Investigative Ophthalmology & Visual Science

Stress Signal Regulation by Na/K-ATPase As a New
Approach to Promote Physiological Revascularization in
a Mouse Model of Ischemic Retinopathy

Jiayan Wang,'? Xiaoliang Wang,"? Yingnyu Gao,' Zhucheng Lin,' Jing Chen,’
James Gigantelli,” Joseph 1. Shapiro,” Zijian Xie,"" and Sandrine V. Pierre!

Marshall Institute for Interdisciplinary Research, Marshall University, Huntington, West Virginia, United States
2Departments of Medicine, Ophthalmology, Pharmacology, and Surgery, Joan C. Edwards School of Medicine, Marshall
University, Huntington, West Virginia, United States

3Department of Ophthalmology, Boston Children’s Hospital, Harvard Medical School, Boston, Massachusetts, United States

Correspondence: Sandrine V. Pierre,
Arthur Weisberg Family Applied
Engineering Complex, Marshall
University, 1676 3rd Avenue,
Huntington, WV 25703, USA;
pierres@marshall.edu.

* Deceased January 17, 2020.

Received: June 30, 2020
Accepted: October 30, 2020
Published: December 4, 2020

Citation: Wang J, Wang X, Gao Y,

et al. Stress signal regulation by
Na/K-ATPase as a new approach to
promote physiological
revascularization in a mouse model
of ischemic retinopathy. Invest
Ophthalmol Vis Sci. 2020;61(14):9.
https://doi.org/10.1167/i0vs.61.14.9

Purrose. The identification of target pathways to block excessive angiogenesis while
simultaneously restoring physiological vasculature is an unmet goal in the therapeu-
tic management of ischemic retinopathies. pNaKtide, a cell-permeable peptide that we
have designed by mapping the site of @1 Na/K-ATPase (NKA)/Src binding, blocks the
formation of o1 NKA/Src/reactive oxygen species (ROS) amplification loops and restores
physiological ROS signaling in a number of oxidative disease models. The aim of this
study was to evaluate the importance of the NKA/Src/ROS amplification loop and the
effect of pNaKtide in experimental ischemic retinopathy.

Mernops. Human retinal microvascular endothelial cells (HRMECs) and retinal pigment
epithelium (ARPE-19) cells were used to evaluate the effect of pNaKtide on viability,
proliferation, and angiogenesis. Retinal toxicity and distribution were assessed in those
cells and in the mouse. Subsequently, the role and molecular mechanism of NKA/Src in
ROS stress signaling were evaluated biochemically in the retinas of mice exposed to the
well-established protocol of oxygen-induced retinopathy (OIR). Finally, pNaKtide efficacy
was assessed in this model.

Resurrs. The results suggest a key role of @1 NKA in the regulation of ROS stress and
the Nrf2 pathway in mouse OIR retinas. Inhibition of «1 NKA/Src by pNaKtide reduced
pathologic ROS signaling and restored normal expression of hypoxia-inducible factor
1-a/vascular endothelial growth factor (VEGF). Unlike anti-VEGF agents, pNaKtide did
promote retinal revascularization while inhibiting neovascularization and inflammation.

Concrusions. Targeting o1 NKA represents a novel strategy to develop therapeutics that
not only inhibit neovascularization but also promote physiological revascularization in
ischemic eye diseases.

Keywords: Na/K-ATPase signaling, pNaKtide, ischemic retinopathy, reactive oxygen
species, angiogenesis, HIF-1a, VEGF

schemic retinopathies, including retinopathy of prematu-
Irity (ROP), diabetic retinopathy, retinal vein occlusion,
and sickle cell retinopathy, are prevalent causes of visual
disability.""* Pathologic neovascularization (NV) triggered
by retinal ischemia grows into the vitreous cavity, fails to
restore the ischemic tissue with adequate vasculature and
metabolic supply, and eventually results in vitreous hemor-
rhage and tractional retinal detachment.>* Neutralization of
angiogenetic factors, such as vascular endothelial growth
factor (VEGF), has shown therapeutic success.!”> However,
anti-VEGF therapy has limitations related to suppression
of physiological revascularization.
tion of alternative pathways that could block excessive
angiogenesis and restore physiological vasculature simul-
taneously may improve current therapies for ischemic

retinopathies.
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Based on the molecular mechanisms of ischemic
retinopathy, recent studies have uncovered key patho-
logic factors such as hypoxia/ischemia, inflammation, and
metabolic switch that influence ocular angiogenesis. The
importance of molecular signaling pathways such as VEGF,
Nrf2, Wnt, Hedgehog, and retinoic acid-related orphan
receptor ¢ (RORa) has also been established in the regu-
lation of both physiological revascularization and patho-
logic neovascularization in ischemic retinopathy.”"** Above
all, these studies have either directly or indirectly indicated
an important role of reactive oxygen species (ROS).?’ For
example, ROS stress contributes to delayed physiological
retinal vascular development and vascular attenuation in the
first phase of ROP. In the second phase of ROP, intravit-
real neovascularization is affected by increased generation
of ROS. ROS stress also triggers a metabolic switch and the

Therefore, identifica-

@0l

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. BY _NC_ND


mailto:pierres@marshall.edu
https://doi.org/10.1167/iovs.61.14.9
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

A New Approach to Ischemia and Revascularization

activation of inflammatory pathways. Mechanistically, ROS
stabilize hypoxia-inducible factor (HIF)-1o and increase the
transcription of angiogenic factors such as VEGE.!8:21,22
However, there is a knowledge gap in the current under-
standing of how pathologic ROS signaling is turned on/off
in the retina. Moreover, although much has been learned
about how to inhibit pathologic neovascularization, little is
known about how to promote physiological revasculariza-
tion in ischemic retinopathies.

Na/K-ATPase (NKA) was discovered by J.C. Skou in
1957.2 To the best of our knowledge, our group was the
first to recognize the enzymatic activity-independent signal-
ing function of Na/K-ATPase and to report that «1 Na/K-
ATPase and Src kinase form a functional receptor.?* We have
further documented that the binding of cardiotonic steroids
to this receptor complex activates Src, resulting in the trans-
activation of epidermal growth factor receptor (EGFR) and
a number of protein kinase and lipid kinase cascades.?
It also increases cellular generation of ROS through the
activation of both plasma membrane nicotinamide adenine
dinucleotide phosphate oxidase and the mitochondrial path-
way,2°-2% both of which are involved in ROS generation in
response to hypoxia/ischemia in the retina.!*2?° We have
further demonstrated that the NKA/Src complex itself can
serve as a receptor mechanism for ROS to activate Src and
further increase ROS generation, which is at least in part
due to H,O,-induced carbonylation of two specific residues
in the A domain of NKA.3°-32 Hence, a1 NKA, Src, and ROS
form a positive feed-forward loop, taking part in patho-
logic ROS signaling regardless of which pathway the signal
emanates from.

By mapping the site of «1 NKA/Src interaction, we have
discovered the NaKtide sequence as a specific Src bind-
ing site. We have subsequently invented the cell-permeable
pNaKtide by transactivator of transcription (Tat)-tagging
NaKtide and demonstrated that pNaKtide is a potent and
effective inhibitor of the ol NKA/Src.2432:33 Pharmaco-
logically, pNaKtide does not affect the enzymatic activ-
ity and cellular ion-pumping capacity of NKA or physio-
logical ROS signaling, but it does block the formation of
the a1l NKA/Src/ROS amplification loop.>-37 Consistently,
pNaKtide effectively abolishes ROS stress and consequently
inhibits inflammation and tissue fibrosis.>*-3¢ We found that
pNaKtide inhibits human endothelial cell proliferation in
vitro and also inhibits angiogenesis in a xenograft tumor
model.»

In view of the well-established role of ROS in the devel-
opment of ischemic retinopathies and the anti-neovascular
effects of pNaKtide in the tumor model, we hypothe-
sized that the ol NKA/Src complex plays an important
role in retinal oxidative stress signaling and is involved
in the pathogenesis of ischemic retinopathy. As a corol-
lary, we surmised that blocking the «1 NKA/Src/ROS ampli-
fication loop with pNaKtide would attenuate ischemic
damage to the retina as evidenced by normalization of
both avascular area and neovascularization. Our find-
ings reveal an important role of ol NKA in the regu-
lation of ROS stress and Nrf2 pathway in the retina.
Inhibition of ¢l NKA/Src by pNaKtide blocks pathologic
ROS signaling, restores normal expression of HIF-1a/VEGF
in oxygen-induced retinopathy (OIR) in the mouse, an
animal model of ischemic retinopathy. Unlike anti-VEGF
agents, not only does pNaKtide promote retinal revas-
cularization, but it also inhibits neovascularization and
inflammation.
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METHODS
Cell Culture and Incubation Protocol

Human retinal microvascular endothelial cells (HRMECs)
and human retinal pigment epithelium (ARPE-19) cells
were purchased from Cell Systems (CSC 2Ml1; Kirk-
land, WA, USA) and American Type Culture Collec-
tion (CRL-2302; Manassas, VA, USA), respectively. EGM-
2 Medium and HyClone Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM-F12) were purchased
from Lonza (CC-3162; Basel, Switzerland) and Cytiva
(SH30023.01; Marlborough, MA, USA), respectively. HRMECs
were cultured in EGM-2 Medium supplemented with
growth factors (CC-4176, Lonza), 5% fetal bovine serum,
100 units/mL penicillin, and 100 pg/mL streptomycin. ARPE-
19 cells were cultured in DMEM-F12 media supplemented
with 10% fetal bovine serum, 100 units/mL penicillin,
and 100 pg/mL streptomycin. Cells were kept at 37°C in
humidified air with 5% CO,. HRMECs and ARPE-19 cells
were treated with or without pNaKtide or a scrambled
peptide with a Tat leader sequence (Tat-scrambled peptide,
sequences listed in Supplementary Table S1), at a concentra-
tion of 0.5, 1, or 5 uM for 24 hours. A Trypan blue exclusion
assay was performed to evaluate cell viability.

BrdU Assay

Bromodeoxyuridine (BrdU) is a thymidine nucleotide analog
that is incorporated (instead of thymidine) during S-phase
only in the DNA of proliferating cells. HRMECs were plated
in 12- well, collagen-coated chamber slides at a density of
10,000 cells/well. After overnight incubation at 37°C, the
medium was changed to EGM-R Medium. The cells were
treated with the indicated concentrations of the peptides
in EGM-R for 24 hours at 37°C. Cells that were not treated
with either one of the peptides served as control/reference.
After treatment for 24 hours, the BrdU assay was performed
with a BrdU labeling and detection kit (11299964001;
Roche Biochemicals, Indianapolis, IN, USA), according to
the manufacturer’s recommendations. The number of BrdU-
positive cells was determined in three independent fields
per sample by a blinded investigator. The total number
of cells was assessed using 4',6-diamidino-2-phenylindole
(DAPI) counterstaining as we have previously described.’®
Of note, the BrdU kit is based on an immunohistochemical
reaction that involves denaturation of DNA with nucleases to
increase the sensitivity of BrdU immunological detection. As
a result, DAPI counterstaining is generally weaker in BrdU-
positive cells, as shown in Figure 1. The fraction of BrdU-
positive cells in the control untreated cells was normalized to
1. The relative number of BrdU-positive cells in the peptide-
treated HRMECs was calculated as a fraction of the BrdU-
incorporated HRMECs. Each sample was tested in triplicate,
and the BrdU assay was performed three independent times

per group.

Matrigel Studies

BD Matrigel Matrix Growth Factor Reduced (GFR) (BD
Biosciences, San Jose, CA, USA) was used to promote
the differentiation of HRMECs into capillary tube-like
structures. A total of 100 pL of thawed BD Matrigel
Matrix GFR was added to 96-well tissue culture plates,
followed by incubation at 37°C for 60 minutes to allow
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Ficure 1. pNaKtide inhibits HRMEC proliferation. HRMECs were incubated with 0.5, 1, or 5 pM of pNaKtide or Tat-scrambled peptide
for 24 hours, and control groups were left untreated. A BrdU assay was then used to assess cell proliferation. (A) Representative images
of proliferating cells treated with different concentrations of pNaKtide, with DAPI-labeled nuclei (blue). (B) Quantitative assessments of
BrdU-positive cells. The fraction of BrdU-positive cells in the control untreated cells was normalized to 1. (C) Representative images of
proliferating cells treated with different concentrations of Tat-scrambled peptide. (D) Quantitative assessments of BrdU-positive cells. The
fraction of BrdU-positive cells in the control, untreated cells was normalized to 1. Each sample was tested in triplicate, and the BrdU assay
was performed three independent times per group. Scale bar: 50 um. Data are presented as mean & SEM; n = 3; “P < 0.01 versus control.

polymerization. Prior to the Matrigel assays, HRMECs were
cultured in EGM-2 Medium to 70% confluence in 100-mm
tissue culture dishes. On the day of the assay, HRMECs
were harvested and resuspended in EGM-R Medium. Subse-
quently, HRMECs (2.0 x 10° cells/mL) were seeded on the
polymerized BD Matrigel Matrix GFR in EGM-R Medium,
supplemented with the indicated concentrations of pNaK-
tide, and incubated for 24 hours at 37°C. Tubes were
observed using a ZEISS Axio Observer microscope (Carl
Zeiss Microscopy, White Plains, NY, USA) at 5x magnifi-
cation. At least three independent fields per sample were
captured. Tube networks were measured by a blinded
investigator to determine the total tube length and total
tube numbers per field using ImageJ (National Institutes of

Health, Bethesda, MD, USA) with the Angiogenesis Analyzer
plugin, as described previously.?*-%* The data were normal-
ized to controls. Each sample was tested in triplicate, and
the entire experiment was performed three separate times.

Animal Care

All animal studies were approved by and performed in accor-
dance with the Marshall University Institutional Animal Care
and Use Committee and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Pregnant
C57BL/6J mice and 12-week-old male C57BL/GJ mice were
obtained from The Jackson Laboratory (000664; Bar Harbor,
ME, USA). Mice were maintained at 24°C & 0.5°C under a
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12-hour light/dark cycle. Forty-eight neonates (offspring
of the pregnant mice) were exposed to the OIR protocol
detailed in the Methods section (also see Fig. 3A). Another
36 neonates were used at the age of 12 days to study pNaK-
tide safety and distribution after intravitreal injection, as
detailed below. Twenty-four adult male mice (12 weeks old)
were used to study the retinal distribution of rhodamine-
labeled pNaKtide and the safety of intravitreal injection of
increasing concentrations of pNaKtide, as detailed below.

Intravitreal Injections

Neonates or adult male C57Bl6/] mice were anesthetized
by intraperitoneal injection of ketamine/xylazine. Intravit-
real injections were performed using a 36-gauge needle and
a NanoFil microsyringe (World Precision Instruments, Inc.,
Sarasota, FL, USA), as described previously.?! The needle was
inserted from the limbus with a 45° angle into the vitreous
chamber, avoiding touching the lens. The position of the
needle was monitored throughout the procedure under a
dissecting microscope. After injection, mice were placed on
a heating pad and monitored until fully recovered from anes-
thesia prior to being returned to regular housing conditions.

Toxicity Studies. A range of pNaKtide doses was
defined based on efficacy and toxicity data obtained in vitro
using the HRMEC model. One microliter of sterile PBS alone
(left eye) or with pNaKtide (0.25, 1, or 2.5 pg, right eye) was
injected in C57Bl/6] neonates at postnatal day 12 (P12; three
mice per dose). This toxicity study was repeated in C57Bl/6]J
neonates with exposure to hyperoxia at P12 (three mice per
dose). To test the toxicity of pNaKtide in adult mice, 1 pL
of sterile PBS alone (left eye) or with pNaKtide (0.25, 1, 2.5,
5 or 10 pg, right eye) was injected in 12-week-old males
(three mice per dose).

Efficacy in the Oxygen-Induced Retinopathy
Model. One microliter of sterile PBS alone (left eye) or
pNaKtide (2.5 or 25 ng, right eye) were injected in neonates
at P12 exposed to an oxygen-induced protocol (see Fig. 3A).

Retinal Distribution of Rhodamine-Labeled
pNaKtide

C57BL/6] mice (12-week-old males) were injected intrav-
itreally with 1 pL of vehicle (sterile PBS, right eye) or
125 ng of rhodamine-labeled pNaKtide dissolved in ster-
ile PBS (left eye). Three, 24, and 48 hours after injec-
tion, nine mice were euthanized by intraperitoneal injection
of pentobarbital, and their eyes were enucleated. Retinas
were dissected, rinsed with cold 1x PBS and flattened as
described previously.>> A similar study was done in C57BL/6J
neonatal mice with exposure to hyperoxia at P12 (three
mice per group). Images were obtained with a ZEISS Axio
Observer microscope.

Histological Analysis

At P12, neonates received intravitreal injections of 1 pL of
sterile PBS alone (vehicle, left eye) or with pNaKtide (0.25,
1, 2.5, or 5 pg, right eye; three mice per group). At P12,
OIR neonates with exposure to hyperoxia received intrav-
itreal injections of 1 pL of pNaKtide (0.25, 1, 2.5, or 5 ng,
right eye; three mice per group) or sterile PBS (vehicle, left
eye). Twelve-week-old male C57BL/6J mice received intrav-
itreal injections of 1 pL of sterile PBS alone (vehicle, left
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eye) or with pNaKtide (0.25, 1, 2.5, or 10 pg, right eye; three
mice per group). All mice were euthanized 7 days after injec-
tion, and their eyes were enucleated. The enucleated eyes
used for histological analyses were fixed in Davidson’s fixa-
tive and subsequently embedded in paraffin. Serial sections,
4 pm thick, were prepared from paraffin blocks. Sections
were deparaffinized and hydrated using sequential immer-
sion in xylene and graded alcohol solution. The sections
were then mounted on glass slides and stained with hema-
toxylin and eosin (H&E). The thickness of the outer nuclear
layer (ONL) and inner nuclear layer (INL) were measured
in all sections by a blinded investigator using Aperio
ImageScope software.

Mouse Model of Oxygen-Induced Retinopathy

Oxygen-induced retinopathy was induced in the neonatal
mouse model as described previously.*>*> At P7, neonates
and nursing mothers were placed in an oxygen chamber
attached to an oxygen controller (Pro-Ox 110; BioSpherix,
Parish, NY, USA) and exposed to 75% =+ 2% oxygen levels.
After 5 days, at P12, neonates received intravitreal injec-
tions of 1 pL of pNaKtide in sterile PBS (2.5 or 25 ng) or
vehicle (sterile PBS) in the right and left eyes, respectively
(n = 8-13 per group), and were transferred to room air
for 5 days. Neonates and nursing mothers were monitored
closely (twice a day), and surrogate dams were substituted
in the rare cases of death of the nursing dams. To control
for possible inter-litter variability, neonates from each litter
were randomized as follows: room air (raised by a surro-
gate mother post day 7), OIR neonates receiving PBS as
a vehicle, or OIR+ pNaKtide treatment groups. For each
group, the data were analyzed using neonates from at least
three different litters. Pups were euthanized on P17. Mice
with body weight lower than 6 g (P17) were excluded from
analysis.

Retinal Vasculature Staining and Imaging

Eyes for flat mounting were enucleated and fixed in 4%
paraformaldehyde for 1 hour. Retinas were isolated after
fixing and stained with 500 pL lectin solution (10 pg/pL
in 1-mM CacCl, in PBS; Invitrogen Alexa Fluor 594, 121413;
Thermo Fisher Scientific, Waltham, MA, USA) overnight. The
retinal cups were cut into quadrants and flat mounted.
Immunostained flat mounted retinas were imaged using a
ZEISS Axio Observer microscope. Individual images of reti-
nal quadrants were taken at 5x magnification and merged
using Photoshop (Adobe, San Jose, CA, USA). The resulting
composite image of the whole retinal flat mount was used
for subsequent image analysis.!?

Quantitative Analysis of Retinal Vascular Status

The quantification of total area, central avascular region, and
total vascular content was performed using differences in
grayscale intensity. We determined that there were ranges
of intensity that distinguished among the background avas-
cular tissue, normal nonvascular tissue, and vascular tissue.
We could not distinguish between neovascularization and
normal vessels on the basis of grayscale image, so instead
we used the differences in the amount of vascular tissue
compared with the room air (RA) controls to indicate the
quantity of neovascularization.
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For these analyses, we used a routine in R (R Founda-
tion for Statistical Computing, Vienna, Austria)** employing
the EBImage package®~% (R code detailed is detailed in
Supplementary Appendix S1), which was automated. High-
resolution images of the entire retina (2048 x 2048 pixels)
were read into the software, and the image was blurred
by decreasing resolution to 512 x 512 pixels. Next, thresh-
olds for background and vascular tissue were applied. Masks
were then created that determined the denominator (e.g.,
total tissue) as well as the vascular tissue. This strategy was
repeated on a central portion of the retina sized at 300 x
300 pixels, chosen to measure the central avascular compo-
nent using appropriate thresholds. Image deconstruction
for this process is illustrated in Supplementary Figure S6.
Following the automated analysis of all images, the decon-
structed masks were compared to the original images by an
unbiased observer blinded to the experimental group from
which the image was obtained. In some cases where the
automated routine applied inaccurate masks, the thresholds
were determined on the actual image, and the routine was
reapplied. When such thresholds were altered, the analyses
were performed with the analysis blinded to the experimen-
tal group.

Assessment of Protein Carbonylation and Western
Blot Analyses in Retinal Protein Lysates

The retinal tissue was homogenized in 250 pL of ice-
cold radioimmunoprecipitation assay buffer containing 1%
Nonidet P-40, 0.25% sodium deoxycholate, 150-mM NacCl,
1-mM EDTA, 1-mM phenylmethylsulfonyl fluoride, 1-mM
sodium orthovanadate, 1-mM NaF, 10 pg/mL aprotinin,
10 pg/mL leupeptin, and 50-mM Tris-HCl (pH 7.4). Tissue
lysates were centrifuged at 16,000g for 15 minutes, and the
supernatants were used for protein carbonylation and west-
ern blot analyses. Specifically, protein carbonylation was
measured by ELISA (BioCell Protein Carbonyl Assay Kit;
BioCell Corp., Auckland, New Zealand) according to the
manufacturer’s protocol. Determination of @1 NKA, HIF-1o,
and VEGF by western blot was done following sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transfer onto nitrocellulose using 40 pg of retinal lysate,
as modified from our previously reported protocol,® and
the following antibodies: anti-NASE (Texas Tech Univer-
sity, Lubbock, TX, USA), anti-HIF-1a (sc-13515; Santa Cruz
Biotechnology, Dallas, TX, USA), and anti-VEGFA antibody
(ab46154, Abcam, Cambridge, UK). Alpha-tubulin was used
to ensure uniform sample loading in all western blots.

Quantitative RT-PCR

Retinas were collected and flash frozen in liquid nitro-
gen, then stored at —-80°C for 1 month or less until RNA
isolation. Total retinal RNA was isolated using the RNeasy
Mini Kit (Qiagen, Hilden, Germany),>® and RNA concentra-
tion was assessed using a NanoDrop 2000 (Thermo Fisher
Scientific). For all samples, the A260/280 and A260/230
ratios were between 1.8 and 2.1. Single-stranded cDNA
was synthesized using SuperScript III First-Strand Synthe-
sis SuperMix (11752-050; Thermo Fisher Scientific). Briefly,
1 pg of total RNA was used to synthesize 20 pL of
cDNA using SuperScript III Reverse Transcriptase. Reac-
tions were incubated at 25°C for 10 minutes, 50°C for 30
minutes, and 85°C for 5 minutes using a Bio-Rad ther-
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mocycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA),
then placed on ice. The reaction mixture was treated with
1 pL RNaseH and incubated at 37°C for 20 minutes, and the
cDNA was then stored at —20°C before use in quantitative
PCR. All primers were synthesized by Integrated DNA Tech-
nologies (Coralville, IA, USA) (Supplementary Table S2), and
primer efficiency was calculated based on the slope of a
concentration curve. Real-time PCR was performed on a
Roche LightCycler II using LightCycler 480 SYBR Green I
Master Mix (04707516001), with 1 pL ¢cDNA per well in a
384-well plate, and each sample was run in triplicate. After
completion of the thermocycler protocol, a melt curve was
generated to determine PCR product specificity; the melt-
ing temperatures (7;,) of the PCR products for each primer
set are listed in Supplemental Table S2. Data analysis was
performed using the AACt method, with GAPDH as a refer-
ence gene as previously described.” Ct values were deter-
mined using Roche 480 software, with the threshold for each
plate set in the linear phase of the reaction curves. Each reac-
tion was run in triplicate and therefore generated three Ct
values. Fold change was calculated according to the follow-
ing equation: Fold change = 2 (ACtsample-ACicontroD & where
ACtsample = median Ctgene of interest — median Ctreference gene) and
ACteontrol refers to the average of all control ACt values for
each plate.

Statistical Analysis

All results were plotted using Prism (GraphPad, La Jolla, CA,
USA) and expressed as mean £+ SEM. Data were analyzed
using unpaired #-test or one-way ANOVA followed by Tukey’s
correction for multiple comparisons. P < 0.05 was consid-
ered significant.

RESULTS

pNaKtide Dose-Dependently Inhibits Proliferation
and Tube Formation of Human Retinal
Microvascular Endothelial Cells

HRMECs were incubated with 0.5, 1, and 5 pM of pNaK-
tide for 24 hours, and a BrdU assay was used to assess
cell proliferation.”® As shown in Figures 1A and 1B, pNaK-
tide inhibited cell proliferation in a dose-dependent manner.
At concentrations as low as 0.5 pM, pNaKtide significantly
inhibited proliferation compared to the control (untreated)
group. This anti-proliferative property was specific to the
NaKtide sequence, as indicated by the lack of effect of a
Tat-scrambled peptide in the same conditions (Figs. 1C, 1D).
To assess the effect of pNaKtide on angiogenesis, a tube
formation assay was performed as described previously.>®
The number of tubes and the average tube length per field
were determined. The data were normalized to controls. As
shown in Figure 2A, tube formation was significantly inhib-
ited by pNaKtide in a dose-dependent pattern (Figs. 2B, 2D),
whereas the Tat-scrambled peptide did not significantly
affect HRMEC tube formation (Figs. 2C, 2E).

Retinal Distribution of Rhodamine-Labeled
pNaKtide and pNaKtide-Induced Toxicity
Following Intravitreal Injection

Assessment of the proposed role of @1 NKA in the patho-
genesis of retinopathies in response to hypoxia/ischemia
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Ficure 2. pNaKtide inhibits HRMECs tube formation in Matrigel. HRMECs were treated with increasing concentrations (0.5-5 pM) of the
pNaKtide or Tat-scrambled peptide for 24 hours, and the control groups were left untreated. Images were captured at 5x magnification.
(A) Representative pictures from each group. (B, C) Quantitative analysis of tube number. The number of tubes in control (untreated) was
normalized to 1, and the tube numbers in treated groups were expressed relative to controls. (D, E) Quantitative analysis of tube length.
The number of tubes in control (untreated) was normalized to 1, and the tube length measured in treated groups was expressed relative to
controls. Each sample was tested in triplicate, and the Matrigel assay was performed three independent times. Scale bar: 100 pm. Data are
presented as mean + SEM; n = 3; "P < 0.05, “P < 0.01 versus control; “P < 0.05 versus 5-uM pNaKtide.

required in vivo pharmacological studies of pNaKtide. To
this end, several control experiments were performed to
determine the dosing range and route of administration.
First, we tested whether pNaKtide could cross the blood-
ocular barrier. Adult mice were given 25 mg/kg rhodamine-

labeled (Rho) pNaKtide via intraperitoneal (IP) injection
and were euthanized 3, 24, and 48 hours after injection
(n = 3 per time point). The doses and route of administration
for pNaKtide were selected because they have previously
shown efficacy without toxicity when given once weekly for
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up to 8 weeks in mouse models of metabolic and cardio-
vascular diseases.>*3> However, although Rho fluorescence
has been reported in hepatic, renal, fat, and cardiac tissues
at 3 hours after injection,” we did not detect any indica-
tion of Rho in the retina or the brain at 3, 24, or 48 hours
after injection (data not shown). Consequently, intravitreal
injection was examined. In order to estimate the half-life of
pNaKtide in the retina, we first isolated and imaged reti-
nas as a function of time following intravitreal injection of
125 ng Rho-pNaKtide into the adult mouse eye. As depicted
in Supplementary Figure S1A, pNaKtide showed good stabil-
ity, as a significant amount of Rho fluorescence persisted 48
hours after injection. Similar studies were done in P12 OIR
mouse pups with exposure to hyperoxia. pNaKtide showed
a comparable stability (Supplementary Fig. S2).

The choice of the range of doses to be tested in vivo was
guided by in vitro studies in HRMECs and retinal pigmented
epithelial cells (ARPE-19 cells). As depicted in Supplemen-
tary Figures S1B and S1C, 50-uM pNaKtide caused a signif-
icant reduction in cell viability in HRMECs but not ARPE-
19 cells. This was consistent with prior reports of non-
specific cell toxicity by Tat-tagged peptides.’’>?> Based on
the reported mouse vitreous volume of about 4 to 5 pL>* and
assuming uniform distribution, we estimated that a reason-
able approximation of the efficacy and toxicity of pNaKtide
in the retinas of adult mice following intravitreous injec-
tion would be about 0.01 and 1 pg of pNaKtide per eye,
respectively. We set an even higher dose of 10 pg/eye, at
which intravitreal injection of pNaKtide did cause retinal
alterations. Indeed, 1 week after injection, we observed vari-
ous pathologic changes, including retinal detachment and a
significant decrease in the thickness of both the INL and
ONL (Supplementary Fig. S3A). Based on this observation,
we carried out a descending dose-response curve study of
pNaKtide at 5, 2.5, 1, and 0.25 pg/eye. H&E staining of retinal
sections did not reveal any retinal lesions such as retinal tear,
hemorrhage, detachment, or signs of infection in any of the
pNaKtide-injected or control eyes in any of the study groups.
The mean thickness of both the INL and ONL was compa-
rable among all groups (Supplementary Figs. S3B, S30).
Accordingly, we estimated the maximum tolerated dose of
pNaKtide in the mouse eye to be about 5 ng/eye. These stud-
ies were repeated in 12 days old mouse neonates (Supple-
mentary Fig. S3D) using 2.5, 1, and 0.25 pg/eye. No signif-
icant pathologic changes were found at a dose as high as
2.5 ng/eye, and the mean thickness of both the INL and
ONL was comparable among different groups (Supplemen-
tary Figs. S3E, S3F). Similar studies were done in P12 mouse
pups with exposure to hyperoxia. No significant pathologic
changes were found (Supplementary Fig. S4).

Intravitreal Injection of pNaKtide Promotes
Physiological Revascularization and Attenuates
Pathologic Neovascularization in the Mouse
Model of OIR

Now turning to the potential therapeutic effects of pNaK-
tide on ischemic retinopathies, we implemented a mouse
OIR model (Fig. 3A).*>*3 Briefly, mouse pups at P7 were
exposed to 75% oxygen for 5 days and then returned to
room air. Immediately upon removal from the high oxygen
chamber, they received intravitreal injections with vehicle
(PBS) or increasing doses of pNaKtide. Control experiments
showed that this OIR model produced the expected patho-
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logic remodeling of the retina (Supplementary Fig. S5) in
our hands. Moreover, intravitreal injection of PBS actually
reduced both neovascularization and central avasculariza-
tion, as has been reported in the literature.® The effects
of PBS on neovascularization appeared to be much more
pronounced than those on the avascular area. Significantly,
these effects were directly related to the volume of injec-
tion. Thus, all subsequent experiments were conducted with
equal volumes of PBS as control, and no more than 1 pL of
solution was administered.

Two doses of pNaKtide were used based on our in
vitro and in vivo pharmacology studies. The high dose of
25 ng/eye was estimated to produce a vitreous concentra-
tion of about 2 pM in mouse neonates, and the low dose
was set at 1/10 to give a range. Five days after the injec-
tion at P12 in OIR, retinas were harvested, flat mounted,
and stained with isolectin B4;~594 for imaging and analyses
of the vascularization. As shown in Figure 3, vehicle-treated
retinas displayed pathologic characteristics of OIR, includ-
ing a large central avascular area and pathologic neovessels
in the border region between vascularized and avascular
areas. Neonates treated with pNaKtide showed significant
increase of revascularization of the central avascular area
compared to vehicle-treated controls. This effect on revas-
cularization, which distinguishes pNaKtide from anti-VEGES
was both potent and dose dependent. Indeed, a significant
effect of about 50% was observed at 2.5 ng/eye, and the
highest dose (25 ng/eye) reduced the avascular area by over
80% compared to vehicle-treated eyes (Fig. 3C). Comparable
to anti-VEGF treatment, pNaKtide was also a potent blocker
of the development of neovascular tufts in a dose-dependent
manner. The highest dose almost completely eliminated
OIR-induced neovascularization (Fig. 3D).

pNaKtide Normalizes ROS Signaling in the Mouse
Model of OIR

Turning to the molecular mechanism, we next investi-
gated whether the improvements of OIR by pNaKtide were
accompanied by a reduction of ROS stress in retinas.
Mouse pups subjected to OIR were treated with the high-
est dose of pNaKtide (25 ng/eye). At P17, animals were
euthanized, and retinas from different treatment groups
and RA controls were processed for protein carbonyla-
tion analysis as a marker for ROS stress in vivo.34-3¢
As shown in Figure 4A, a significant increase in protein
carbonylation was detected in vehicle-treated control OIR
eyes compared to age-matched, littermate, RA controls,
and this increase was significantly reduced by pNaKtide
treatment.

To substantiate these findings, we measured the expres-
sion of nuclear factor E2-related factor 2 (Nrf2)-targeted
genes. Indeed, it has been reported that ROS stress activates
Nrf2 pathway and consequently increases the expression of
intrinsic anti-oxidant systems in OIR.”® Thus, we examined
whether pNaKtide administration would block this induc-
tion, as it abolished the increase in protein carbonylation.
As shown in Figure 4B, at P17, OIR caused a significant
induction in the transcription of Nrf2 (NNfe2l2), as well as
a large panel of Nrf2-targeted genes, including those of
heme oxygenase-1 (Ho-1), glutathione S-transferase (Gs?),
glutamate—cysteine ligase catalytic subunit (Gclc), NAD(P)H
quinone dehydrogenase 1 (Ngo1), and thioredoxin reductase
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Ficure 3. pNaKtide promotes revascularization and inhibits neovascularization in the mouse OIR model. (A) Schematic and timeline of
pNaKtide treatment in the mouse model of OIR. Mice were exposed to room air (RA) or 75% oxygen (OIR) from P7 to P12. At P12, neonates
received a 1-pL intravitreal injection of pNaKtide or vehicle (PBS). (B) (Top) Isolectin B4-594 stained-, flat-mounted retinas collected at P17.
Central avascular and whole retinal areas are outlined with yellow and white solid lines, respectively. (Bottom) Pathological neovasculariza-
tion and avascular areas at higher magnification. (C) Retinal avascular areas at P17 (ratios over respective total retinal areas). (D) Retinal
neovascularization at P17 (ratios over their respective total retinal areas). Scale bar: 50 pm. Box plots present data as minimum (quartile 1
[Q1] - 1.5*IQR), median, interquartile range (IQR), and maximum (Q3 + 1.5*IQR); # = 8-13 from three to 10 litters per group. “P < 0.01
versus OIR + PBS; NS, not significant.

1 (Txnrd1), as reported previously.”>45 These increases pNaKtide Inhibited the Induction of HIF-1« and

were completely blocked by pNaKtide treatment. the Expression of VEGF and Other Angiogenic
Under hypoxic/ischemic conditions, the surface expres- Factors in the Mouse Model of OIR

sion of ¢l NKA in many types of cells is reduced, due to

increased endocytosis.’®>7 To test whether the effectiveness Under hypoxic condition, accumulated ROS upregulate HIF-
of pNaKtide on ROS stress signal is related to the change in la via both transcriptional and posttranslational mecha-
the expression of NKA in OIR, we measured the expression ~ nisms in retinas.*"*»* In order to further validate the
of the a1 subunit of NKA in whole retina by western blot  inhibitory effects of pNaKtide in ROS stress (Fig. 4)
(Fig. 4C). As shown in Figure 4D, no change in the expres- and to probe the mechanism of pNaKtide on OIR, we

sion of total retinal «1 NKA was detected in OIR. measured whether pNaKtide could inhibit hypoxia-induced
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Ficure 4. pNaKtide reduces ROS and Nrf2-targeted genes in the mouse model of OIR. Mice were exposed to room air or 75% oxygen from
P7 to P12. At P12, mice received intravitreal injection with 1 pL of vehicle (PBS) or pNaKtide at 25 ng/eye. Retinas were dissected at P17.
(A) Protein carbonylation content in the retinas was measured by ELISA as a ROS stress indicator. (B) mRNA levels of Nrf2 and Nrf2-targeted
genes were assessed by RT-qPCR. (C) Representative western blot of «1 NKA detection in retinal tissue collected at P17. (D) Quantitative
analysis of a1 NKA expression did not reveal a significant difference between OIR and RA groups. Data are presented as mean + SEM;

n = 4-9 per group; P < 0.01 versus RA; P < 0.01 versus vehicle.

expression of HIF-1«. Indeed, as shown in Figure 5A, west-
ern blot analyses of whole retinas isolated from differ-
ent groups of mice showed that pNaKtide at 25 ng/eye
completely eliminated the increase in HIF-1a. Because HIF-
la is a key regulator of transcriptional regulation of Vegf
expression, we next measured Vegf mRNA using RT-qPCR.
As shown in Figure 5B, expression of Vegf mRNA was
significantly induced in OIR retinas at P17 in comparison
to those from RA control pups. Treatment with pNaKtide
abolished this increase without changing the basal expres-
sion of Vegf. Consistently, when tissue lysates were analyzed
for the expression of VEGF by western blot, we found the
same pattern of changes (Fig. 5C). To assess the effects of
pNaKtide on other important angiogenic factors that impact
retinopathy, we also analyzed the expression of angiopoetin-
2 (Angpt2) and erythropoietin (Epo). As shown in Figure 5B,
the expression of Angpt2 was completely normalized by
pNaKtide treatment; however, pNaKtide significantly atten-
uated but did not abolish the increase in the expression of
Epo by OIR (Fig. 5B).

pNaKtide Blocks the Increase in Inflammatory
Cytokines and Collagenlal

Increases in inflammatory cytokines play an important role
in the development of OIR. To substantiate the above find-
ings and verify the effectiveness of pNaKtide, we conducted
RT-qPCR measurement of a panel of inflammatory cytokines.
As shown in Figure 5D, the expression of TNF-«, IL-6, IL-
18, and C-X-C motif chemokine ligand 10 (CXCL10) mRNA
was significantly induced in OIR retinas in comparison to
those from RA control pups. Treatment with pNaKtide either
largely attenuated or completely normalized the expression.
Because pNaKtide inhibits neovascularization and inflamma-

tion, we surmised that it may also be effective in prevent-
ing tissue fibrosis. Although tissue fibrosis could not be
adequately assessed in the mouse model of OIR, we did find
that pNaKtide blocked an increase in col/1a1 mRNA induced
by OIR (Fig. 5E).

DiscusSION

Normalizing excessive angiogenesis while simultaneously
promoting physiological vasculature is the goal of safe
and effective pharmacological intervention in ischemic
diseases of the retina. This study suggests that the unique
and previously unexplored regulatory mode of control
of retinal ROS by the ol NKA/Src signaling complex
presents many features of a suitable prospective target.
Specifically, a potential for translational application is
supported by evidence that intravitreal injection of a specific
blocking peptide (pNaKtide) normalized ROS signaling,
inhibited neovascularization, and promoted physiologi-
cal revascularization in the mouse model of ischemic
retinopathy.

NKA Is a Regulator of ROS Generation, HIF-1c,
and VEGF Expression in the Retina

The ol subunit of NKA is a highly expressed plasma
membrane polypeptide, represented by more than a million
of units in most human cells. Only about 20% to 30% of the
plasma membrane a1l NKA is engaged in ion pumping,>®
the classical function assigned to the enzymatic complex.
A more recently appreciated function of ol NKA is its
enzymatic-independent receptor function through its inter-
action with membrane and cytosolic proteins such as Src,
caveolin-1, PI3K, and EGFR.Z2%35-62 Highly relevant in
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Ficure 5. pNaKtide inhibits HIF-1a, VEGF and other angiogenic factors, inflammatory cytokines, and collagen 1 in the mouse model of
OIR. Mouse neonates were exposed to room air or 75% oxygen from P7 to P12. At P12, mice received intravitreal injection with 1 yuL of
vehicle (PBS) or 25 ng pNaKtide. Retinas were dissected at P17. (A) Western blots and quantification of HIF-1a expression. (B) mRNA level
of Vegf, Angpt2, and Epo. (C) VEGF expression by western blots and quantification results. (D) mRNA levels of inflammatory cytokines.
(E) mRNA level of Collal. Data are presented as mean + SEM; n = 3-6 per group; P < 0.05 and “P < 0.01 versus RA; “P < 0.05 and

**P < 0.01 versus vehicle.

the context of the present study, the ol NKA/Src recep-
tor complex forms a ROS amplification loop (Na/K-ATPase
oxidant loop, NKAL®), perpetuated at least in part through
H,0;-induced carbonylation of Pro222 and Thr224 on ol
NKA and subsequent activation of Src.>** The central role
of this ROS amplification mechanism in OIR was experimen-
tally revealed by a significant reduction of retinal ROS stress
when NKAL was blocked by pNaKtide (carbonyls content)
(Fig. 4). Given the well-documented role of excessive ROS
in the stabilization of HIF-lo and subsequent increases
in the production of angiogenic factors such as VEGF in
OIR,2:95:60 3 highly selective antioxidant effect of pNaKtide
likely explains, at least in part, the normalization of HIF-
la and HIF-1«a target genes, including VEGF in treated OIR
retinas (Fig. 5). Similarly, normalization of the Nrf2 pathway
and downstream endogenous antioxidant systems (e.g., Ho-
1, Gst; Fig. 4) is consistent with the generation of restricted
and transient ROS, rather than an excessive and inhibitory
release.>*>> Follow-up studies designed to assess the timing
of molecular changes triggered by pNaKtide in the days that
follow intravitreal injection may reveal time-dependent and
selective regulation of ROS-dependent retinal pathways by
pNaKtide.

Targeting NKAL to Develop a New Class of
Therapeutics of Retinopathy of Prematurity

VEGF plays an important role in both physiological revascu-
larization and neovascularization in animal models of ROP.”/
Although anti-VEGF therapy is effective in preventing and
reversing neovascularization, it also inhibits physiological
revascularization,®% a major limitation to its clinical use.
Recent identification of additional factors involved in patho-
logic vascular growth®7° will be beneficial to the develop-
ment of new therapeutics of ROP and other ischemic eye
diseases with better selectivity toward pathologic neovas-
cularization.!®7'=73 As shown in Figures 1 to 3, pNaKtide
treatment blocks retinal endothelial cell proliferation in
vitro and limits neovascularization, as observed with anti-
VEGF approaches.®’* However, unlike anti-VEGF, physiolog-
ical revascularization does occur in pNaKtide-treated retinas,
suggesting that the specific control of NKAL is more akin to
target pathological vessel growth while preserving physio-
logically appropriate levels of ROS (generated in restricted
amounts or in a transient fashion”®), VEGF, and other biolog-
ical mediators that are essential for physiological angiogene-
sis in vivo. Although the biology of vascular endothelial cells
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is central to both physiological revascularization and neovas-
cularization, it is also well known that other cell types (e.g.,
neurons, glia cells, or macrophages) expressing the ubiqui-
tous a1l NKA are involved in the pathogenesis of ROP.7°-78
Thus, in addition to the role of o1 NKA signaling in vascular
endothelial cells,”” additional studies are needed to explore
cell-specific roles of «l NKA in ROP and other ischemic
retinopathies. Among the most compelling non-endothelial
mechanisms to be considered, the regulation of inflam-
matory cytokines by ol NKA signaling in macrophages
is one that deserves high priority and attention.®® It is
also noted that, although the mouse model is widely used
to study OIR?! it differs from ROP in some of its clini-
cal manifestations. Hence, neovascularization spontaneously
regresses in the mouse model between P17 and P24,%
whereas in human preterm infants with severe ROP the
condition worsens. Second, the vaso-obliteration observed
in the OIR mouse model is primarily due to constant expo-
sure to hyperoxia, whereas the pattern of obliteration in
human ROP (central vessels rather than peripheral vessels
in the mouse ROI model) results from intermittent hypox-
emic and hyperoxic episodes due to immature neuronal
network 3283

Although additional studies and models are needed to
identify the key cellular players targeted by NKAL inhibition
and to assess whether pNaKtide is a suitable candidate in
ROP, the results of the present study suggest that “pNaKtide-
like” NKA/Src inhibitors represent a new and effective strat-
egy to explore in ischemic retinopathies. As a first-in-class
candidate, pNaKtide is potent in the mouse model of OIR,
with a clear and novel mechanism of action. It is important
to note that pNaKtide does not inhibit the enzymatic func-
tion of NKA 3?33 which minimizes the likelihood of effects
on neuronal membrane potential or ocular volume regula-
tion. Moreover, pNaKtide does not affect basal physiologi-
cal ROS signaling or the expression of HIF-lo and VEGF.
Unlike anti-VEGF-based approaches, pNaKtide has a potent
and dose-dependent stimulatory effect on revascularization
in addition to blocking neovascularization. Significant effects
(about 50%) were observed at 2.5 ng/eye, and the high-
est dose (25 ng/eye) showed more than 80% reduction in
avascular area compared with the vehicle-treated eye (Fig.
3C). Although still quite preliminary, the data presented
in Figure 3 and Supplementary Figure S2 point to an esti-
mated therapeutic index of pNaKtide on revascularization of
400. Hence, pNaKtide has a specific mechanism of action in
the mouse OIR model, an excellent safety profile, and good
pharmacokinetics in the retina, and it is well tolerated by the
mouse eye.
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