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I Summary

1. Abstract

Background: Immune mediated graft rejection remains a major complication of penetrating
keratoplasty (PKP), requiring more effective preventive measures. Purpose: We investigated the
efficacy of selective glucocorticoid receptor agonist (SEGRA), everolimus and spironolactone on
the prevention of allograft rejection in a MHC class I/Il mismatch rat corneal transplant model.
Methods: A total of 133 female Lewis rats underwent PKP. Syngeneic corneal grafting in 20 rats
served as control for technical failure. All other 113 Lewis rats received allogeneic corneal grafts
from Dark Agouti donors and were randomly assigned to receive the agent of interest, vehicle or
remained untreated. ME-CD-SEGRA (0.25% SEGRA-containing microemulsion) and
everolimus microemulsion (0.05 and 0.025%) were applied as topical treatment five times daily,
while spironolactone suspension was given orally, 100 mg/kg/day. Therapy was applied daily for
35 days in SEGRA group and until the day of rejection in everolimus and spironolactone treated
rats for graft survival analysis. Detection of immunological parameters was performed by testing
mRNA expression of cytokines (IL-4, IL-10, IFN-y, TNF-a) and T-cell markers (CD3, CD25) at
predestinated time points. Results: Topical application of ME-CD-SEGRA significantly
prolonged mean survival time (MST) of corneal grafts (42.2 + 4.0 days) compared with
untreated controls (11.7 + 1.2 days, p = 0.00003) or animals that received the vehicle only (15.0
+ 1.5 days). ME-CD-SEGRA decreased intragraft mRNA expression of all tested cytokines and
T-cell marker, in particularly significant for IL-4 compared to untreated controls (p < 0.05).
Local administration of 0.05 or 0.025% everolimus was effective in prolonging the MST of
corneal grafts (21 + 6.57 days and 16.4 + 2.3 days, respectively) compared to the vehicle group
(13.3 + 1.7 days, for both p < 0.001). At the same time, increased mRNA expression of IL-10 (p
=0.015) was detected in everolimus treated grafts. Spironolactone also significantly prolonged
MST of corneal grafts (14.9 + 2.0 days) compared with both vehicle- treated (12.3 + 1.2 days, p
=0.007) and untreated controls (13.0 = 1.0 days, p = 0.01). Spironolactone affected both
systemic (down-regulation of CD25+ mRNA expression in spleen; p < 0.01) and local immune
response (up-regulation of IL-10 mRNA expression in cornea; p < 0.01). Conclusion: All tested
drugs significantly prolonged corneal graft survival following experimental keratoplasty.
Overall, further clinical investigations of these agents may contribute to improve the outcome of

keratoplasty.



2. Abstrakt (Deutsch)

Hintergrund: Immunmediierte AbstoBungsreaktionen sind Hauptursache des Transplantat-
versagens nach perforierender Keratoplastik und stellen weiterhin eine Herausforderung dar.
Zielsetzung: Wir untersuchten die Effekte eines selektiven Glucocorticoidrezeptoragonisten
(SEGRA) sowie von Spironolakton und Everolimus hinsichtlich der Pravention einer
TransplantatabstoBung in einem Ratten-Hornhauttransplantatmodell mit diskrepanter MHC
Klasse I/Il. Methoden: Es wurde an insgesamt 133 weiblichen Lewis-Ratten eine perforierende
Keratoplastik durchgefiihrt. Syngene Hornhauttransplantationen an 20 Tieren dienten als
Kontrolle fiir technische Probleme. 113 Lewis-Raten erhielten allogene Transplantate von Dark
Agouti-Spendertieren. Die Empfénger wurden randomisiert den Therapiegruppen zugeteilt,
erhielten das Wirkstoftvehikel oder blieben unbehandelt. ME-CD-SEGRA (0,25% SEGRA-
haltige Mikroemulsion) oder Everolimus (als 0,05% bzw. 0,025% Mikroemulsion) wurden fiinf
Mal tiglich topisch angewandt, wéihrend Spironolakton als Suspension 100 mg/kg pro Tag oral
gegeben wurde. Die Therapie wurde bei der SEGRA Gruppe tiber 35 Tage postoperativ
appliziert. Die Behandlung mit Everolimus oder Spironolakton wurde bis zum Zeitpunkt der
Transplantatabstoung durchgefiihrt. Zum Monitoring immunologischer Parameter wurde die
Genexpression von Zytokinen (IL-4, IL-10, IFN-y, TNF-a)) und T-Zell Markern (CD3, CD25)
im Transplantat zu vorbestimmten Zeitpunkten vorgenommen. Ergebnisse: Durch topische
Anwendung von ME-CD-SEGRA konnte die mittlere Uberlebenszeit der Hornhauttransplantate
(42,2 +£4,0 Tage) gegeniiber der unbehandelten Kontrollgruppe (11,7 &+ 1,2 Tage, p = 0.00003)
oder Tieren, die nur die Wirkstoffvehikel erhielten (15,0 + 1,5 Tage) signifikant verlangert
werden. ME-CD-SEGRA verminderte die mRNA-Spiegel aller untersuchten Zytokine und T-
Zell-Marker, insbesondere fiir [L-4 gegeniiber unbehandelten Tieren (p < 0.05). Die lokale
Anwendung von 0,05 oder 0,025 % Everolimus verlingerte die mittlere Uberlebenszeit der
Transplantate (21 £ 6.57 bzw. 16,4 + 2,3 Tage) im Vergleich zur Wirkstoffvehikel-Gruppe (13,3
+ 1,7 Tage, fiir beide p < 0.001). Gleichzeitig wurde eine erhohte IL-10 mRNA Expression (p =
0,015) im Transplantat nachweisbar. Spironolakton verldngerte ebenfalls signifikant die
Uberlebenszeit (14,9 + 2,0 Tage) im Vergleich zur Wirkstoffvehikel Gruppe (12,3 + 1,2 Tage, p
=0,007) und der unbehandelten Kontrollgruppe (13,0 + 1,0 Tage, p = 0,01). Spironolakton
beeinflusste sowohl die systemische (Senkung der CD25 mRNA Expression in der Milz; p <
0,01) als auch die lokale Immunregulation (Erhhung der IL-10 mRNA Expression in der
Hornhaut; p < 0,01). Schlussfolgerung: Alle getesteten Medikamente haben das Uberleben des

Hornhauttransplantats nach der Keratoplastik statistisch signifikant verldngert. Hiermit



verbunden besteht die Hoffnung, dass klinische Studien dieser Wirkstoffe den Erfolg nach

Keratoplastik weiter vorantreiben konnten.

3. Abbreviations

ACAID

APCs

o-MSH

CD
CRP
CTL
DCs
DTH
FasL
GR
HLA
ICAM
Ig

IL
IFN
LCs

LFA

MHC

MCP

MIF

Anterior chamber-associated

immune deviation
Antigen-presenting cells

Alpha-melanocyte-stimulating

hormone

Cluster differentiation
Complement regulatory proteins
Cytotoxic T-lymphocyte
Dendritic cells

Delayed type hypersensitivity
Fas ligand

Glucocorticoid receptor
Human leukocyte antigen
Intercellular adhesion molecule
Immunoglobulin

Interleukin

Interferon

Langerhans cells

Lymphocyte function-associated

antigen

Major histocompatibility

complex
Monocyte chemotactic protein

Macrophage inhibitory factor

MIP

MR
mTOR
NKT
PCR
PD-L

RANTES

SEGRA

ME-CD-
SEGRA

TCR
TGF-B
TNF

TRAIL

Treg
VCAM

VEGF

VIP

Macrophage inflammatory

protein

Mineralocorticoid receptor
Mammalian target of rapamycin
Natural killer T-cells
Polymerase chain reaction
Programmed death ligand

Regulated on activation normal

T-cell expressed and secreted

selective glucocorticoid receptor

agonist

0.25% cyclodextrin-encapsulated
SEGRA compound in a new

microemulsion formulation

T cell receptors

Transforming growth factor-§
Tumor necrosis factor

Tumor necrosis factor-related

apoptosis-inducing ligand
T regulatory cells
Vascular cell adhesion molecule

Vascular endothelial growth

factor

Vasoactive intestinal peptide



4. Introduction

Corneal transplantation is the oldest, most common and arguably the most successful type of
transplantation performed throughout the world. In the USA alone, over 46,000 corneal
transplants were performed in 2012 (according to American Eye Banking statistical report).

A graft placed into an avascular and non-inflamed bed is termed “normal-risk” and 2-years
survival is about 90% (1). A graft placed into a presensitised host (with previous graft rejection)
or a neovascularised, inflamed recipient bed is termed “high-risk” with approximate 50%
surviving 2 years (1, 2).

Five-year survival times of renal, cardiac, liver and corneal transplants averages 75% (1). But
keratoplasty patients, at least normal-risk ones, do not receive systemic immunosuppressive
drugs and no HLA matching is performed. It can be assumed that normal-risk grafts at least

enjoy some kind of immune privilege.

4.1 The immune privilege is primarily attributed to the avascularity of the cornea - absence of
blood and lymphatic vessels, which prevents donor antigens from reaching the regional lymph

nodes (afferent blockade). On the other hand, molecules expressed on the corneal endothelium

(Fig.1) block the expression of effector T-cells and complement activation (efferent blockade).

Anterior-chamber-associated immune deviation (ACAID) protects the graft through antigen-

specific suppression of DTH (central protection) (3). Aqueous humour is in direct contact with

the graft and it contains numerous anti-inflammatory and immunosuppressive molecules such as
TGF-B, a-MSH and VIP. This tolerogenic milieu and immature APCs provide the anergic status
of Th1/2 cells and immune modulation/suppression by regulatory T-cells (Treg).

Fig. 1. Local factors contributing to immune privilege.
Niederkorn and Larkin. (3)
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4.2 Nevertheless, the immune privilege of the corneal allograft can fail, as significant numbers of
corneal transplantation undergo immunological rejection. Data from the Australian Corneal
Graft Registry shows that the 10-year-survival rate for corneal grafts averages 60% (4).
Loosened transplant suture or herpetic infection recurrence have been shown to be events that
threaten graft survival. Furthermore, vascularised recipient bed, rejected previous transplant and
inflammation at the time of transplantation are high-risk-situations that worsen the prognosis of

keratoplasty.

Numerous studies have tried to explain the conditions under which the corneal transplant is
deprived of its immune privilege. A multi-step process is proposed. The first step is antigen
presentation: migration and maturation of APC (which are immature in normal cornea) occurs
via a direct or indirect pathway (Fig. 2). Once APCs entrap antigens, they migrate to the
lymphoid organ and complete their maturation — and having matured, they can easily prime T

lymphocytes and initiate an immune response (2).

Indirect Direct

1a) Recruitment of

<@ — passenger leucocytes
MHC I MHC N

1b) Up-take and cross
presentation of alloantigen

Host APC
@ i @ Donor APC
| © z

1c¢) Maturation and homing
to draining lymph nodes

\

2) Alloantigen recognition
and T cell activation

Fig. 2. Antigen presentation. Pleyer and Schlickeiser (2)

(1a) Recipient APCs migrate from the limbus centipetally into the corneal graft. There they
either internalize and process alloantigens, or acqire shed donor MHC molecules (1b). Mature
recipient APCs migrate to draining lymph nodes (1c) and present alloantigens indirectly or
semidirectly, respectively. (1d) Donor APCs migrate out of the allograft and directly prime T-
cells in the draining lymph nodes. (2) Alloantigen-specific T-cells recognize either presented
corneal antigens or allogenic epitopes on the MHC molecules. (3) Activated T-cells proliferate
and infiltrate the graft tissue.



Activation of T-cells by APCs is presented in Fig. 3.

The naive T-cell can only be fully
activated if it receives at least two
different signals. Recognition of the
peptide-MHC by the T-cell receptor
delivers the antigen-specific signal 1.
The interaction of co-stimulatory
(CD80/CD86-CD28, CD40-CD40L)
and  accessory  (ICAM-1-LFA-1)
molecules (signal 2) leads to an
amplification and completion of the
signal triggering. The driving force for
T-cell proliferation is the auto-
/paracrine ligation of IL-2 and high-
affinity (CD25+) receptor (IL-2 R).
This is often referred to as signal 3.

Fig. 3. Activation of T-cells by APCs. Pleyer and Schlickeiser (2)

The final step is rejection: activated T-cells proliferate and infiltrate the graft tissue. Adhesion
molecules (ICAM-1, VCAM-1, LFA-1, FasL), cytokines (IL-1, IL-4, TNFa, IFNy) and
chemokines (RANTES, MCP, MIP) are involved in a complex network that mediates allograft

response. It seems that it is DTH rather than CTLs that mediate corneal graft rejection (1).

4.3 Prevention of corneal graft rejection

Routine treatment after keratoplasty is presented in Table 1.

PKP
normal- risk

PKP
high- risk

DSAEK DMEK

Prednisolone topical

Prednisolone systemic

5x/day, from 4. week
3x/day, from 6. week
1x/day till 12 months,
eventually long-term

Eventually 3 days 1.5
mg KG

Sx/day, from 6. month
1x/day long-term

3-14 days 1.5 mg KG

S5x/day, from 4. week
3x/day, from 3 months
1x/day, from 6 months
finish

Not indicated

Sx/day, from 4. week
3x/day, from 3 months
1x/day, from 6 months
finish

Not indicated

CsA systemic

Not indicated

6-12 Months, by
limbus KPL longer

Not indicated

Not indicated

MMF systemic
(alternative to CsA)

Not indicated

1g/day over 14 days,
den 2x1g/day 6-12
months

Not indicated

Not indicated

Table 1. Actual therapy to prevent immune rejection after PKP (penetrating keratoplasty), DSAEK (Descemet's Stripping

Automated Endothelial Keratoplasty) and DMEK (Descemet Membrane Endothelial Keratoplasty). Bertelmann and Pleyer (4)

The therapy spectrum in high-risk keratoplasty is expanding. Apart from steroids, systemic

application of Cyclosporin A (CsA) and Mycofenolat Mofetil (MMF) are common practise.

Tacrolimus (FK 506) and Sirolimus (Rapamycin) are effective but could not achieve clinical

importance due to high rates of side effects (5). Therefore, in general there is a tendency in

ophthalmology to apply therapy locally to avoid the side effects associated with systemic use of

drugs.



Topical corticosteroids represent the standard treatment for the prevention of corneal graft
rejection, although they have side effects (glucocorticoid-induced glaucoma and cataract
formation). In addition, they do not provide a guarantee against graft rejection. Alternative

therapeutic options are therefore needed.

4.4 The aim of this study was to test the following drugs in vivo in rat keratoplasty model
preferably topical. The drugs will be tested regarding local application on the cornea in vivo for

the first time.

A) Selective glucocorticoid receptor agonists (SEGRAS) represent a new class of
glucocorticoid receptor (GR) modulators that preferentially support transrepression-
mediated anti-inflammatory activities (6). Since most of the steroid-associated side
effects are thought to be due to transactivation-mediated activities of the GR, SEGRA
compounds are expected to be safer than classical glucocorticoids. Corneal penetration of
ME-CD-SEGRA was already tested in vitro with success (7). Anti-inflammatory
properties of SEGRA were confirmed in various human ocular cells, including human
corneal epithelial cells (6). SEGRA inhibited the release of multiple cytokines, including
some key pro-inflammatory cytokines such as IL-1p, IL-6, IL-8, MCP-1 and TNF-o.
Recent studies suggest that SEGRA could avoid elevation of intraocular pressure which

is one of the major side effects of steroid therapy (8).

B) Everolimus is a proliferation signal inhibitor derived from the naturally-occurring
immunosuppressive macrolide, rapamycin (sirolimus). It belongs to mammalian target of
rapamycin (mTOR) inhibitors and acts on a later stage of the T-cell cycle. The net effect
is blockade of T-cell activation by preventing progression of the cell cycle from the G1 to
the S phase. Everolimus is in use in solid organ transplantations and therapy for some
tumours. It already showed immunosuppressive effects in experimental keratoplasty
when applied systemically (9). Corneal penetration of everolimus microemulsion has
been tested in vitro with success (10). Everolimus may therefore have the ability to
prevent corneal graft rejection when applied topically. Furthermore, everolimus has been

shown to prevent neovascularisation that can be an additional goal in keratoplasty.

C) Spironolactone is a well-known mineralocorticoid receptor (MR) antagonist.

Interestingly, anti-inflammatory effects of this drug have been demonstrated in arthritis



patients (11) and these could be confirmed in this thesis regarding prevention of corneal
graft rejection. Furthermore, antiangiogenic capacity of this drug was described in the
rabbit cornea model. This might be of great interest as corneal neovascularisation is one
of the most threatening conditions for corneal graft survival. Finally, dexamethasone -
induced cataract formation occurs through activation of GR but not via the MR (12).
Spironolactone has a much higher affinity for MR than it does for the GR. Probably, it
might therefore indirect avoid cataractogenesis. This might be another important benefit

of this drug.

Testing these drugs in experimental keratoplasty model could show us a better way to prevent
corneal graft rejection in patients. SEGRA and everolimus have been tested in vivo locally for
the first time using available methodology for drug preparation (7, 10). Furthermore, it was
suggested to orally test spironolactone as previously reported to be efficient in the reduction of
TNF levels in rats and in antiangiogenic activities in rabbit corneas. Nevertheless, this may be a
challenge for the future to develop a novel methodology for local application of this drug. The
rat model of corneal transplantation was used as a valuable standard model (14) to investigate

underlying immune mechanisms and new approaches for prevention of corneal graft rejection.

Using the aforementioned drugs, we specifically intended to analyse:
1. Graft survival following therapy using statistical analysis such as Kaplan-Meier
plots
2. Intragraft immunological parameters following therapy using PCR method
e Thl-type cytokines (IFN-y, TNF-a) screened as pro-inflammatory cytokines
e Th2-type cytokines (IL-10, IL-4) analysed as mediators of graft tolerance
e T-cell markers (CD3,CD25) will be required for T-cell activation.

5. Methodology

5.1 Rat model

Experiments were performed on inbred female rats (Charles River, Kisslegg, Germany) 200-250
g. Dark Agouti (DA; RT.1A avl) were donors and Lewis rats (RT.1A 1) were recipients. These
strains are different with regard to the entire major histocompatibility complex (MHC) and they
are not congenic. All animals were housed in wire-bottomed cages with controlled light/dark

cycles, fed with a standard laboratory diet, and given free access to tap water. Only one eye of
9



each recipient underwent corneal transplantation, so no animal was blinded. All animals were
handled in accordance with the USA National Institute of Health’s (‘Guidelines for the Care and
Use of Laboratory Animals’) and with German guidelines on the use of animals in research

(Berliner Senatsverwaltung).

5.2 Surgical procedure

Orthotopic corneal transplantations were performed as previously described (14) under sterile
conditions using an operating microscope. Prior to surgery all animals were anesthetised and the
pupil was topically dilated to avoid complications. The 3.5 mm corneal button was trephined
from each donor. Recipient corneas were trephined with 3.0 mm trephine. The donor graft was
sutured into the recipient bed using a running suture.

After transplantation, antibiotic ointment was applied immediately to the eye.

Grafted animals were treated daily with the agent of interest or with vehicle, until the day of

rejection in the survival analysis group, or until the predestinated time point in the PCR analysis

group.

5.3 Preparation of drugs

A) SEGRA: The drug was kindly supplied by Schering (Berlin, Germany). As the water
solubility of SEGRA is extremely low (2.6 mg/l at pH 7.4), the drug was completely
solubilised in a vehicle consisting of a microemulsion system combined with
hydroxypropyl-y-cyclodextrin (HP-y-CD) (ME-CD). The eye drop formulation contained
0.25% SEGRA compound, 15% HP-y-CD and 84.75% of a transparent microemulsion
(5% Castor oil, 10% Macrogol 300, 20% - Cremophor™ RH40 65% aqua ad iniectabilia).
This innovative drug formulation was previously developed and tested in vitro (7). The
formulation was prepared under laminar airflow and filtered (sterile filter: cellulose

acetate membrane 0.22 pm).
B) Everolimus: 0.05% and 0.025% emulsion was kindly supplied by Institute of Pharmacy,
Free University Berlin, Germany. This everolimus-containing microemulsion was

prepared according to the previous ex vivo study (10).

C) Spironolactone: (Sigma Chemical, St. Louis, Mo., USA) was solubilised in 0.5%

methylcellulose/0.5% Tween 80, as the water solubility of spironolactone is extremely

10



low. Vehicle (0.5% methylcellulose/0.05% Tween 80) preparation: methylcellulose
powder was added to H2O and stirred until it completely dissolved (about 3-5 h); then
Tween 80 was slowly added to the solution and well mixed. The suspension of compound
and vehicle was sonicated for about 10 min, vortexed after 5 min and then again at the
end of sonication. The compound was mixed well before administration to each animal,

because of some precipitation during the preparation.

5.4 Treatment protocol

A total of 133 animals underwent orthotopic corneal transplantation. On 20 of them, syngeneic
grafting was performed as control for technical failure. The remaining 113 Lewis rats underwent
allogeneic corneal grafting from DA rats: 30 in SEGRA group, 37 in everolimus group and 46 in

spironolactone group.

Corneal allograft | SEGRA group Everolimus group Spironolactone group
(n=113) (n=30) (n=37) (n=46)
Graft survival SEGRA (n=6) Everolimus 0.05 (n = 8) Spironolactone (n = 7)

analysis Vehicle (n = 6) Everolimus 0.025 (n = 5) Vehicle (n =9)
Untreated (n = 6) Vehicle (n = 8) Untreated (n = 16)
PCR analysis SEGRA (n=6) Everolimus 0.05 (n = 8) Spironolactone (n = 8)

Untreated (n = 6) Vehicle (n = 8) Vehicle (n=6)

Table 2. Summary of all experiments on corneal allografts

A) SEGRA: Allogeneic grafts in 18 LEW rats were randomly assigned to receive either: no

B)

therapy (n = 6), ME-CD (n = 6) as vehicle control group or ME-CD-SEGRA (n = 6). All
treatments started at the day of surgery and were applied five times daily for 35 days. In
order to investigate the effect of SEGRA treatment on intragraft cytokine expression, an
additional 12 animals were used for PCR studies. They remained untreated (n = 6) or
received the ME-CD-SEGRA formulation (n = 6). Day 7 was arbitrarily chosen for
analysis since it could be presumed that at this time even untreated animals would not yet
have been rejected their allograft. Further assumption is that at that time the drug would
already have interfered with the immune response. Grafts were at that point explanted to
analyse the intragraft mRNA expression pattern of the following cytokines: 11-4, IL-10,
IFN-y, TNF-a and CD3 as a T-cell marker.

Everolimus: Allogeneic grafts were carried out in 21 Lewis rats and randomly assigned to

receive either: the drug vehicle (n = 8) or 0.05% everolimus in a microemulsion
11



formulation (n = 8) or 0.025% everolimus in a microemulsion formulation (n = 5). All
treatments started at the day of surgery, and were applied 5 times daily until the day of
rejection. Additional animals were used for PCR analysis in allogeneic transplants that
received either the drug vehicle (n = 8) or 0.05% everolimus in a microemulsion
formulation (n = 8). They were also analysed at day 7 following transplantation on IL-10,

IFN-y, CD3, CD25.

C) Spironolactone: For corneal survival analysis grafted animals were assigned to receive

either spironolactone (n = 7), PBS (n = 9) or remained untreated (n = 16). Spironolactone
suspension (100 mg/kg/day) and PBS (equal volume as spironolactone) were applied
daily by gastric gavages starting on day 1 after transplantation, until the day of rejection.
The chosen dosage of 100mg/kg/day has previously been reported to be efficient in the
reduction of TNF levels in rats as well as in antiangiogenic activities in rabbit corneas. In
additional recipients treated with spironolactone (n = 6) or PBS (n = 8), corneal
neovascularisation was assessed daily under the microscope until day 12 following
keratoplasty, and scored as previously described (14). These rats were sacrificed on day
12 for quantitative RT-PCR analysis. We tested the mRNA expression of cytokines (IL-4,
IL-10, IFN-y, TNF-a) and T-cell markers (CD3 and CD25) in the graft (locally) and in
the spleen (systemically). Day 12 was selected based on our assumption that at day 12,

the rejection was about to occur, resulting in a change of expression of cytokines.

5.5 Graft assessment

The transplanted corneas of the rats used for graft survival analysis were checked daily under the
surgical microscope.

Corneal transparency as an indicator of corneal endothelial function and of graft endothelial
injury was evaluated. Corneal opacity was graded as follows: 0, completely transparent cornea;
1, slight corneal opacity, but iris vessels clearly visible; 2, moderate corneal opacity, iris vessels
still visible; 3, moderate corneal opacity, pupil only marginally visible; 4, complete corneal
opacity, pupil not visible. Corneas exhibiting opacification of grade 3 or higher were considered
rejected (14).

Corneal graft neovascularisation (NV) was observed in spironolactone group for PCR analysis.
NV was scored as described in the literature (14): 0 - no vessels in graft or at graft margin, 1 -
microscopically visible vessels at graft margin, 2 - vessels 25% in the graft, 3 vessels 50% in the

graft and 4 - graft completely vascularised. Vascular caliber was scored as 0 - no vessels, 1 -
12



vessels only microscopically visible, 2 - vessels macroscopically visible and 3 — vessels clearly

visible. Summarised results were obtained by averaging the scores at day 12.

5.6 Polymerase chain reaction

Detection of immunologic parameters in corneal allografts was performed by conventional
reverse—transcription polymerase chain reaction (RT-PCR) and by quantitative real-time PCR
(qPCR) (15). Corneal allografts were harvested at day 7 (in the SEGRA and everolimus groups)
or day 12 (in the spironolactone group) and snap-frozen in liquid nitrogen. The isolation of RNA
and subsequent analysis of mRNA-expression profiles by qPCR (ABI Prism 7700 Sequence
Detection System) has been described elsewhere (15). Briefly, mRNA was prepared from each
graft and reversely transcribed into cDNA. The cDNA was then analyzed for cytokine gene
expression with qPCR. For the quantification of mRNAs of interest, the expression of a
housekeeping gene (B-actin) was set in relation to rat cytokine mRNAs (IL10 and IFNy in all
three groups and IL4 and TNFa in the SEGRA and spironolactone groups) and T-cell marker
mRNAs (CD3 in all three groups and CD25 in the spironolactone and everolimus groups). All

values are reported as means = SEM.

5.7 Statistical Analysis

Graft survival was presented as mean survival time (MST) using Kaplan-Meier plots. MST was
compared using Mantel-Haenszel survival analysis. For non-paired observations of qPCR data,
unpaired Student’s t-test was used if the values passed the normality test. If this was not the case,
the non-parametric Mann-Whitney test was used. All values are reported as means + SEM. A p

value < 0.05 was considered statistically significant.

6. Results

In general, therapy was well tolerated in all animals. Rats receiving syngeneic graft remained

clear beyond 60 days after transplantation.

6.1 SEGRA-treated corneal grafts showed a high survival rate (83%) during the 35-day treat-
ment course. Untreated allografts were rejected within two weeks. SEGRA was highly effective
in prolonging the MST of corneal grafts (42.2 + 4.0 days) compared to untreated controls (11.7 +
1.2 days, p = 0.00003) or animals that received the vehicle only (15 + 1.5 days) (Fig. 4).

Treatment of corneal allograft recipients with SEGRA decreased mRNA levels of all cytokines
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and T-cell markers examined in the explants and was significantly decreased for IL-4 (p < 0.05)
(Fig. 5). Although a clear down-regulation of all pro-inflammatory cytokines could be detected,
the decrease did not reach statistical significance for all cytokines. Taken together, SEGRA

significantly prolonged corneal graft survival following experimental keratoplasty.

100 - — No SEGRA dropping
1 _ 80060, L4
i L ] 1
80 by = 700E051
P - Control 2 ’ ]
} Vehicle 2 600606+
0. SEGRA % 1
9 500506 |
g ]
o & 4,00E-08 -
. E 1
—= 300606 1
[ 1
- g 2060,
@
£ 100606
0 ————— —— 0.00EX0 . i
0 10 20 30 40 50 60 Control SEGRA
Days after Tx P<0.05

Fig. 4. Survival graph of corneal transplants folowing Fig. 5. mRNA expression of IL-4 was significantly

SEGRA therapy. SEGRA was effective in prolonging the decreased in SEGRA-treated grafts compared with
graft MST significantly (p = 0.0003) untreated controls

6.2 Everolimus-treated corneas had significantly prolonged survival compared with the vehicle
control group (Fig. 6). Specifically, the MST was 21 + 6.57 days in the 0.05% everolimus group
(p <0.001) and 16.4 £ 2.3 days in the 0.025% everolimus group (p < 0.001). Allografts receiving
the vehicle were rejected with a median survival time of 13.3 + 1.7 days.

PCR studies on intragraft cytokine expression showed that the topical administration of
everolimus increased the mRNA levels of CD25, IL-10 and IFN- v, but this was significant only
for IL-10 (p = 0.015) (Fig. 7).
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Fig. 6. Survival graph of corneal transplants after Fig. 7. mRNA expression of IL-10 was significantly
everolimus therapy. Compared with the vehicle control increased in everolimus treated grafts compared with
group, everolismus treated corneas had significaltly vechical-treated controls (p = 0.015).

prolonged survival (p < 0.001)
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6.3. Spironolactone-treated rats had a significantly prolonged MST of corneal graft (14.9 +£2.0

days) compared with both PBS (12.3 + 1.2 days, p = 0.007) and untreated controls (13.0 = 1.0

days, p = 0.01) (Fig. 8). The PBS and control groups showed no statistically significant

difference in MST (p = 0.13). The scores of extension of neovascularisation and vascular caliber

tend to be decreased by spironolactone treatment compared with PBS treatment.

Treatment of corneal allograft recipients with spironolactone moderately suppressed the systemic

immune response by down-regulation of CD25 mRNA expression (p < 0.01; Fig. 9) in the

spleens of transplant recipients. It also affected local immune response by intra-graft up-

regulation of IL-10 (p < 0.01; Fig. 10) in spironolactone-treated rats. However, a clear down-

regulation of pro-inflammatory cytokines could be detected neither in corneal explants nor in

spleens of transplant recipients.
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Spironolactone-treated rats had a
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corneal grafts compared with both
PBS ( p = 0.007) and untreated
controls (p=0.01)

In summary, there is a clearly prolonged corneal graft survival using the aforementioned drugs

following experimental keratoplasty.
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Fig. 9/10 Treatment of corneal allograft recipients with SPIR downregulated CD25 mRNA expression in the spleens of
transplant recipients ( a ). It also up-regulated IL-10 mRNA expression in the grafts of SPIR-treated rats ( b ). The

asterisks indicate a statistically significant difference (p < 0.01).
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7. Discussion

The present results demonstrate that all three tested drugs prolonged corneal graft survival
compared to controls. MST of corneal grafts was significant prolonged by application of all three
drugs, particularly by SEGRA therapy. This finding is based on established investigation
methods, using a rat model as well-characterized animal model of PKP (14). Rodent models of
keratoplasty display many similarities to the human situation. They have permitted insights into
the immunopathology of corneal allograft rejection and new treatment approaches. The
underlying mechanisms of tested drugs were probably different according to the different

expression of examined parameters of the immune process in the various groups.

Corneal allograft rejection is a T-cell-mediated, highly complex immune process. Notably, CD4+
is the master regulator of immune response. It has different pathways (Th1, Th2, Th17 or Treg)
depending on the antigen. The T regulatory pathway, for example, has a calming role and it
promotes graft survival. Thl-type cells predominantly produce IL-2 and IFN-y, which mediate
cellular immunity involving DTH (strongly suggested as mediator of corneal graft rejection).
Th2-type cells produce various interleukins such as IL-4, IL-6, IL-10 and IL-13. They are
proposed to mediate graft tolerance. Indeed, both Th1 and Th2 pathways are likely to contribute
to corneal allograft rejection (2). They mutually regulate one another through their cytokine

pattern.

SEGRA-treated corneas tend to express lower mRNA of IFN-y and TNF-a than controls.
However, the difference in expression did not reach statistical significance. Since IFN-y and
TNF-a are mainly released by T-lymphocytes, the tendency towards reduced CD3 mRNA
expression in SEGRA-treated recipients is consistent with this finding. Recent in vitro study
demonstrated indeed inhibitory effects of SEGRA on multiple inflammatory cytokine release in
primary human ocular cell cultures (6). In human corneal epithelial cells, SEGRA significantly
inhibited IL-6 and TNF-a. Considering that only one time point in our study was arbitrarily
chosen for PCR analysis, it might be speculated that the cytokine/T-cell marker expression may
differ during the later follow-up.
Interestingly, in our study, SEGRA-treated corneas expressed lower levels of Th2 cytokines such
as IL-4 (p < 0.05) than untreated ones. IL-4 mRNA expression was reduced in CTLA4Ig-treated
corneas too (15). At this point, the role of Th2 cytokine seems to be less clear than that of Thl
(15). However, it is likely that both Th1 and Th2 cytokines play a critical role during corneal
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allograft rejection. Thus therapies only modulating a Th1/Th2 shift may have a limited capacity
on corneal allograft survival (15). Interestingly, SEGRA demonstrated immunomodulatory
activity in rodent allergic dermatitis model, applied topically (6). Moreover, some studies suggest
that allergic diseases increase the risk of corneal allograft rejection (3). Whether the success of
SEGRA in the treatment of allergic dermatitis and keratoplasty shares some common

mechanisms of action will require further research.

A growing body of evidence shows that mTOR inhibitors interfere with the immune response at
a very early stage by affecting the dendritic cell (DC) function. In this connection, it has been
shown that DC are able to secrete IL-10 instead of IL-12 and prevent acute allograft rejection. In
our everolimus-treated group, we could register significantly increased mRNA levels of IL-10.
Furthermore, the mRNA expression of the T-cell marker CD25 was 4.8-fold higher in
everolimus-treated corneas compared to the controls in our study. Although this did not reach
statistical significance, it might have contributed to the beneficial effect. Indeed, there is
convincing evidence that Treg cells (CD4+CD25+) maintain immune tolerance and promote
corneal allograft survival (3). Recently, it has been demonstrated that anti-CD25 antibodies
abolish the immune privilege of corneal allografts. Thus, a tolerogenic role of CD25 may be
relevant.

Moreover, lymphangiogenesis is strongly suggested to abolish the immune privilege of corneal
allografts. Sirolimus has been shown to inhibit lymphangiogenesis in rat renal allografts by
down-regulating VEGFR-3 protein expression. Anti-VEGFR3 antibody has been shown to
promote corneal allograft survival by selective blockade of lymph vessel ingrowth (3). It would
therefore be of great interest to investigate if everolimus inhibits lymphangiogenesis too, in

particularly in the corneal allograft model.

Spironolactone-treatment has influenced both systemic and local immune response. Intragraft
up-regulation of IL-10 in spironolactone-treaded rats could contribute to prolonged MST in this
group. IL-10 inhibits cytokine synthesis by Th1 cells. Suppression of cytokine production may
be associated with apoptotic potential of spironolactone. This might be an explanation for down-
regulated active T-cells in the spleen observed in our study (down-regulated CD25). Temporal
separation of cytokine suppression and apoptosis (late apoptotic action of spironolactone) may
explain systemic but not yet local down-regulation of CD25 on day 12.

Spironolactone has been previously shown to inhibit corneal angiogenesis in vivo. Further

investigation indicated a suppressed corneal neovascularisation in spironolactone-treated rats.
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Spironolactone inhibits the proliferation of vascular endothelial cells but its effects on their
migration and rearrangement in capillary-like structure needs further evaluation.

It is proven that dexamethasone-induced cataract occurs by activation of GR in lens epithelial
cells, and not by activation of MR (12). Spironolactone has a very low affinity for the GR, it

binds to MR and will therefore unlikely indicate cataractogenesis.

A concept of topical immunosuppression is promising, but is connected with limited effort.
Influence on the afferent arm of immune response and avoiding of side-effects of systemic
treatment are beneficial. However, it is confronted with limitation of topical influence on afferent
arm of immune response. Investigations of local applications of some systemically successfully
used drugs, such as Cyclosporin A and Mycophenolat Mophetil, remained on an experimental
level (4). There are conflicting results on topical ophthalmic use of CsA. This may be probably
related to poor drug penetration. On the other hand, topical Tacrolimus (FK 506) had success in
one clinical study and was at least as effective in preventing graft rejection as topical steroids.
However, further use was limited as a result of local discomfort. Topical Rapamycin did not
succeed either. Interestingly, topical anti-TNF-a (infliximab) had success in experimental
keratoplasty (1) but was not confirmed clinically. Recent findings regarding the clinical utility of
topical VEGF inhibitors indicate that these agents are safe and effective treatments for corneal
neovascularisation. Furthermore, recombinant human NGF for local application is also in
process. However, these agents can be seen only as additional therapy in some cases of high-risk

keratoplasty.

Despite all this efforts, it is foreseeable that corticosteroids are likely to remain a main option for
local treatment of keratoplasty patients. SEGRA is likely to be an alternative agent showing
similar anti-inflammatory activities with displaying less dominant side effects. Further research
with the aim of evaluating the precise mechanisms of allograft rejection are of great importance.
This may help to develop new solutions for immunological modulation and consequently

improve success rate of corneal transplantation.
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