmat®; Marne-La Vallee, France), designed
for laboratory animals. The spectral region of the UVR-B lamps emits ultraviolet rays be-
tween 280 nm and 315 nm with a wavelength peak at 312 nm. After a time period of 3 and
7 days following unilateral UVR-B exposure, eyes were enucleated and prepared for indi-
vidual experiments including immunofluorescence staining, enzyme-linked immuno-
sorbent assay (ELISA) and measurements of pro-inflammatory cytokines and chemo-

kines.

4.3.4 NKR-1 antagonist treatment

For ELISA analysis and ProcartaPlex™ Multiplex Inmunoassay mice received i.p. injec-
tion of 72 pg/mouse Spantide | and 10 mg/kg of the non-peptide NKR-1 antagonist Fosa-
prepitant. The average body weight of a six-week-old C57BL/6 mouse is approximately
20 g, which is equivalent to a volume of 0.2 mg/mouse of the NKR-1 antagonist Fosaprep-
itant. The volume per day amounts to 0.2 ml/mouse of NKR-1 antagonists. Both NKR-1
antagonists existed in powdered form and were dissolved in saline. NKR-1 antagonists

were administered daily (Figure 1) on days -1, 0 (day of UVR-B exposure), 1 and 2 for a
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latency period time of 3 days post-exposure, as well as every day on days -1, 0, 1, 2, 4
and 6 for a time period of 7 days after unilateral UVR-B irradiation. Control mice were

similarly injected with saline (natrium chloride).

%
A A A

DA DO D1 D2 D3 D4 D5 D6 D7  Immunoassay

Sacrifice Sacrifice

Figure 1: Experimental design. Mice were unilaterally exposed to UVR-B (14.5 kJ/m?2) in
vivo. The contralateral, partner eye was shielded during exposure time. Animals were
sacrificed on day 3 and day 7 following UVR-B exposure to only one eye. For a latency
period of 3 days following UVR-B exposure, pretreatment of NKR-1 antagonists (Fosa-
prepitant and Spantide 1) and saline were injected intraperitoneally daily on days (D) -1,
0, 1 and 2 as well as once a day on days -1, 0, 1, 2, 4 and 6 for a time period of 7 days
post-exposure. Thereafter, eyes were enucleated and ocular tissues microsurgical dis-
sected for ELISA analysis and ProcartaPlex™ Multiplex Immunoassay.

4.3.5 Ocular tissue extraction

Ocular tissues (i.e. agueous humor/AgH, cornea, lens epithelium, iris/ciliary body, retina,
and choroid) from mice of all treatment groups (Fosaprepitant, Spantide I, saline) were
carefully dissected and pooled for NKR-1 ELISA analysis and ProcartaPlex™ Multiplex
Immunoassay. First, eyeballs were removed and immediately placed on filter paper
soaked with saline to remove the muscle tissues around the eyeball. Afterwards, a 30
gauge syringe needle was used to gently penetrate the cornea and collect the AgH. To
avoid drying of the crystalline lens, the eyeball was placed in PBS buffer and a microsur-
gical scissor was used to carefully open the eye just behind the limbus. The cornea, iris/cil-
iary body as well as the retina and choroid were peeled from the lens with forceps and
transferred separately into Eppendorf tubes on ice for further analysis (ELISA and Pro-
cartaPlex™ Multiplex Immunoassay). During the dissection process, it is very important
to carefully separate specific ocular tissues from a contamination by other ocular tissue

residues.



98

4.3.6 Enzyme-linked immunosorbent assay (ELISA)

NKR-1 protein levels in exposed, unexposed and control mouse eyes of different treat-
ment groups were measured with a mouse substance P receptor ELISA kit (CSB-
E08362m, Cusabio Biotech) according to the manufacturer’s guidelines. Ocular tissues,
including AgH extraction, cornea, lens epithelium, iris/ciliary body, retina and choroid were
microsurgically dissected as described above, after latency periods of 3- and 7-days post
UVR-B exposure. Samples were homogenized in phosphate-buffered solution containing
a protease inhibitor cocktail and centrifuged for 10 min at 10.000 x g. Each sample was

assayed in duplicate.

4.3.7 ProcartaPlex™ Multiplex Inmunoassay

A ProcartaPlex™ Multiplex Immunoassay was used to measure cytokine and chemokine
levels in ocular tissue lysates (AgH, cornea, lens epithelium, iris/ciliary body, retina and
choroid) of different treatment groups at day 3 and 7 after unilateral UVR-B irradiation with
analyses performed in duplicate. The following cytokines and chemokines were included:
IL-a, 1I-6, IL-10, IL-12p70, MCP-1/CCL2, VEGF-A, TNF-a and Gro-a/CXCL1. The multi-
plex assay was performed to the manufacturer’s specifications. Standard curves for each
cytokine and chemokine were generated from the reference cytokine and chemokine gra-
dient concentrations supplied by the manufacturer’s. Data were analyzed with the Lu-

minex xPonent for MagPix Version 4.2 software.

4.3.8 Statistical analysis

SPSS Statistics 23 was used for statistical analysis. Protein levels of NKR-1 and cyto-
kines/chemokines were expressed as mean standard deviation (SD), and statistical sig-
nificance among the treatment and latency period groups was determined using one-way
analysis of variance (ANOVA) followed by a post hoc comparison (Bonferroni). To com-
pare exposed eyes with unexposed partner eyes within one treatment and latency period
group one-sample t-test was performed. Regarding sample size the significance levels

were set to 0.05 and the confidence coefficients to 0.95, respectively.
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4.4 Results
4.4.1 NKR-1 ELISA

ELISA analysis was implemented to examine NKR-1 expression in ocular tissue samples
pretreated with NKR-1 antagonists (Spantide | and Fosaprepitant) following UVR-B expo-
sure at two different time points, and further to relate NKR-1 protein levels to the saline-

treated group (Figures 2-7).

Cornea

The NKR-1 ELISA analysis of the exposed cornea showed a significant reduction of NKR-
1 levels in the Fosaprepitant-treated group at day 3 (P = .004) and at day 7 (P = .006)
post UVR-B exposure, when compared to the saline-treated group (Figure 2). A significant
reduction of NKR-1 was also observed in the Fosaprepitant group of the unexposed cor-
nea at day 3 (P=.001) compared to the saline group. A strong upregulation of exposed
corneas within the Fosaprepitant group at day 3 (P =.010) and 7 (P = .015) post-exposure,
compared to the control group (no UVR-B exposure), was also shown.

Interestingly, the treatment with Fosaprepitant induced a significant NKR-1 decrease in
the exposed cornea at day 3 (P = .002) and 7 (P = .044) as well as in the unexposed
cornea at day 3 (P = .002) following UVR-B irradiation, when compared to the Spantide |-
treated group.

Spantide | treatment showed a significant reduction of NKR-1 expression in the exposed
cornea 7 days after exposure to UVR-B (P =.038), when compared to the saline-treated
group. In addition, significant differences were observed between the exposed and control
cornea at the latency period group of 3 (P = .003) and 7 days (P =.001), as well as the

unexposed and control cornea at day 3 (P = .006) within the Spantide I-treated group.
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Figure 2: ELISA analysis of NKR-1 protein concentration in the cornea. NKR-1 protein
expression is displayed as exposed, unexposed and control corneas of three treatment
groups (NaCl, Spantide | and Fosaprepitant) at day 3 and 7 after UVR-B exposure of one
eye. Exposed corneas of Fosaprepitant-treated mice expressed significantly reduced
NKR-1 protein levels compared to NaCl-treated mice at 3 and 7 days post UVR-B expo-
sure. Each bar represents the standard deviation for the mean. Black asterisk indicates a
statistically significant difference between Spantide |- /Fosaprepitant-treated mice com-
pared to NaCl-treated mice, whereas white asterisk shows a statistical difference between
the Spantide | and Fosaprepitant group. A statistically significant difference between ex-
posed / unexposed corneas to the control cornea within treatment groups is demonstrated
as a hash. *P < .05; **P < .01; #P < .05; ##P < .01, ###P < .001. N=21 mice per latency
period group/treatment group.

Lens epithelium

In the lens epithelium ELISA analysis showed significantly reduced NKR-1 expression in
exposed eyes of Fosaprepitant treated mice at day 3 (P = .001) and 7 (P = .034) post-
exposure in comparison to the saline group (Figure 3). Remarkably, also the unexposed
lens epithelium treated with Fosaprepitant displayed a significant decrease of NKR-1 at
day 3 (P =.028) and day 7 (P = .034) after unilateral UVR-B exposure. Significant differ-
ences were also observed between Fosaprepitant group and Spantide | group of unex-
posed eyes (3 days P = .018; 7 days P = .010) as well as of exposed eyes at day 3
following UVR-B irradiation (P < 0.000). Herein, Spantide | treated mice showed higher
NKR-1 levels, compared to the mice treated with Fosaprepitant. In the exposed lens epi-
thelium significant NKR-1 increases were detected at day 3 (P =.020) and atday 7 (P =

.031) post UVR-B exposure in the Fosaprepitant group as compared to the control eyes.
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Furthermore, there was a significant decrease in the amount of NKR-1 expressed in the
exposed lens epithelium of the Spantide I-treated group at day 3 post-exposure compared
to the vehicle-treated group (P =.001). Exposed lens epithelium of Spantide I-treated mice
showed a significant increase of NKR-1 at day 7 when compared to the control mice (P =
.022).

Lens epithelium
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Figure 3: ELISA analysis of NKR-1 protein concentration in the lens epithelium. Protein
expression of NKR-1 indicates exposed, unexposed and control lens epithelium of NaCl-
, Spantide |- and Fosaprepitant-treated mice at day 3 and 7 following unilateral UVR-B
exposure. Exposed and unexposed lens epithelium of Fosaprepitant-treated mice ex-
pressed significantly reduced NKR-1 protein levels in comparison to the NaCl group at
day 3 as well as at day 7 after UVR-B exposure. Error bars reveal the means * standard
deviation. Black asterisk = statistically significant difference between Spantide I- /Fosa-
prepitant-treated mice compared to NaCl-treated mice. White asterisk = statistical differ-
ence between the Spantide | and Fosaprepitant group. Hash = statistically significant dif-
ference between exposed / unexposed lens epithelium to the control within treatment
groups. *P < .05; **P < .01; #P < .05; ##P < .01; ###P < .001. N=21 mice per latency
period group/treatment group.

Agueous humor (AgH)

The NKR-1 levels of the exposed AgH was significantly increased in Fosaprepitant treated
mice at day 7 post-exposure as compared to the Spantide | group (Figure 4, P = .028).
Unexposed eyes showed also a significantly increase of NKR-1 in Fosaprepitant treated
mice at day 3 (P =.030), when compared to the Spantide | group. NKR-1 protein levels of
unexposed AgH in mice treated with Fosaprepitant were close to the detection levels of

the saline group.
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Mice treated with Spantide | revealed significant increase of NKR-1 expression in exposed
AgH 3 (P =.003) and 7 (P = .009) days following exposure to UVR-B, compared with the
control group of Spantide I-treated mice. Significant differences in exposed and

unexposed AgH of the Spantide I-treated mice in comparison to the saline group were not

detected.
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Figure 4: ELISA analysis of NKR-1 protein concentration in the lens epithelium. Protein
expression of NKR-1 indicates exposed, unexposed and control lens epithelium of NaCl-
, Spantide |- and Fosaprepitant-treated mice on days 3 and 7 following unilateral UVR-B
exposure. Exposed and unexposed lens epithelium of Fosaprepitant-treated mice ex-
pressed significantly reduced NKR-1 protein levels in comparison to the NaCl group on
day 3 as well as on day 7 after UVR-B exposure. Error bars reveal the means + standard
deviation. Black asterisk = statistically significant difference between Spantide I-/Fosa-
prepitant-treated mice compared to NaCl-treated mice. White asterisk = statistical differ-
ence between the Spantide | and Fosaprepitant group. Hash = statistically significant dif-
ference between exposed/unexposed lens epithelium to the control within treatment
groups. *P < .05; *P < .01; #P < .05; ##P < .01; ###P < .001. N = 21 mice per latency
period group/treatment group.

Iris/Ciliary body complex

ELISA analysis of the iris/ciliary body displayed a reduction of NKR-1levels in exposed
eyes of mice treated with NKR-1 antagonist, Fosaprepitant 3 days after UVR-B exposure
(Figure 5, P = .035) in comparison to the saline-treated group. The unexposed iris/ciliary
body of the NKR-1 antagonist treated group demonstrated almost similar NKR-1 protein
levels compared to the vehicle-treated group. An increase of NKR-1 in exposed eyes 3 (P
=.012) and 7 (P = .018) days post-exposure was observed in comparison to the control

mice within the Fos-aprepitant-treated group. Significant differences were demonstrated
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between exposed eyes of the Fosaprepitant and exposed eyes of the Spantide | group at
day 3 (P=.042) and 7 (P = .039) post-exposure. Equally, NKR-1 protein levels increased
significantly in exposed eyes of the Spantide I-treated group at day 3 (P = .001) as well

as at day 7 (P = .001) after UVR-B exposure, when compared to the control mice.
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Figure 5: ELISA analysis of NKR-1 protein concentration in the iris/ciliary body complex.
NKR-1 protein expression is displayed as exposed, unexposed and control iris/ciliary body
complex of NaCl-, Spantide |- and Fosaprepitant-treated mice 3 and 7 days following uni-
lateral UVR-B irradiation. Exposed iris/ciliary body complex of Fosaprepitant-treated mice
expresses significantly reduced NKR-1 protein levels in comparison to the NaCl group at
day 3 after UVR-B exposure. Error bars reveal the means + standard deviation. Black
asterisk indicates a statistically significant difference between Spantide I-/Fosaprepitant-
treated mice compared to the NaCl-treated mice. White asterisk shows a statistical differ-
ence between exposed/ unexposed eyes of the Spantide | and Fosaprepitant group. Sta-
tistically significant difference between exposed/unexposed iris/ciliary body complex to the
control within treatment groups is demonstrated as a hash. *P < .05; #P < .05; ##P < .01,
###P < .001. N = 21 mice per latency period group/treatment group.

Retina

Exposed retinae demonstrated a significantly difference of NKR-1 protein levels in mice
treated with Fosaprepitant at day 3 (P =.035) and 7 (P = .011), compared to the vehicle-
treated mice (Figure 6). NKR-1 level of the exposed retina was significantly lower in Fosa-
prepitant-treated mice at day 7 post-exposure compared with the Spantide I-treated group
(P = .001). Exposed and unexposed retina of mice treated with Spantide | displayed a

nearly similar NKR-1 protein level as compared with mice treated with saline.
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Figure 6: ELISA analysis of NKR-1 protein concentration in the retina. Protein expression
of NKR-1 is demonstrated in exposed, unexposed and control retina of treatment groups
(NaCl, Spantide I, Fosaprepitant) at two different time points after unilateral UVR-B irradi-
ation. Exposed and unexposed retina of the Fosaprepitant-treated mice revealed a signif-
icant reduction in NKR-1 protein levels as compared to the NaCl-treated mice on day 3 as
well as on day 7 post-exposure. Each bar represents the standard deviation for the mean.
Black asterisk indicates the difference between Spantide I/Fosaprepitant group to the
NaCl group. White asterisk demonstrates significant differences between Spantide I-
treated and Fosaprepitant-treated retinae. *P < .05; **P < .01. N = 21 mice per latency
period group/treatment group.

Choroid

As it is shown in Figure 7, exposed choroid of Fosaprepitant-treated mice revealed a sig-
nificant NKR-1 reduction at day 7 following UVR-B exposure when compared to the saline-
treated mice (P = .005). Exposed choroid of mice treated with Fosaprepitant showed a
significant reduction in NKR-1 expression compared to the exposed choroid treated with
Spantide | (P =.022). In addition, Spantide | treated mice revealed significant NKR-1 up-
regulation in the unexposed choroid at day 3 post-exposure (P = .022) as well as in the
exposed choroid 7 days following UVR-B exposure (P = .043) compared to the saline
group. The level of NKR-1 in exposed choroid within the Spantide I-treated mice was sta-
tistically different compared with the control group, 3 (P =.004) and 7 (P =.011) days after
UVR-B exposure.
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Figure 7: ELISA analysis of NKR-1 protein concentration in the choroid. NKR-1 protein
levels are demonstrated in exposed, unexposed and control choroid of three different
treatment groups (NaCl, Spantide |, Fosaprepitant) at day 3 and 7 following unilateral
UVR-B irradiation. Exposed choroid of the Fosaprepitant-treated mice revealed a signifi-
cant reduction in NKR-1 protein levels as compared to the N-treated mice 7 days after
exposure. Each bar represents the standard deviation for the mean. Black asterisk indi-
cates the difference between Spantide I/Fosaprepitant group in comparison to the NaCl
group, whereas white asterisk demonstrates significant differences between Spantide I-
treated and Fosaprepitant-treated choroid. Differences between exposed and unexposed
eyes to the control within the treatment group are showed as a hash. *P < .05; *P < .01,
#P < .05; ##P < .01. N = 21 mice per latency period group/treatment group.

4.4.2 ProcartaPlex™ Multiplex Inmunoassay
To test whether pro-inflammatory cytokines and chemokines has significant impact on
unilateral UVR-B exposure in Fosaprepitant- and saline-treated mice, we performed Pro-

cartaPlex™ Multiplex Immunoassay using a MagPix (Luminex Corporation) reader.

Cornea

The concentration of TNF-a showed a slight upregulation of the exposed cornea at day 7
post-exposure in the Fosaprepitant group compared to the saline group (Figure 8). But a
significant difference was not detected. A significant difference was observed between
exposed cornea and control 7 days following UVR-B exposure within the Fosaprepitant-
treated group (P =.022).

VEGF-A protein levels was raised significantly in exposed corneas treated with Fosaprep-
itant (P = .002) and saline (P = .001) 3 days after exposure, when compared with the

control group within the treatment groups. The level of Gro-a/CXCL1 of the exposed cor-
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nea at day 3 in the Fosaprepitant group was statistically reduced compared with the sa-
line-treated group (P = .001). In the saline group, exposed cornea revealed a significant
upregulation at day 3 after UVR-B exposure compared to the control group, which re-
ceived no UVR-B exposure (P < 0.000).
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Figure 8: Inflammatory cytokine levels in the cornea. Bar graphs demonstrate cytokine
protein levels (TNF-a, VEGF-A, Gro-a) of exposed, unexposed and control corneas of
NaCl-, Spantide |- and Fosaprepitant-treated mice at day 3 and 7 after unilateral UVR-B
irradiation. Each bar reveals the standard deviation for the mean. Black asterisk = signifi-
cant difference between Spantide |- or Fosaprepitant-treated mice in comparison to the
NaCl group. Blue asterisk = statistically significant difference between the Spantide | and
Fosaprepitant group. Hash = significant difference between exposed / unexposed corneas
compared to the control cornea within treatment groups. *P < .05; *P < .01; *P < .001,
#P <0.05; ##P < .01; ###P < .001. N=21 mice per latency period group/treatment group.
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Lens epithelium

Analysis of the Multiplex Immunoassay in the lens epithelium showed a strong reduction
of VEGF-A in exposed eyes of the Fosaprepitant-treated group at day 7 compared to the
control (Figure 9; P < 0.000). Interestingly, levels of VEGF-A in the exposed eyes of the
Fosaprepitant group at day 3 were close to the detection levels of the saline group. A
significant difference between the Fosaprepitant-treated group and the saline group was
observed neither in the exposed eyes nor in the unexposed eyes. The unexposed lens
epithelium showed a significant upregulation within the saline group at day 3, when

compared with the control group (P = .040).
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Figure 9: Inflammatory cytokine protein level of VEGF-A in the lens epithelium. Cytokine
array of exposed, unexposed and control lens epithelium treated with NaCl and NKR-1
Antagonists, Fosaprepitant and Spantide |, post UVR-B exposure at two different time
points. Each bar represents the standard deviation for the mean. Black asterisk demon-
strates a significant difference between NKR-1 Antagonists compared to the NaCl group,
whereas blue asterisk indicates a statistical difference between Spantide I- and Fosaprep-
itant-treated mice. A statistically significant difference between exposed / unexposed lens
epithelium to the control lens epithelium within treatment groups is demonstrated as a
hash. *P <.05; **P < .01; **P <.001; #P < .05; ###P < .001. N=21 mice per latency period
group/treatment group.

Choroid

For the concentration of VEGF-A, the results showed that the exposed and unexposed
choroid of the Fosaprepitant group had slightly higher levels than the saline group, but
with no significant differences (Figure 10). Within the Fosaprepitant group exposed cho-
roid at day 3 showed significant higher VEGF-A concentrations compared to the control,
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which received no UVR-B exposure (P =.038). Under treatment with Fosaprepitant, levels
of Gro-a/CXCL1 as measured by Luminex multiplex assay were downregulated in the
exposed (P = .003) and unexposed (P = .003) choroid 7 days after UVR-B exposure,
compared to the saline group. Within the Fosaprepitant-treated group Gro-a/CXCL1 levels
of exposed choroid revealed a significant difference to the control group at day 3 post-
exposure (P <0.000). Luminex measurements in exposed, unexposed and control choroid
at day 7 as well as in unexposed and control choroid at day 3 showed no Gro-a/CXCLA1
expression. The unexposed choroid of the saline group displayed a significant decrease
of Gro-a/CXCL1 levels in comparison to the control group of the saline group, 7 days after

UVR-B exposure (P =.017).
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Figure 10: Inflammatory cytokine levels in the choroid. Inflammatory cytokines of ex-
posed, unexposed and control choroid treated with NaCl, Spantide | and Fosaprepitant
after unilateral UVR-B exposure at two different time points. The following cytokines were
investigated: VEGF-A and Gro-a. Error bars reveal the means + standard deviation. Black
asterisk = significant difference between Spantide |- or Fosaprepitant-treated mice com-
pared to the NaCl group. Blue asterisk = significant difference between the Spantide | and
Fosaprepitant group. Hash = significant difference between exposed/unexposed choroid
to the control choroid within treatment groups. *P < .05; *P < .01; **P < .001; #P < .05;
##P < .01; ###P < .001. N = 21 mice per latency period group/treatment group.
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4.5 Discussion

Here we demonstrated for the first time in vivo that Fosaprepitant is a selective and pro-
tective NKR-1 antagonist which induces a reduction in NKR-1 expression in the exposed
as well as in the unexposed partner eye after ultraviolet exposure to only one eye. Thus,
Fosaprepitant is clinically capable to suppress the sympathizing pro-inflammatory signal-

ing to the unexposed partner eye in our in vivo model.

4.5.1 NKR-1 protein expression after treatment with NKR-1 antagonists, Fosaprepi-
tant and Spantide |

Aprepitant is a selective high-affinity NKR-1 antagonist commercially available for the pre-
vention of chemotherapy-induced or post-operative nausea and vomiting?°. It is known
that Aprepitant crosses the blood-brain barrier and has immune-stimulatory and anti-in-
flammatory properties®®31. Aprepitant is a non-water soluble NKR-1 antagonist intended
for oral administration®2. Here we used the water-soluble phosphoryl prodrug of Aprepi-
tant, called Fosaprepitant which makes the formulation of the intraperitoneal injection con-
venient?8. After administration, Fosaprepitant is rapidly converted to Aprepitant via the
action of phosphatase enzymes assuming that the absorbed Fosaprepitant amount com-
plies with an equivalent of Aprepitant33-3°,

Several experimental and clinical reports indicated an inflammatory reduction by Aprepi-
tant or Fosaprepitant in a number of inflammatory diseases6-38. It is even known that
Aprepitant is a broad-spectrum antitumor drug implicating a potent growth inhibition on
human neuroblastoma or glioma3®41. However, experimental evidence that Aprepitant is
capable of inhibiting inflammation in the eye and in ocular diseases by reducing pro-in-
flammatory peptides, such as NKR-1 was missing so far.

In the present study, we evaluated the effect of the currently only clinical approved NKR-
1 antagonist, Fosaprepitant in an UVR-B-induced cataract mouse model by measuring
NKR-1 protein levels in ocular tissues of the exposed as well as of the unexposed partner
eyes. Treatment with Fosaprepitant resulted in a decreased NKR-1 protein concentration
in all examined exposed ocular tissues, 3 and 7 days after unilateral UVR-B exposure
(Figures 2-7). Importantly, also the unexposed contralateral lens epithelium showed a sig-
nificant decrease of NKR-1 protein level after administration of Fosaprepitant when com-

pared to the saline group (Figure 3). These results provide first evidence that SP and its
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receptor play an important role in signaling the inflammatory insult to the contralateral
unexposed eye. This transfer process to the partner eye is a valid explanation for the
observed sympathizing reaction in multiple previous experiments in our established UVR-
B-induced cataract model*?. Our data are furthermore in agreement with other studies,
demonstrating effective substance P receptor inhibition by treatment with the clinical ap-
proved NKR-1 antagonist Aprepitant or Fosaprepitant in different inflammation-induced
diseases in animal models outside the eye?6:31.3637 For example, in immunosuppressed
mice infected with the protozoan parasite Cryptosporidium parvum increased SP levels in
jejunum tissues as well as physiological and structural alterations were significantly inhib-
ited by Aprepitant treatment®. Investigations of SP/NKR-1 interactions in damaging CNS
inflammation using the NKR-1 antagonist Aprepitant was analyzed in a nonhuman primate
model of Lyme neuroborreliosis®’. In this study Aprepitant treatment resulted in reduced
NKR-1 expression in the brain cortex and decreased inflammatory features, associated
with B. burgdorferi infection. In accordance with our findings, an earlier study by Bignami
and co-workers investigated the efficacy of Fosaprepitant in a corneal neovascularization
(CNV) mouse model?®. The authors showed a reduction in opacity as well as a decreased
infiltration of neutrophils and macrophages in the cornea after topical Fosaprepitant ad-
ministration. These results equivalent to our findings indicated that the induced inflamma-
tion on the ocular surface is alleviated by Fosaprepitant treatment, assuming a protective
effect of Fosaprepitant in the cornea.

Although induced inflammation was effectively reduced by Aprepitant or Fosaprepitant
treatment in various diseases?%3637  a link among Fosaprepitant and the immunological
connection between both eyes in sympathizing ocular diseases remained so far unclear.
To our knowledge we show for the first time that Fosaprepitant inhibited NKR-1 expression
not only in exposed ocular tissues but also in unexposed lens epithelium following unilat-
eral exposure to UVR-B. Thus, our results are of essential importance for the elucidation
of the molecular mechanism of SP/NKR-1 and its signaling properties in sympathizing eye
diseases. Most chronic eye diseases are of bilateral nature. Thus, further studies are
needed to elucidate the possible involvement of SP signaling in sight-threatening eye dis-
eases such as age-related macular degeneration (AMD). A second but only experimen-
tally used NKR-1 antagonist is Spantide I. After blockade with Spantide | ELISA experi-
ments demonstrated a significant reduction of NKR-1 protein level only in the exposed
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cornea at day 7 following UVR-B exposure, compared to the saline group (Figure 2). In-
terestingly, a tendency of a NKR-1 overexpression was observed in the remaining ocular
tissues of Spantide I-treated mice (Figure 3-7). Previous studies together with our current
results indicated a protective effect of Spantide | in the cornea after induced impair-
ment21:2243, The involvement of blocking the binding signaling of SP and its receptor, NKR-
1 by using Spantide is supported by a study demonstrating reduced development of cor-
neal opacity in a herpetic stromal keratitis (HSK) mouse model?!. Confirmed with these
results, Spantide | treatment decreased perforated corneas and bacterial counts in mice
infected with Pseudomonas aeruginosa??. The immune privilege of mice was abrogated
bilaterally and immunohistochemistry analysis showed a bilateral increase of NKR-1 stain-
ing in the retina after retinal laser burn (RLB) to one only eye“. In this study, early treat-
ment with Spantide | blocked the abrogation of immune privilege in both eyes after unilat-
eral RLB. Contrary to this study, our data showed no effect in blocking SP/NKR-1 signaling
pathway with Spantide | in the unexposed partner eye. Interestingly, the treatment with
the peptide NKR-1 antagonist Spantide | repeatedly resulted in a strong overexpression
of various pro-inflammatory cytokines and chemokines that cannot be explained by a re-
flectory overexpression after blockade of the receptor alone. It is known that peptide NKR-
1 antagonists such as Spantide can show some drawbacks, such as lower binding affinity
and neurotoxicity28-4°,

These results are consistent with our ELISA analysis which showed a tendency of an
NKR-1 overexpression after Spantide | administration in ocular tissues of both eyes, sug-
gesting that Spantide | is no effective NKR-1 antagonist in our established UVR-B-induced
cataract model but rather has a toxic effect. Here further inside on the functional SP levels
after NKR-1 blockade with different NKR-1 antagonists is needed.

Taken together, our data support the contention that the clinical approved NKR-1 antag-
onist Fosaprepitant constitutes a selective and effective antagonist to inhibit UVR-B-in-
duced inflammation in the eye, not only in the exposed side also in the unexposed partner
eye. In contrast, treatment with Spantide | induced a tendency of NKR-1 overexpression
in ocular tissues of the exposed and unexposed partner eye following unilateral UVR-B

exposure.



112

4.5.2 Pro-inflammatory cytokine and chemokine expression in Fosaprepitant- and
saline-treated ocular tissues

Additionally, to NKR-1 we investigated whether UVR-B exposure to one eye affected an
upregulation of pro-inflammatory cytokines and chemokines in exposed and unexposed
ocular tissues after two different time periods. Since it is known that SP/NKR-1 interaction
modulates the secretion of pro-inflammatory molecules, we further speculated that the
decrease of pro-inflammatory cytokine and chemokine protein levels could be a result of
the treatment with the NKR-1 antagonist Fosaprepitant.

UVR-B irradiation can trigger oxidative stress including activation of pro-inflammatory me-
diators leading to DNA and protein changes*5-48. Inflammatory reactions by UVR-B expo-
sure comprises the production of several pro-inflammatory cytokines and chemokines,
such as interleukin (IL)-647°. In vitro studies demonstrated that UVR-B irradiation on hu-
man epithelial cells and body fibroblasts isolated from normal cornea tissue or pterygium
sample promote the expression of pro-inflammatory cytokines including IL-6, IL-13 and
tumor necrosis factor (TNF)-a346:4%50 In human corneal limbus epithelial cells UVR-B ir-
radiation induced a dose-dependent increase of IL-6 and IL-8 secretion levels, suggesting
that the UVR-B-induced expression of IL-6 and IL-8 included the mitogen-activated protein
kinase (MAPK) and nuclear factor-kappa B (NF-kB) pathways which are inhibited by cur-
cumin®’. The neuropeptide substance P and its receptor, NKR-1 are involved in many
biological processes including inflammation'”18, In particular, SP/NKR-1 interaction in-
duce the production of pro-inflammatory cytokines and chemokines through the involve-
ment of intracellular pathways including the activation of second messengers, such as
cyclic adenosine monophosphate (CAMP)7:51, It has been shown that expression of in-
flammatory cytokines (IL-1B, IL-6, TNF-a) increases in the mouse cornea infected with
Pseudomonas aeruginosa'® 20, In addition, in an HSK mouse model increased protein lev-
els of IL-6 and IFN-y was determined in corneas with severe disease compared to corneas
with a mild disease outcome?*.

In agreement with previous studies, which showed increased pro-inflammatory cytokine
and chemokine expression in infected corneas!®214852 we currently observed a UVR-B-
induced upregulation of Gro-a/CXCL1 and VEGF-A protein concentration in the exposed
cornea of the saline group when compared to the control group which received no UVR-

B exposure (Figure 8). We also found a significant upregulation of TNF-a expression in
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the exposed lens epithelium of the saline group at day 7 post-exposure (data not shown)
as well as an upregulation of VEGF-A in the unexposed lens epithelium at day 3 following
UVR-B exposure when compared to the control group (Figure 9). Interestingly, compared
to the saline group, we have determined a significant reduction of Gro-a/CXCL1 in the
cornea after treatment with Fosaprepitant (Figure 8). This finding is in accordance with
experimental and clinical reports, indicating a significant decrease in various pro-inflam-
matory molecules, such as TNF-a315354 MCP-1/CCL23" and IL-631%7 after treatment
with the clinical approved NKR-1 antagonist, Aprepitant. Although there are some studies,
implying increased expression of pro-inflammatory mediators after induced inflammation
as well as effective inhibition by NKR-1 antagonists, the current study is the first report to
demonstrate that in the cornea and lens epithelium pro-inflammatory cytokines (Gro-
a/CXCL1, VEGF-A and TNF-a) are upregulated after UVR-B exposure. Actually, treat-
ment with Fosaprepitant inhibited the upregulated Gro-a/CXCL1 expression in the cornea,
suggesting that Fosaprepitant is a potent NKR-1 antagonist with a protective systemic
effect after i.p. administration. Injections of the substances were performed intraperitone-
ally to control the absorbed dose, since it is difficult to regulate the dose by the oral uptake
of the mice through the drinking water.

However, our results including a generally low protein concentration of the remaining
tested pro-inflammatory cytokines and chemokines (e.g. IL-1a, MCP-1/CCL2) in the saline
group after exposure to UVR-B. One explanation for the low cytokine/chemokine expres-
sion would be the relatively mild UVR-B-induced inflammation in the eye, hypothesizing
the higher the UVR-B dosage, the higher the expression of pro-inflammatory cytokines
and chemokines.

Aprepitant has been used not only successfully for the treatment of chemotherapy- and
post-operative-induced nausea and vomiting, but also for the therapy in migraine, pain
and emesis®. It has recently demonstrated that Aprepitant is an antitumor drug with no
known side effects3?:%6, Consistent with previous studies, indicating no toxic side effects
of Aprepitant and Fosaprepitant?®29, in the current study Fosaprepitant was well tolerated
by the mice and no externally visible side effect during the days of treatment was ob-
served. These properties of Aprepitant linked to the effectively inhibition of inflammation
in several animal models?%:3640, makes this drug interesting for many ocular diseases such

as corneal neovascularization (CNV) or AMD.
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In a preliminary experiment, we determined a massive opacity on the cornea after topical
administration of Spantide | within a few minutes (data not shown). Confirming the pro-
inflammatory feature of Spantide I, we detected a significant increase in various pro-in-
flammatory cytokines and chemokines after Spantide | treatment compared to the saline
group (data not shown). Interestingly, treatment with Spantide | showed a significant re-
duction of the anti-inflammatory cytokine IL-10 in the retina after UVR-B exposure in com-
parison to mice treated with saline or Fosaprepitant. These results provide evidence that
Spantide | may have a pro-inflammatory effect on the eye disguising its primary function

the blockade of the NK-1 receptor.

4.6 Conclusion

In conclusion, we demonstrated for the first time that Fosaprepitant reduces inflammation
in UVR-B exposed ocular tissues with a significant NKR-1 reduction in the exposed as
well as in the unexposed lens epithelium of the partner eye. This finding indicates that
substance P and its receptor NKR-1 take part in the contralateral side effect after exposure
of only one eye to UVR-B and should be considered in other bilateral as well as sympa-
thizing eye diseases. Most age-related eye diseases such as AMD do have inflammatory
pathogeneses and are of bilateral nature and might be candidates for Fosaprepitant treat-
ment. Therefore, further detailed information about the SP/NKR-1 signaling pathway and
treatment options with Fosaprepitant is urgently needed in other ocular disease models
since it could open new preventive treatment strategies for multiple inflammatory eye dis-

eases and is thus of high clinical relevance.
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