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Purroskt. To investigate the effect of plasma kallikrein (PKaD-inhibition by THR-149 on
preventing key pathologies associated with diabetic macular edema (DME) in a rat model.

MerHobs. Following streptozotocin-induced diabetes, THR-149 or its vehicle was admin-
istered in the rat via either a single intravitreal injection or three consecutive intravitreal
injections (with a 1-week interval; both, 12.5 pg/eye). At 4 weeks post-diabetes, the effect
of all groups was compared by histological analysis of Ibal-positive retinal inflammatory
cells, inflammatory cytokines, vimentin-positive Miiller cells, inwardly rectifying potas-
sium and water homeostasis-related channels (Kir4.1 and AQP4, respectively), vascular
leakage (fluorescein isothiocyanate-labeled bovine serum albumin), and retinal thickness.

Resurrs. Single or repeated THR-149 injections resulted in reduced inflammation, as
depicted by decreasing numbers and activation state of immune cells and IL-6 cytokine
levels in the diabetic retina. The processes of reactive gliosis, vessel leakage, and
retinal thickening were only significantly reduced after multiple THR-149 administra-
tions. Individual retinal layer analysis showed that repeated THR-149 injections signifi-
cantly decreased diabetes-induced thickening of the inner plexiform, inner nuclear, outer
nuclear, and photoreceptor layers. At the glial-vascular interface, reduced Kir4.1-channel
levels in the diabetic retina were restored to control non-diabetic levels in the presence
of THR-149. In contrast, little or no effect of THR-149 was observed on the AQP4-channel
levels.

Concrusions. These data demonstrate that repeated THR-149 administration reduces
several DME-related key pathologies such as retinal thickening and neuropil disruption
in the diabetic rat. These observations indicate that modulation of the PKal pathway
using THR-149 has clinical potential to treat patients with DME.

Keywords: plasma kallikrein, diabetic macular edema, retinal thickening, inflammation,
gliosis

D iabetic retinopathy (DR) is a leading cause of visual
impairment in the working-age population and is one
of the most common complications of diabetes mellitus.!
The exact pathogenic mechanisms involved in DR remain
elusive, although it is thought that hyperglycemia and other
components of the complex diabetic milieu lead to acti-
vation of pathways such as oxidative stress and inflamma-
tion that have been linked to glial activation in unison with
neuronal and vascular cell dysfunction and death. Vascular
dysfunction and inflammation, leading to microvascular reti-
nal damage such as microaneurysms, capillary drop-out, and
ischemia, can eventually result in overt blood-retinal barrier
(BRB) breakdown and impaired fluid homeostasis (diabetic
macular edema [DME]) and/or abnormal growth of new
blood vessels (proliferative diabetic retinopathy), causing
moderate to severe vision loss.>®> The gold-standard treat-
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ment for DME is intravitreal (IVT) injections of anti-vascular
endothelial growth factor (VEGF) agents although panretinal
laser photocoagulation and steroids are also used.? Impor-
tantly, not all patients respond optimally to anti-VEGF ther-
apy,>° and there is a pressing need for alternative therapies
that can reverse DME.

Plasma kallikrein (PKal) has been identified as a poten-
tial target for the treatment of DME.” PKal is a serine
protease positioned at the interface between the contact acti-
vation system and the kallikrein—kinin system (KKS). Within
the KKS, PKal activity releases bradykinin (BK) from the
high-molecular-weight kininogen. BK then signals through
the bradykinin B2 receptor (B2R) and, via its des-Arg9
metabolite, through the inducible bradykinin B1 receptor
(B1R), leading to the production of mediators of inflam-
mation, angiogenesis, vasodilation, and increased vessel
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permeability.” Levels of PKal and other components of
the KKS are described to be higher in diabetic animal
models,'>!! as well as in the vitreous fluid of DME
patients.'>"1% Moreover, administration of PKal and BK has
been demonstrated to increase vascular permeability and
retinal thickness in wild-type and diabetic animals,'?1%:16
whereas inhibition or deficiency of PKal or B1/B2 recep-
tors improved BRB integrity by reducing the leukocyte
cell number, the level of proinflammatory cytokines, vascu-
lar permeability, retinal thickening, and oxidative stress in
diabetic animal models.'”-%

A library of bicyclic peptide PKal inhibitor analogs was
generated?! from which a potent and stable inhibitor was
selected. Named THR-149, this agent was shown to prevent
diabetes-induced retinal leakage in a diabetic rat model (Van
Bergen T et al.%). Building on this foundation evidence, the
aim of the current study was to confirm these data and to
evaluate the impact of PKal inhibition on diabetes-induced
retinal thickening. Moreover, to unravel the mechanism of
THR-149, a range of inter-related key pathologies with rele-
vance to DME was checked, such as (re)activation of reti-
nal inflammatory and Miiller cells, as well as its effect on
proinflammatory cytokines, on inwardly rectifying potas-
sium (Kir) channel subunit Kir4.1, and on the water chan-
nel aquaporin 4 (AQP4). These channels are known to be
involved in retinal edema, and expression has been reported
to be changed in the diabetic rat retina.*?

METHODS

All experimental animal procedures were approved by the
Institutional Animal Care and Research Advisory Committee
of the KU Leuven, according to the 2010/63/EU Directive.
All animal procedures were performed in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Streptozotocin-Induced Diabetic Rat Model

Brown-Norway rats (male, 7 weeks old (Charles River
Laboratories, Wilmington, MA, USA) were acclimatized for
3 weeks until their body weight reached 200 to 250 g.
All rats were fasted overnight, starting the evening before
streptozotocin (STZ) treatment. The rats were briefly anes-
thetized with isoflurane and were rendered diabetic with
one intraperitoneal (IP) injection of STZ (55 mg/kg). Control
non-diabetic rats received one IP injection of citric acid
monohydrate (CAM) buffer. Body weight and glucose levels
(determined by the use of a glucose meter and strips;
GlucoMen, A. Menarini Diagnostics, Firenze, Italy) were
measured before CAM or STZ injection. Development of
diabetes was defined by blood glucose levels higher than
250 mg/dL and was monitored weekly after the STZ injec-
tion. Animals with consistently elevated glucose levels
throughout the entire experimental phase of the study were
considered diabetic.

Sixty rats were included; of these, six rats were injected
with CAM and 54 rats were injected with STZ, and all
the STZ-injected animals were rendered diabetic within
the first week thereafter. Inmediately after diabetes onset,
treatment was initiated by randomizing the diabetic rats
into six treatment groups: (1) single IVT vehicle of THR-
149 (n = 10), (2) single IVT THR-149 (n = 10), (3)
repeated IVT vehicle of THR-149 (n = 10), (4) repeated

IOVS | October 2021 | Vol. 62 | No. 13 | Article 18 | 2

IVT THR-149 (n = 10), (5) vehicle of VEGF-Trap (n =
7), and (6) VEGF-Trap (# = 7), which is described as
a positive control for evaluating leakage in this model.?
After sacrifice, the eyes of the animals were further
subdivided for collection of retinal sections or retinal
whole-mounts.

Compound Administration

Isoflurane was used to induce general anesthesia, and the
eye was treated with a drop of tropicamide. Diabetic rats
were treated with one (single) or three (repeated) bilateral
IVT injections of 12.5 ng per eye of THR-149 or vehicle,
with an interval of 1 week between the injections. Of note,
the number of three IVT injections was selected to cover
the total study duration of 4 weeks. Intravitreal injections
(5 pL) were performed by using an analytic science syringe
(SGE Analytical Science, Melbourne, Australia) and beveled
glass micropipettes (80-um diameter; Clunbury Scientific,
Bloomfield Hills, MI, USA), controlled by the UMP3I Microsy-
ringe Injector and Micro4 Controller (World Precision Instru-
ments, Sarasota, FL, USA). VEGF-Trap (2 mg/kg, positive
control) or its vehicle was administered via repeated IP injec-
tions (3x/wk) to induce its maximum effect, as previously
described,?!? starting immediately after diabetes onset until
week 3.

Histological Evaluation

At 4 weeks after diabetes onset, microglia/macrophage
and Miller cell (re)activation and levels of inflamma-
tory cytokines, Kir4.1 and AQP4 channels, vascular reti-
nal leakage, and retinal thickness were quantified on
sections by means of histological evaluation. Both eyes
from non-diabetic (# = 10 eyes) and diabetic (n =
14 eyes/group) animals were included, unless stated
otherwise.

Collection of Eyes. Intravenous injection (via sublin-
gual vein) of 100 pg/g bovine serum albumin (BSA) conju-
gated with fluorescein isothiocyanate (FITC; A9771; Sigma-
Aldrich, St. Louis, MO, USA) dissolved in PBS (50 mg/mL)
was performed in isoflurane-anesthetized rats. Twenty
minutes after perfusion, rats were sacrificed by an overdose
of pentobarbital (50 mg/mL). Both eyes were enucleated and
placed in 1% (v/v) formaldehyde at 4°C overnight (protected
from light), after which the eyes were rinsed three times in
PBS, stored 2 days in 70% (v/v) ethanol, dehydrated, and
then embedded in paraffin wax. Retinal sections (9 pm) were
collected in series of five glass slides. The first slide was
stained with hematoxylin and eosin (H&E) for assessment
of the retinal morphology, whereas consecutive slides were
used for different immunostainings.

Immunohistochemistry. Immunohistochemical inv-
estigation of different markers was performed in all eyes
(n = 10-14 per group for ionized calcium binding adap-
tor molecule [Ibal] and vimentin) or in a subset of eyes
(n = 4-11 for IL-18, IL-6, Kir4.1, and AQP4). Sections
were incubated overnight with primary antibody for Ibal
(1/800; 019-19741; Sopachem, Ede, Netherlands), vimentin
(1/400; V5255; Sigma-Aldrich), IL-6 (1/250; ab9324; Abcam,
Cambridge, UK), IL-18 (1/1000; ab9722; Abcam), Kir 4.1
(1/200; APC-035; Alomone Labs, Jerusalem, Israel), or AQP4
(1/200; AQP-004; Alomone Labs). The following day, the
secondary antibodies were added for 45 minutes: Peroxi-
dase AffiniPure Goat Anti-Rabbit IgG (H+L) for Ibal and
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IL-18 (1/100; 111-035-144; The Jackson Laboratory, Bar
Harbor, ME); for vimentin and IL-6, Biotin-SP (long spacer)
AffiniPure Donkey Anti-Mouse IgG (H+L) (1/300; 715-065-
151; The Jackson Laboratory); or, for Kir4.1 and AQP4, Invit-
rogen Goat Anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568 (1/200; A-11036;
Thermo Fisher Scientific, Waltham, MA, USA). The antibody
complexes were visualized using an amplifier kit (1/50;
TSA Cyanine 3 Kit; PerkinElmer, Waltham, MA, USA), and
slides were mounted with ProLong Gold Antifade Mutant
with DAPI (4,6-diamidino-2-phenylindole; P36935; Thermo
Fisher Scientific).

Vascular Leakage and Retinal Thickness. FITC-
BSA-perfused slides of all eyes (n = 10-14 per group) were
dewaxed and mounted with ProLong Gold with DAPI to
measure fluorescent intensity for the assessment of retinal
vessel leakage. These slides were also used for measur-
ing the entire retinal thickness, from the internal limit-
ing membrane (ILM) to the photoreceptor layer (PRL), and
the thickness of the following individual retinal layers:
ganglion cell layer (GCL) complex, including the ILM, reti-
nal nerve fiber layer, and GCL; inner plexiform layer (IPL);
inner nuclear layer (INL); outer plexiform layer (OPL); outer
nuclear layer (ONL); and PRL (i.e., inner and outer segments
of the PR cells).

Quantitative Fluorescent Microscopic Analysis

Microscopic analysis was performed by a masked observer
on six cross-sections in total: three sections under and three
sections above the optic nerve. Cross-sections that included
the optic nerve head were excluded. Fluorescent images of
each of the six retinal sections in the central retina, includ-
ing all retinal layers, were collected (two images at each
section). All immunohistochemical analyses were performed
50 pm from the optic nerve head, and in total the measure-
ments obtained from 12 images were averaged and assessed
with a fluorescence microscope and ZEN software (Zeiss,
Oberkochen, Germany).

Areas in the retina positive for Ibal, IL-6, IL-18, vimentin,
and Kir4.1 were investigated by measuring the ratio of
the immunopositive area over the retinal area per image,
whereas the AQP4-positive area was measured over the ONL
area and expressed as a percentage. Ibal-positive cells were
counted in two standard areas (~500 pm of length) per
image, including all retinal layers, and were further classi-
fied based on their morphology, as previously described.?4-2¢
Ramified non-activated immune cells were defined as having
a small, round soma and various branched thin processes,
whereas amoeboid activated cells had enlarged soma with
shortening and widening of the processes.

Vascular leakage was assessed by measuring the retinal
fluorescent intensity (with exclusion of the retinal blood
vessels) by placing different rectangles on the entire retina
in between the blood vessels, as previously described.?” The
fluorescent intensity values of each rectangle were averaged
in order to obtain one value per image. The retinal fluo-
rescent intensity per image was further normalized to the
background fluorescent intensity on the slide for measur-
ing the leakage (by calculating the difference between retina
and background values). The retinal thickness was measured
at three different locations covering the entire retina or the
individual retinal layers (i.e., GCL, IPL, INL, OPL, ONL, and
PRL). The measurements were further averaged to obtain
one value per image.
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Retinal Whole-Mount Staining

At 4 weeks after diabetes onset, retinal whole-mounts were
collected from non-diabetic (n = 2 eyes) and diabetic
rats treated with vehicle or THR-149 (n = 3 eyes per
group). Rats were sacrificed, and the eyes were enucle-
ated and placed in 1% (v/v) formaldehyde at 4°C overnight
(protected from light), after which the eyes were rinsed
in PBS. Retinas were dissected and stored in PBS after a
post-fixation step for 1 hour at room temperature in 4%
formaldehyde. Flat-mounts were incubated overnight with
rabbit-anti-mouse Iba-1 (1/1000; 019-19741; FUJIFILM Wako
Chemicals Europe, Neuss, Germany) or mouse anti-rat CD68
(1/500; MCA341GA,; Bio-Rad AbD Serotec Ltd., Oxford, UK),
followed by incubation in the dark for 2 hours at room
temperature with Invitrogen Goat Anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
488 (1/200; A-11034; Thermo Fisher Scientific) or Invitro-
gen Goat Anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594 (1/500; A11032;
Thermo Fisher Scientific), respectively. Flat-mounts were
mounted with VECTASHIELD Vibrance Antifade Mount-
ing Media without DAPI (H-1700; Vector Laboratories,
Burlingame, CA, USA). Mosaic Z-stack images of the Ibal
staining, from the nerve fiber layer until the ONL (step size,
4 pm), of two quarters of each retina were taken with a multi-
photon microscope (FV1000; Olympus, Tokyo, Japan) with
a 20x objective. Next, various morphological parameters—
mean nearest neighbor distance (NND), the space between
cells; regularity index, the regularity of cell spacing; and
soma size and roundness—were analyzed as described in
Davis et al.*® Three images of CD68/Iba-1 co-staining were
taken in the center and periphery of one quarter of each
retina with a 63x objective and a confocal microscope (SP5;
Leica, Wetzlar, Germany).

Statistical Analysis

All graphing and statistical analysis was performed using
Prism 6 (GraphPad Software, San Diego, CA, USA) to deter-
mine statistical significance (*P < 0.05; **P < 0.01; **P <
0.001). Statistical analysis comparing the effects of all of
the groups was performed with a one-way ANOVA using
a Bonferroni post hoc test. Data from one experiment are
presented in the graphs as mean + SEM and were confirmed
in a second, identical, independent replicate experiment
(including similar treatment groups and number of animals),
for which the data are not shown.

REsuLTs
Weight and Blood Glucose Levels

Weight and blood glucose levels were determined before
and after STZ injection (week 0). Body weight increased
in all CAM-treated rats from week 1 until week 4 and was
significantly higher as compared with the rats that were
treated with STZ (P < 0.01). This difference in weight can
be explained by the diabetic phenotype. Indeed, analy-
sis of blood glucose measurements showed that the STZ-
treated rats showed significantly increased glucose levels
(>250 mg/dL) from week 1 onward as compared with CAM-
treated rats (P < 0.001). The diabetes-induced weight loss or
increased glucose levels were not significantly changed after
treatment with VEGF-Trap or THR-149 (P > 0.05 compared
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TaBie 1. Average Body Weight and Glucose Measurements in Non-Diabetic and Diabetic Rats (Mean + SEM)

Body Weight (g) Blood Glucose Level (mg/dL)
Weeks After STZ V] 1 2 3 4 0 1 2 3 4
Non-diabetic (7 = 6) 258 £ 6 269+ 7 278 +8 200+ 9 298+ 8 126 £3 103+ 10 117 £ 1 116 £ 1 120 +£ 3
Diabetic (n = 54)
Vehicle VEGF-Trap (n = 7) 258 + 4 239 £ 4 251 £ 4 246 +£5 244 +4 118 £ 2 459 + 10 482 £ 13 508 + 5 520 + 21
VEGF-Trap (n = 7) 263 +£7 243+ 4 250 £5 248 £ 4 241 +£3 120 £ 1 437 £25 519 £ 19 557 £ 15 539 + 17
Vehicle THR-149; single (nz = 10) 249 £ 5 2284+ 5 237 +£6 238+ 7 240 £9 118 £ 1 452 + 17 477 £ 12 500 + 14 510 £ 8
THR-149; single (n = 10) 258 £ 5 237 £5 243 £ 7 245+ 7 244+ 7 120 £ 2 445 +£ 15 462 £ 16 501 £ 17 491 + 13
Vehicle THR-149; repeated (n = 10) 254 + 4 238 £ 4 245 + 4 242+ 5 244+ 5 120 £ 1 472 £ 19 485 + 16 491 £ 19 499 + 18
THR-149; repeated (n = 10) 258 £ 4 236 £ 6 243 +£6 242+ 8 239 £ 7 117 £3 461 + 8 482 + 16 488 + 15 483 + 21

with vehicle-treated diabetic rats). Average body weight and as compared with control eyes (P < 0.05 and P < 0.01,
blood glucose values are presented in Table 1. respectively). This diabetes-induced increase in cell count
was significantly reduced to baseline levels after VEGF-

Trap, single or repeated administration of THR-149 (P <

Retinal Inflammation 0.05 as compared with vehicle-treated eyes) (Figs. 1B, 1C).
Analysis of the Ibal-stained retinal whole-mounts showed

Microglia/Macrophage Activation. Analysis of the a significantly decreased NND in the diabetic eyes as
Ibal staining on retinal sections following 4 weeks of compared with non-diabetic control eyes (P < 0.05). The

diabetes showed a significant increase in the Ibal-positive spacing between the immune cells became larger again
area when compared with non-diabetic controls (P < 0.01). after repeated administration of THR-149 versus vehicle (P
This increase was significantly reduced back to baseline by < 0.05) (Fig. 2). Ibal-stained retinal whole-mounts were

administration of VEGF-Trap (P < 0.01 vs. vehicle VEGF-  further stained for CD68 for morphological assessment of
Trap). A single injection of 12.5 pg/eye of THR-149 induced  the activated immune cells. CD68 is known to be expressed
a reduction in the positive area of 61% =+ 8% (P < 0.001 vs. in high levels by macrophages and activated microglia and
1x IVT vehicle). Repeated injections of THR-149 produced  in low levels by resting microglia.? Qualitative evaluation
a 51% % 11% decrease (P < 0.05 compared with 3x admin- did show more CD68"/Ibalt amoeboid microglia in the
istration of the vehicle) (Figs. 1A-1D). The total number  diabetic eyes treated with vehicle of THR-149 as compared

of Ibal-positive cells and the number of activated immune with non-diabetic control eyes. Administration of both single
cells were also significantly increased in the diabetic retina, and repeated THR-149 did result in more CDG8 /Ibal*
A. Microglia/macrophage B. Number of microglia/macrophages C. Number of activated microglia/
positive area macrophages
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Ficure 1. The activation of retinal microglia and macrophages was decreased after single and repeated THR-149 administration.
(A-C) Representative graphs and (D) images demonstrating a significant decrease in the Ibal-positive retinal area, total number of Ibal-
positive cells, and number of activated cells, after single and repeated administration of THR-149 at 4 weeks after diabetes onset versus
vehicle (z = 10 eyes for non-diabetic and # = 13 or 14 eyes for diabetic groups). Individual data points and mean + SEM are shown.
*P < 0.05; *P < 0.01; **P < 0.001. Scale bar: 50 pm. Db, diabetic; rep, repeated.
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M. Non-diabetic

Qi‘abetic,“vébicjesin'g'lie;‘ ]

Diabetic, THR;149 single

Ficure 2. The NND increased after single and repeated THR-149 administration. (A) The NND measured in Ibal-stained retinal whole-
mounts was significantly increased after THR-149 administration at 4 weeks after diabetes onset as compared with vehicle (z = 2 eyes
for non-diabetic and n = 3 eyes for all diabetic groups). Individual data points and mean + SEM are shown. *P < 0.05; *P < 0.01.
(B) Representative images of Ibal-stained retinal whole-mounts after THR-149 treatment. Scale bar: 50 pm.

ramified cells as compared with vehicle, indicating the
reduction of activated immune cells in the diabetic retina
after administration of the PKal inhibitor (Fig. 3).
Inflammatory Cytokines. To further unravel how
THR-149 could potentially exert its anti-inflammatory effect,
the levels of proinflammatory cytokines IL-6 and IL-18 in
the diabetic retina were investigated by means of histo-
logical evaluation on retinal sections. The levels of both
cytokines were increased after diabetes (vs. control animals),
and administration of single and repeated THR-149 signifi-
cantly decreased the diabetes-induced retinal levels of IL-6
by 78% + 9% and 55% + 13%, respectively (P < 0.05 vs.
vehicle). This effect was similar to the effect induced after
VEGF-Trap administration (P < 0.01 vs. vehicle) (Fig. 4).

Reactive Gliosis

Reactive gliosis (i.e., activation of macroglial cells) was inves-
tigated by measuring the area of retina covered by vimentin-
positive Miiller cells and astrocytes, which were significantly
increased in diabetic animals compared with non-diabetic
controls (P < 0.05). Treatment of diabetic rats with VEGF-
Trap led to a reduction back to baseline in gliosis (P < 0.05
vs. VEGF-Trap vehicle). Repeated administration of THR-149
also reduced the appearance of vimentin-positive cells in
diabetic rats back to levels comparable to those of non-
diabetic controls (P < 0.05 compared to 3x vehicle). In
contrast, there was no significant difference following a
single administration of 12.5 png/eye of THR-149 (P = 0.99
vs. single vehicle ) (Fig. 5).

Potassium- and Water Homeostasis—-Related
Channels

Inwardly Rectifying Potassium Channel Subunit
Kir4.1. The expression of the major potassium channel of
the Miller cells was studied by analyzing the Kir4.1-positive

retina area. At 4 weeks following the induction/onset of
diabetes, the retina showed a decrease in the Kir4.1-positive
area as compared with non-diabetic eyes (P < 0.001), which
was partially but significantly improved by VEGF-Trap by
46% =+ 16% (P < 0.05 vs. VEGF-Trap vehicle). A single THR-
149 administration had no significant effect on the Kir4.1-
positive area (P = 0.65 vs. vehicle), whereas repeated IVT of
THR-149 restored Kir4.1 protein levels in the diabetic retina
back to baseline (P < 0.01 vs. vehicle and P < 0.05 vs. single
THR-149) (Fig. 0).

AQP4-Positive Water Channels. The expression of
water channels of the Miiller cells was studied by analyzing
the AQP4-positive area. Diabetic eyes showed an increase
in the AQP4-positive ONL area as compared with the non-
diabetic eyes (P < 0.05), but none of the test compounds
significantly reduced the AQP4-positive area (P > 0.05 vs.
their vehicles) (Fig. 7) over the experimental time frame.

Vascular Leakage

Retinal vascular permeability was significantly increased
after STZ induction (P < 0.05 as compared with non-diabetic
rats) and was significantly reduced by 73% =+ 23% after
VEGF-Trap and 65% =+ 12% after repeated THR-149 admin-
istration (P < 0.05 vs. their vehicle). The vascular leakage
observed after a single administration of 12.5 pg/eye of THR-
149 was not significantly different from its vehicle (P = 0.94)
(Fig. 8), although both groups were associated with a higher
level of variability.

Retinal Thickness

Total Retinal Thickness. Total retinal thickness was
investigated at week 4 after diabetes onset on histologi-
cal sections. Diabetic rats showed a significant increase in
retinal thickness as compared with non-diabetic rats, with-
out any apparent loss of neuronal cells. A reduction of
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CD68 - Ibal

Magnification

Non-diabetic

Diabetic, vehicle
single

Diabetic, THR-149
single

Diabetic, vehicle
repeated

Diabetic, THR-149
repeated

FiGure 3. Representative CD68- and Ibal-stained retinal whole-
mounts of the different treatment groups at 4 weeks after diabetes
onset. Representative images of CD68-stained (red) and Ibal-stained
(green) retinal whole-mounts indicating more CDG681/Ibal™ amoe-
boid microglia in the diabetic eyes treated with vehicle of THR-
149 (indicated with the white arrowbead) as compared with non-
diabetic control eyes. Administration of THR-149 did result in more
CD68 /Ibal™ ramified cells as compared with vehicle eyes. The
images on the right are higher magnification. Scale bar: 50 pm.
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42 £ 4.9 pm in retinal thickness was observed after repeated
administration of VEGF-Trap (P < 0.001 vs. vehicle of VEGF-
Trap). A single administration of 12.5 pg/eye of THR-149
did not induce a significant decrease in retinal thickness (P
= 0.30 vs. vehicle), whereas repeated IVT injections of the
PKal-inhibitor reduced thickening of the total retina by 50 £+
12 pm versus vehicle (P < 0.05). The effect of repeated injec-
tions of THR-149 was also significantly different compared
with single administration of this PKal inhibitor (P < 0.05)
(Figs. 9, 10).

Retinal Layer Thickness. Analysis of individual reti-
nal layers revealed that diabetes did not affect the thick-
ness of the GCL and OPL, but changes were induced for
the IPL, INL, ONL, and PRL. These layers showed significant
increases of 15 £ 2.4 pym, 6.3 + 0.3 pm, 27 £+ 1.0 pm, and 9.3
=+ 1.3 pm, respectively, 4 weeks after diabetes onset (P < 0.05
vs. non-diabetic rats). A single IVT injection of THR-149 did
not significantly reduce the thickness of any of these layers
(P > 0.05 vs. vehicle), although a trend toward reduction of
the ONL was observed (P = 0.06). Repeated administration
of THR-149 and VEGF-Trap, on the other hand, significantly
reduced the thickness of the IPL, INL, ONL, and PRL to base-
line levels (P < 0.01, compared with vehicle-treated rats).
Compared to a single IVT administration of THR-149, multi-
ple IVT injections showed a significant difference in all of
the retinal layers from which thickness was increased after
diabetes (P < 0.05) (Table 2).

DISCUSSION

The current standard of care in clinical practice for DME is
anti-VEGF therapy, and for most patients there is a signifi-
cant improvement in visual acuity and reduced retinal thick-
ness. However, treatment response can be variable,>® and
other factors beyond VEGF may be involved in patient-
linked responses and in disease progression.*® There is also
conflicting evidence on the effect of VEGF inhibitors on
inflammatory processes in the edematous retina, as levels
of intraocular proinflammatory cytokines after treatment are
variable 332 Therefore, there is a clear need for alternative
therapies for DME, especially for the suboptimal responders
to anti-VEGF therapy.*

The goal of this study was to investigate the therapeutic
potential and mechanism of THR-149, a recently described
bicyclic peptide PKal inhibitor,?! on several hallmarks of DR,
especially those relating to edema. The in vivo efficacy of the
inhibitor was tested in the STZ-induced diabetic rat model,
one of the most common induced DR models that has been
routinely used in fundamental studies and therapeutic drug
experiments.’>3* The model is characterized by increased
vitreous/retinal levels of PKal and other components of the
KKS,!% ! and administration of PKal or BK agonists has been
shown to further increase diabetes-induced retinal thicken-
ing.!>!> The time point of 4 weeks after diabetes onset to
investigate retinal changes was selected based on the peak
of diabetes-induced vascular leakage, as well as on reports
of increased retinal thickness from 3.5 weeks after diabetes
induction.>>3 Retinal thinning and neurodegeneration lead-
ing to depletion of defined neurons across the retinal layers,
on the other hand, have been found to peak between 13
and 30 weeks after diabetes onset.’~3 Although the retinal
thickness increase in diabetic rats (on average, 10-20 pm
or 10%>°3%) is not as pronounced compared with diabetic
patients (on average 100 um or 40%%?), and rats do not have a
distinct macular region,*! retinal thickness measurements in
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Ficure 4. The retinal level of IL-6 decreased after single and repeated THR-149 administration. (A) Representative graphs demonstrating that
the retinal levels of IL-6 and IL-18 were increased after diabetes and that single and repeated injections of THR-149 significantly decreased
the diabetes-induced retinal levels of IL-6 at 4 weeks after diabetes onset as compared with vehicle (z = 4 or 5 eyes for non-diabetic and
n = 7-11 eyes for diabetic groups). Individual data points and mean £+ SEM are shown. *P < 0.05; **P < 0.01; **P < 0.001. (B) Representative
images of IL-6-stained retinal sections after THR-149 treatment. Scale bar: 50 pm.
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Ficure 5. The activation of macroglia was reduced after repeated THR-149 administration, but not after a single IVT injection of the PKal
inhibitor. (A) Representative graph and (B) images demonstrating a significant decrease in the vimentin positive retinal area after repeated
administration of THR-149 at 4 weeks after diabetes onset. A single IVT injection of the PKal inhibitor did not induce a significant reduction
in reactive gliosis compared with its vehicle (z = 10 eyes for non-diabetic and 7 = 13 or 14 eyes for diabetic groups). Individual data points

and mean + SEM are shown. *P < 0.05; **P < 0.01. Scale bar: 50 nm.
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Ficure 6. The diabetes-induced decrease in Kir4.1-positive potassium channels level was restored after repeated THR-149 administration.
(A) Representative graph and (B) images demonstrating a significant increase in the Kir4.1-positive retinal area after repeated administration
of THR-149 at 4 weeks after diabetes onset. A single IVT injection of the PKal inhibitor did not significantly change the Kir4.1-positive retinal
area compared with its vehicle (z = 7 eyes for non-diabetic and 7 = 4 eyes for all diabetic groups). Individual data points and mean + SEM

are shown. *P < 0.05; **P < 0.01; **P < 0.001. Scale bar: 50 pm.
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Figure 7. Repeated THR-149 administration did not reduce the increased levels of AQP4-positive water channels in the diabetic retina. (A)
Representative graph and (B) images demonstrating no change in the AQP4-positive ONL area after single and repeated administration of
THR-149 at 4 weeks after diabetes onset (7 = 5 eyes for non-diabetic and n = 7-14 eyes for diabetic groups). Individual data points and

mean + SEM are shown. *P < 0.05; **P < 0.01. Scale bar: 50 pm.

the diabetic rat are still relevant as a preclinical read-out with
relevance to the clinical situation. Indeed, optical coherence
tomography analysis of the central/foveal retinal thickness is
considered a clinical standard procedure to diagnose DME.
In addition, it is also considered to be of key importance to
determine the effectiveness of pharmacological treatment of
the disease.

In this study, repeated IVT injections of THR-149 signif-
icantly reduced diabetes-induced retinal thickening and
vascular leakage, confirming the earlier described anti-
leakage effects of THR-149 (Van Bergen T et al.%®). Specif-
ically, repeated injections reduced the thickness of the
IPL, INL, ONL, and PRL, which is in line with what has
been described in the literature using prekallikrein-deficient
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Ficure 8. Repeated IVT injections of THR-149 reduced retinal vascular leakage, whereas single administration did not. (A) Representative
graph and (B) images demonstrating significant reduction of retinal vascular leakage after repeated administration of THR-149 at 4 weeks
after diabetes onset (P < 0.05 vs. vehicle), whereas a single IVT injection of the PKal inhibitor did not induce any changes compared with
its vehicle (z = 10 eyes for non-diabetic and 7 = 13 or 14 eyes for diabetic groups). Individual data points and mean + SEM are shown.
*P < 0.05; **P < 0.001. Scale bar: 50 pm.
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Ficure 10. Repeated administration of THR-149 significantly reduced total retinal thickening, whereas single administration did not.
(A) Representative graph and (B) images demonstrating significant reduction of retinal thickening after repeated IVT administration of
THR-149 at 4 weeks after diabetes onset. Single IVT administration of the PKal inhibitor did not significantly reduce retinal thickness (P =
0.30 vs. vehicle) and was significantly different as compared with repeated THR-149 (nz = 10 eyes for non-diabetic and n = 13 or 14 eyes
for diabetic groups). Individual data points and mean £+ SEM are shown; *P < 0.05; ***P < 0.001. Scale bar: 50 pm.
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TaBLe 2. Average Thickness (um) of the Individual Retinal Layers (Mean + SEM)

Treatment Group

Diabetic, Diabetic, Diabetic, Vehicle Diabetic,

Vehicle Diabetic, Diabetic, Vehicle THR-149 THR-149 THR-149
Layer Non-Diabetic VEGF-Trap VEGF-Trap THR-149 (Single) (Single) (Repeated) (Repeated)
GCL 13 + 1.1 14 + 0.7 12 + 0.9 16 + 1.0 15 + 0.7 14 + 1.4 12 + 0.6
IPL 38 + 2.5 49 + 2.0 37 + 2.6 51 + 4.9 49 + 3.0 57 + 5.1 32 + 2558
INL 21 + 2.2 27 £ 1.3 20 + 1.9% 28 + 2.0 25 + 1.8 28 + 2.0 19 + 1.9%%
OPL 85 + 0.5 10 £+ 0.5 82 + 0.7 8.8 + 0.7 84 + 0.6 12 £ 15 72 + 0.7
ONL 40 + 1.8 66 + 1.7 44 + 1.68 69 + 3.6° 59 + 3.1 66 + 4.3 40 + 1.1%8
PRL 30 + 2.3 38 + 1.8 25 4+ 2208 38 + 2.3 38 + 3.4 42 + 32" 24 4+ 1.9%8

" P < 0.05 versus non-diabetic.

TP < 0.05 versus vehicle of VEGF-Trap.

P < 0.01 versus vehicle THR-149 (repeated).
§ P < 0.05 versus single THR-149.

(KLKB1/7) mice and after the use of a PKal inhibitor in a
VEGF-induced model of retinal vascular leakage.!” Although
differently administrated, the effect of repeated IVT injec-
tions of THR-149 could induce effects similar to those of
systemic administration of VEGF-Trap (3x/wk to induce its
maximum effect?'?>). On the other hand, single adminis-
tration of THR-149 was not able to significantly decrease
vascular leakage, nor thickness of the total retina or specific
retinal layers, as compared with its vehicle. It is unlikely
that the lack of significant efficacy of a single IVT injec-
tion can be explained by insufficient target engagement due
to the fast clearance after local ocular administration in the
small rat eye,*>% because a single injection of THR-149 in
week 1 produced a significant reduction in the inflamma-
tion response at 4 weeks after diabetes onset. These findings
highlight the need for repeated IVT injections of THR-149 in
order to affect diabetes-induced retinal thickening.

How inhibition of PKal leads to this reduced retinal leak-
age and thickening has not been studied in detail. There-
fore, first the anti-inflammatory effect of THR-149 was inves-
tigated, showing that both single and repeated IVT injec-
tions of THR-149 significantly decreased the retinal inflam-
matory area, as well as the number of total and activated
microglia and/or blood-borne macrophages. Activation of
innate immune cells is a key aspect of the inflammatory
response in the diabetic retina** and has been reported to
be linked to macular edema in patients.”>% It is one of
the first processes that is induced after STZ injection (i.e.,
week 1-2 post-diabetes), preceding increased vessel leak-
age and retinal thickening (i.e., week 4 post-diabetes), which
can explain the anti-inflammatory effect of a single IVT
injection in week 1. In addition to activation of the innate
immune cells, an increase in proinflammatory cytokines has
also been described in the eyes of DME patients®’~% and is
known to be an important early pro-inflammatory response
in diabetes.’®~>? Moreover, the release of cytokines (e.g., IL-
6, IL-1P) is described to be involved in the induction of
B1R via activation of the nuclear factor kappa B (NF-«B)
pathway.>>~5° The use of B1R antagonists did show reduced
IL-18 levels in preclinical (diabetic) animal models,?*:>” and
IL-6 has been described to be upregulated after bradykinin
administration in an in vitro assay,’® all indicating a poten-
tial link between these cytokines and the kallikrein—kinin
pathway. Administration of THR-149 decreased the diabetes-
induced retinal levels of IL-6, which can potentially explain
the reduced activation state of the myeloid cells observed
after administration of the PKal inhibitor. Although reti-

nal anti-inflammatory effects have already been described
in the literature for B2R* or B1R*® antagonists, this is the
first study, to our knowledge, that demonstrates retinal anti-
inflammatory effects for a pure PKal inhibitor.

Next, diabetes-induced retinal thickening has also been
reported to be linked to Miiller cell swelling, leading to
decreased clearance/drainage of fluid.®° Miiller cells are
indeed involved in retinal water homeostasis, which is
mainly regulated by the inwardly rectifying potassium Kir4.1
channel and AQP4 water channel, both expressed on Miiller
cells® Upon retinal stress, such as in diabetic condi-
tions, Miiller cells become reactivated, as demonstrated by
the increase of intermediate filament proteins (e.g., glial
fibrillary acidic protein, vimentin®¥°?). Continuous reacti-
vation or reactive gliosis induces functional and structural
changes, such as decreased and increased expression of
Kir4.1- and AQP4-positive channels, respectively, and
subcellular mislocalization, leading to uncoupling of AQP4
from Kir4.1.22% These changes lead to reduced potassium
efflux and increased water retention, inducing swelling of
the Miiller cells and retinal thickening. Another potential role
for AQP4 is its function in the “glymphatic” system, which
might be involved in protein and fluid drainage from the
retina.®"-%* Although the link between PKal and the reacti-
vation of Miiller cells or disruption of Kir4.1 and AQP4 in
the retina has not been investigated, inhibition of Kir4.1 by
bradykinin has been described in the kidney.”> Our study
is the first, to our knowledge, demonstrating that inhibi-
tion of PKal can reduce the process of reactive gliosis by
restoring the decreased expression of Kir4.1-positive potas-
sium channels in the diabetic retina, potentially leading to
reduced vascular leakage and retinal thickening. Although
the mislocalization of the potassium channels at the Miller
glial endfeet around the vessels was not specifically investi-
gated here, this overall Kir4.1 reduction may be an important
finding regarding the mechanism how THR-149 can prevent
diabetes-induced retinal changes.

Based on the results of the current study, PKal seems to
be an important mediator in diabetes-induced BRB dysfunc-
tion and thickening of retinal layers. As such, exploration of
the potential of THR-149 in a clinical setting seems to be a
logical next step. A phase 1 open-label, multicenter trial eval-
uated the safety of a single IVT injection of THR-149 at three
ascending dose levels in 12 subjects with visual impairment
due to center-involved DME. Data from this trial showed
that THR-149 was well tolerated and safe. No dose-limiting
toxicities nor drug-related serious adverse events were
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reported at any of the dosages evaluated in the study.
Central subfield thickness changes were within the vari-
ability of measurement, in line with the results reported
in this study following the administration of a single injec-
tion. A rapid onset of action in best-corrected visual acuity
(BCVA) was observed from day 1, with an increasing aver-
age improvement of up to 7.5 letters on day 14. This activity
was maintained with an average improvement in BCVA of
6.5 letters on day 90 following a single injection of THR-
149 (Dugel et al.®). Interestingly, increased expression of
vitreous inflammatory cytokines might correlate with worse
BCVA in diabetic patients,’® and a rapid improvement on
BCVA can potentially be linked to decreased retinal inflam-
mation.” As such, this may potentially explain the BCVA
improvement after a single injection of THR-149 in the phase
1 study, as an anti-inflammatory effect in the current diabetic
rat STZ study was also observed after a single IVT injection
at 4 weeks post-diabetes onset.

Taken together, these results further demonstrate the
role of PKal in DME, suggesting that this pathway is
linked to many processes relating to leakage and fluid
homeostasis in the retina, and support the development
of THR-149 as a treatment option for this ocular disease.
Although a single injection of THR-149 induced an anti-
inflammatory effect, here we showed, that repeated admin-
istration of the PKal inhibitor reduces activation of retinal
microglia/macrophages, retinal levels of IL-6, vascular leak-
age, and retinal thickening via decreasing Miiller cell activa-
tion and by restoring the reduced Kir4.1-positive channels
in the diabetic retina. As such, our findings potentially indi-
cate that repeated IVT injections are needed to induce its
complete therapeutic effect.
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