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Background and Purpose: Pathological angiogenesis is a major cause of irreversible
blindness in individuals with neovascular age-related macular degeneration (nAMD).
Macrophages and microglia (M®) contribute to aberrant ocular angiogenesis. How-
ever, the role of glucose metabolism of M® in NnAMD is still undefined. Here, we have
investigated the involvement of glycolysis, driven by the kinase/phosphatase
PFKFB3, in the development of choroidal neovascularization (CNV).

Experimental Approach: CNV was induced in mice with laser photocoagulation. Cho-
roid/retinal pigment epithelium (RPE) complexes and M® were isolated for analysis
by gRT-PCR, western blot, flow cytometry, immunostaining, metabolic measurements
and angiogenesis assays.

Key Results: M® accumulated within the CNV of murine nAMD models and
expressed high levels of glycolysis-related enzymes and M1/M2 polarization markers.
This phenotype of hyper-glycolytic and activated M® was replicated in bone

marrow-derived macrophages stimulated by necrotic RPE in vitro. Myeloid cell-

Abbreviations: AMD, age-related macular degeneration; ARG1, arginase 1; BMDMs, bone marrow-derived macrophages; CM, conditioned media; CNV, choroidal neovascularization; ECM,
extracellular matrix; HIF, hypoxia-inducible factor; HK, hexokinase; MCECs, mouse choroidal endothelial cells; MPs, mononuclear phagocytes; M®, macrophages and microglia; nAMD,
neovascular age-related macular degeneration; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PGK1, phosphoglycerate kinase 1; PKM2, pyruvate kinase M2; RAP, retinal
angiomatous proliferation; RPE, retinal pigment epithelium; RT-PCR, real-time polymerase chain reaction; SLC2A1, facilitated glucose transporter member 1; VLDLR, very-low-density lipoprotein

receptor.

Zhiping Liu and Xiaoxiao Mao contributed equally to this work and should be considered joint first authors.

Mei Hong, Ruth B Caldwell, Akrit Sodhi and Yuging Huo are co-senior authors

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. British Journal of Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.

Br J Pharmacol. 2022;179:5109-5131.

wileyonlinelibrary.com/journal/bph 5109


https://orcid.org/0000-0001-7272-6917
https://orcid.org/0000-0002-5582-3771
https://orcid.org/0000-0002-7566-3445
https://orcid.org/0000-0003-0615-6631
https://orcid.org/0000-0001-9847-0120
mailto:zhiping0414@163.com
mailto:yhuo@augusta.edu
https://doi.org/10.1111/bph.15925
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/bph

LIU ET AL

BRITISH
5110 PHARMACOLOGICAL
SOCIETY

P30EY031631; Shenzhen Fundamental
Research Program, Grant/Award Number:
GXWD20201231165807007-
20200818123312001; National Natural
Science Foundation of China Grant, Grant/
Award Number: 81870324

specific knockout of PFKFB3, a key glycolytic activator, attenuated pathological neo-
vascularization in laser-induced CNV, which was associated with decreased expres-
sion of M® polarization markers and pro-angiogenic factors, along with decreased
sprouting of vessels in choroid/RPE complexes. Mechanistically, necrotic RPE
increased PFKFB3-driven glycolysis in macrophages, leading to activation of HIF-1a/
HIF-2a and NF-xB, and subsequent induction of M1/M2 markers and pro-angiogenic
cytokines, finally promoting macrophage reprogramming towards an angiogenic phe-
notype to facilitate development of CNV. The PFKFB3 inhibitor AZ67 also inhibited
activation of HIF-1a/HIF-2a and NF-kxB signalling and almost completely prevented
laser-induced CNV in mice.

Conclusions and Implications: Modulation of PFKFB3-mediated macrophage glycoly-

KEYWORDS

1 | INTRODUCTION

Age-related macular degeneration (AMD) is a progressive chronic
disease of the eye that occurs in patients over 50 years old and is a
leading cause of blindness in elderly individuals worldwide. AMD
can be classified as either dry form AMD or wet type AMD
(neovascular age-related macular degeneration, nAMD). nAMD is
characterized by the pathological growth of blood vessels from the
choroid invading the retina, beneath the macula, which is also
termed choroidal neovascularization (CNV). While CNV is an essen-
tial biological process, there are many instances where the growth
of new vessels (also called pathological angiogenesis) can have
pathogenic consequences (Solomon et al., 2019). Therapies targeting
VEGF have been proven successful for nAMD treatment. However,
there are still many patients who respond poorly to anti-VEGF
therapy and suffer from adverse effects from long-term
intravitreal injection of anti-VEGF agents (Ghasemi Falavarjani &
Nguyen, 2013). Thus, it is urgent for us to discover novel target(s)
for the treatment of nAMD.

AMD is associated with dysregulation of the innate immune sys-
tem, mainly involving various immune cells, especially macrophages
and resident microglia (Zhang et al., 2021). For instance, macrophage
accumulation and activation have been shown to contribute to the
formation and development of CNV (Cousins et al., 2012; Espinosa-
Heidmann et al, 2003). In addition to macrophage activation,
microglia activation triggered by various stimuli in the local micro-
environment is also a common hallmark of many ocular diseases.
Accumulating evidence suggests that resident microglia play a critical
role in the regulation of the inflammatory signalling and the develop-
ment of CNV (Alves et al., 2020; Hikage et al., 2021; Zhang
et al., 2021). Therefore, immunomodulation of macrophages and/or
microglia (M®) may represent a promising strategy for the treatment

of eye disorders leading to blindness.

sis and activation is a promising strategy for the treatment of NnAMD.

glycolysis, HIF-1a, HIF-2a, macrophages and microglia, neovascular age-related macular
degeneration (nAMD), NF-xB, PFKFB3

What is already known?

e Macrophages and microglia contribute to the formation
and development of CNV in nAMD.

e Glycolysis driven by the kinase/phosphatase PFKFBS3 is
critical for activation of macrophages and microglia.

What does this study add?

e Mpyeloid-specific Pfkfb3 deficiency in mice suppresses
laser-induced CNV formation.

o PFKFB3-driven glycolysis is essential for activation and
expression of angiogenic factors in macrophages/

microglia during CNV.

What is the clinical significance?

o Inhibition of myeloid PFKFB3 is a promising strategy for
the treatment of NnAMD.

The M® are highly plastic and pleiotropic cells that can be acti-
vated and acquire diverse functional phenotypes triggered by various
signals/factors in the CNV local micro-environment, including necrotic
or apoptotic cells, cytokines and chemokines (Murray & Wynn, 2011).
An emerging conceptual advance is that M® activation into special-
ized states is critically supported by metabolic reprogramming

(Langston et al., 2017). However, the specialized functional phenotype
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and metabolic status of macrophages driving CNV remains incom-
pletely defined.

The enzyme
6-bisphosphatase 3 (PFKFB3) catalyses the synthesis of fructose-2,
6-bisphosphate (F-2,6-P2). F-2,6-P2 is the most potent allosteric acti-
vator of 6-phosphofructo-1-kinase (PFK-1), which is one of three

6-phosphofructo-2-kinase/fructose-2,-

rate-limiting enzymes for glycolysis (Van Schaftingen et al., 1982).
Therefore, PFKFB3 is a key glycolytic activator in the glycolysis path-
way. Previous studies by our group and others have suggested an
important role of PFKFB3-driven glycolysis in the activation of both
endothelial cells and myeloid cells (De Bock et al., 2013; Liu
et al., 2020; Xu et al, 2014). Endothelial cell-specific deletion of
Pfkfb3 in mice reduces pathological angiogenesis via inhibition of
endothelial cell proliferation and migration (Xu et al., 2014). However,
it remains unclear whether and how myeloid glycolysis mediated by
this crucial glycolytic regulator plays a role in nAMD. In this study, we
utilized a combination of genetic and pharmacological approaches to
uncover a critical role of PFKFB3 in macrophages/microglia in a model
of laser-induced nAMD in mice.

2 | METHODS
21 | Samples of aqueous humour from nAMD
patients

Institutional Review Board approval from the Johns Hopkins Univer-
sity School of Medicine (Baltimore, MD, USA) was obtained for all
patient samples used in this study. Consent was written and volun-
tary, without stipend. Samples (0.1-0.2 ml) of aqueous humour were
collected via limbal paracentesis using a 30-gauge needle attached to
a tuberculin syringe from consenting patients at the Wilmer Eye Insti-
tute immediately after performing intravitreal injection for active
CNV. Samples were immediately processed and stored at —80°C prior

to analysis.

2.2 | Mouse generation and breeding

All animal care and experimental procedures complied with the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and were in accordance with a protocol approved by
the Institutional Animal Care and Use Committee at Augusta Univer-
sity. Welfare-related assessments, measurements and interventions
were carried out before, during and after the experiment. Animal
studies are reported in compliance with the ARRIVE guidelines
(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020). Mice were
kept (no more than 5 per cage) under conditions of controlled tem-
perature (21-25°C) and humidity (40-60%), with a 12h light/dark
cycle. Food (Teklad global 18% protein rodent diet; 2918-060622M,
Envigo, Madison, WI, USA) and water was freely available to all

animals.

The floxed Pfkfb3 (Pfkfb3"1*/f°%) mice were generated by Xeno-
gen Biosciences Corporation (Cranbury, NJ, USA). Cell-specific inacti-
vation of Pfkfb3 in macrophages was achieved by cross-breeding
Prkfb3f1ox/flox mice with Lysm-Cre transgenic mice (The Jackson Labo-
ratory, stock no. 004781, Bar Harbor, ME, USA) to generate
Prkfb3f1ox/flox | ysm-Cre (Pfkfb32™M®) mice, with the Lysm-Cre mice used
as the control mice. Global heterozygous Pfkfb3 (Pfkfb3*'~) knockout
mice were generated as previously described (Cao et al., 2019). The
C57BL/6J mice and Vldir~/~ mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). The control mice (Vidlr*’") for
VIdir~’~ mice were generated by crossbreeding female Vidir—/~ mice
with normal male C57BL/6J mice. The Pfkfb3*™M*Vidlr—'~ mice were
generated by crossbreeding Vldir '~ mice with Pfkfb3*™% mice, and
Pfkfb3"TVIdIr—'— mice were used as control mice. The VEGF-A hyper-
morphic (VEGF-A™P®") mice were a gift from Dr. Ming Zhang
(Department of Cellular Biology and Anatomy, Medical College of
Georgia, Augusta University, Augusta, GA, USA), which was purchased
from The Jackson Laboratory (stock no. 027314; Bar Harbor, ME,
USA). VEGF-AMP®" mice were on the 12951/SvimJ background, and
all other mice were on a C57BL/6J background.

2.3 | Laser-induced CNV

Both male and female 6- to 8-week-old mice were anaesthetized with
ketamine hydrochloride (60 mgkg™) and xylazine hydrochloride
(5 mg-kg™1), and pupils were dilated with topical drops of 1% tropica-
mide ophthalmic solution (Henry Schein, NY, USA). GenTeal Tears
(Alcon, Fort Worth, TX, USA) were applied to the cornea after pupil
dilation. The fundus was viewed with an imaging camera, and laser
photocoagulation was induced using the image-guided laser system
(Micron IV, Phoenix Research Laboratories, Pleasanton, CA, USA).
Laser photocoagulation (532 nm, 240 mW, 70 ms) was applied to
each fundus. Four laser spots per eye were applied for choroid/RPE
complex flat-mount immunostaining and twenty laser spots per eye
were applied for western blot, qRT-PCR and flow cytometry analyses.
After laser photocoagulation, mice were placed on a pre-warmed
warming plate at 37°C until they awakened. C57BL/6J mice were ran-
domly divided into two groups and treated daily with vehicle or the
PFKFB3 inhibitor, AZ67 (# 5742, Tocris Bioscience, UK) at
60 mg-kg~-day~?, dissolved in 10% Tween-80, 10% DMSO and 80%
saline. After 1 week, the mice were anaesthetized for choroid/RPE

complex flat-mount staining.

2.4 | Spectral domain optical coherence
tomography (SD-OCT) analysis

Mice were anaesthetized with ketamine hydrochloride (60 mg-kg™1)
and xylazine hydrochloride (5 mg-kg™1), and pupils were dilated with
topical drops of tropicamide ophthalmic solution followed by applica-
tion of GenTeal Lubricant Eye Gel (Alcon, Ft. Worth, TX). Retinal
structure was assessed on day 7 after laser application on


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2937
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5085

BRITISH
5112 PHARMACOLOGICAL
SOCIETY

LIU ET AL

anaesthetized mice using OCT (the Bioptigen Spectral Domain Oph-
thalmic Imaging System, SDOIS, Bioptigen Envisu R2200, NC).

2.5 | Fluorescence angiography (FA) analysis

A Micron IV retinal imaging microscope (Micron IV, Phoenix Research
Laboratories, Pleasanton, CA, USA) was used to monitor pathological
changes in the fundus of mice. After 7 days laser induction, mice were
anaesthetized with ketamine hydrochloride (60 mg-kg™*) and xylazine
hydrochloride (5 mg-kg™1), and pupils were dilated with topical drops
of tropicamide ophthalmic solution. Then fluorescein (4025-1, Sigma
Pharmaceuticals, North Liberty, 1A, USA) was injected s.c. and images
were collected.

2.6 | Lactate assay

Lactate Assay Kit (MAKO64, Sigma) was used to measure lactate
levels of aqueous fluid samples from control patients and nAMD
patients, as well as choroid/RPE complex from laser-induced CNV
mice and normal control mice. Lactate levels from different samples

were calculated according to the manufacturer's instructions.

2.7 | Primary mouse RPE cell culture and
generation of necrotic mouse RPE cells

Mice were killed (overdose of isoflurane) and eyes were removed and
placed into pre-cooled PBS. Eyes were then incubated in pre-warmed
2% (w/v) dispase Il (D4693, Sigma) working solution for 45 min in the
37°C incubator following removing connective tissues. After removing
the anterior cornea, lens capsule and associated iris from the eye, the
resulting posterior eyecups were incubated in DMEM growth medium
(11965092, Gibco) for 20 min at 37°C. The retinas were removed from
the posterior eyecups, and RPE sheets were isolated by gently peeling
off intact sheets of RPE from the choroid/RPE complex. A single-cell
suspension was achieved after gently triturating the RPE sheets for
40-50 times. The cells were cultured on a 6-well culture plate in
DMEM growth medium supplemented with 10% FBS (F4135, Sigma-
Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin (15240062,
Thermo Scientific, Grand Island, NY, USA), 2.5-mM L-glutamine
(25030-081, Gibco), and 1 x MEM non-essential amino acids
(11140050, Gibco). For some experiments, necrotic mouse RPEs were

generated by heating a known number of cells for 15 min at 95°C.

2.8 | Isolation of choroidal/RPE macrophages/
microglia (M®) from mice

Eyes were enucleated and the choroid/RPE complexes were dissected
out and placed in pre-cooled RPMI 1640 medium. Choroid/RPE com-
plexes from 4-6 mice were pooled together, rinsed with PBS buffer,

quickly minced into small pieces in a 1.5-ml tube containing digestion
buffer [Earle's balanced salt solution (EBSS) containing 20-1U-ml~?
papain and 200-1U-ml~* DNase (Worthington Biochemicals, Corning,
NY, USA)]. Tissues were digested for 30 min at 37°C. The cell suspen-
sion was centrifuged at 400 x g for 5 min. Papain digestion was termi-
nated by resuspending the pelleted cells in EBSS containing DNase
and ovomucoid protease inhibitor (Worthington Biochemicals). Cells
were resuspended in 180-pl pre-cooled PBS containing 0.5% BSA and
incubated with 20-ul anti-F4/80-MicroBeads (Miltenyi Biotec Inc) for
15 min at 4°C. After affinity binding, F4/80-positive cells were
obtained via magnetic separation using a MACS separator (Miltenyi
Biotec), according to the manufacturer's protocol, and purity was con-
firmed by flow cytometry.

2.9 | Primary MCEC (mouse choroidal endothelial
cell) culture

Mice were killed (as described above) and eyes were removed and
placed in ice-cold medium before dissection. The choroid/RPE com-
plex was separated from the retina and cut into approximately
1 mm x 1 mm pieces after removing the cornea and lens from the
anterior of the eye. These choroid/RPE pieces were placed in growth
factor-reduced Matrigel™ (354230, BD Bioscience) and were seeded
in 24-well plates. Medium was changed every 48 h. After 6 days of
incubation, the Matrigel™ embedding the choroid explants was dis-
solved by dispase (354235, BD Bioscience) at 37°C for 40 min. The
sprouts were separated after removing the choroidal tissue from the
medium. The cell buffer was transferred and passed through 70-pm
nylon filters (08-771-2, Fisher Scientific) to ensure a single-cell sus-
pension. CD31-positive cells were then isolated using anti
CD31-MicroBeads (130-097-418, Miltenyi Biotec, MA, USA) based
on the manufacturer's protocol, and purity was confirmed by flow
cytometry. Purified MCECs were collected and cultured for further

experiment.

210 | Mouse BMDM (bone marrow-derived
macrophage) culture and treatments

Following euthanization of mice, femurs and tibias were collected and
transected. Bone marrow cells were flushed from the femurs and tib-
ias. The cells were then filtered with a 70 pm cell strainer and centri-
fuged at 800 x g for 8 min to obtain a single-cell suspension. The
acquired cells were plated at a density of 2 x 10° mlI~* and cultured
in RPMI 1640 medium (SH30027.01, Cytiva, Marlborough, MA, USA)
supplemented with 10% FBS (F4135, Sigma-Aldrich, St. Louis, MO,
USA), 20% L929-conditioned medium, and 1 x Antibiotic-Antimycotic
(15240062, Thermo Scientific, Grand Island, NY, USA) in a humidified
incubator with 5% CO, at 37°C for 6 days to induce macrophage
differentiation.

For preparation of BMDM conditioned medium (BMDM-CM),
Pfkfb3"™T and Pfkfb3*™M® BMDMSs were treated with necrotic RPE,
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then conditioned medium was collected and centrifuged, sterile fil-
tered by 0.22-um filter, aliquoted and stored at —80°C. For some
experiments, BMDM-CM was used at equivalent dilutions in endothe-
lial cell growth medium. Macrophage-free medium with the same

composition and conditions served as control medium.

211 | Western blot

As described previously (Kovacs et al., 2019), cells or choroid/RPE
complex tissues were homogenized in RIPA buffer (R0278, Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 1% protease inhib-
itor cocktail (05892970001, Sigma-Aldrich, St. Louis, MO, USA) and
1% phosphatase inhibitor (4906845001, Sigma-Aldrich, St. Louis,
MO, USA). Protein concentration was measured using BCA Protein
Assay Kit (23225, Thermo Scientific, Grand Island, NY, USA). Pro-
tein was loaded onto a 10% SDS-PAGE gel, and transferred onto
nitrocellulose membranes (10600015, Cytiva, Marlborough, MA,
USA). Membranes were blocked with 5% non-fat dry milk
(NC9121673, Fisher Scientific, MA, USA) and then incubated with
specific primary antibodies. The antibodies used were against the
following proteins: PFKFB3, HIF-1a, HIF-2a, p65, P-p65, IL-18 and
B-actin. After three washes with 1 x TBST buffer (1 x Tris-buffered
saline with 0.1% Tween-20), the membranes were incubated with
specific secondary antibodies: mouse, goat or rabbit. The antibodies
used are shown in Supplementary Table S1. The primary antibodies
were diluted in TBST buffer [StartingBlock™ (TBS) Blocking Buffer
(37542, Thermo Fisher Scientific, MA, USA) with 0.1% Tween-20],
and secondary antibodies were diluted with 1 x TBST buffer. The
membranes were imaged with the ChemiDoc Imaging System
(Bio-Rad, Hercules, CA, USA) after washed by 1 x TBST buffer for
3 times, and band densities were analysed using Image) (National
Institutes of Health, Bethesda, MD, USA). The levels of targeted
protein were quantitated relative to p-actin in the same sample
and normalized to the particular control group that was randomly

set as one-fold.

212 | Immunostaining microscopy

The area of the CNV was measured in choroidal flat mounts on day
7 after laser photocoagulation. For whole flat mount staining, eyes
were enucleated and fixed in 4% paraformaldehyde (sc-281692, Santa
Cruz, Dallas, TX, USA) for 1 h at room temperature. After removal of
the anterior segment and neural retina, mouse choroid/RPE com-
plexes were fixed in 4% paraformaldehyde for 45 min at room tem-
perature and blocked by 10% goat serum (50062Z, Thermo Fisher
Scientific Invitrogen, NY, USA) with 1% Tritonx-100 (AC215682500,
Thermo Scientific) for 1 h. And the PBS-TX buffer (PBS buffer with
0.1% Tween-20 and 0.3% TritonX-100) was used as the washing
buffer in the whole flat mount staining. For cryosections, mouse eyes
were embedded in OCT and frozen in liquid nitrogen. The blockers

were sectioned at 10 pm using a freezing microtome. Tissue sections

were fixed in 4% paraformaldehyde for 30 min and permeabilized
with 0.5% TritonX-100 for 10 min at room temperature, and the PBST
buffer (PBS buffer with 0.5% Tween-20) was used as the washing
buffer in the eye cryosection staining. The samples were blocked by
10% goat serum or 3% BSA for 1 h. Samples were then incubated
with primary antibodies to isolectin-B4, the adhesion receptor F4/80,
PFKFB3, arginase 1 (ARG1), IL-18, HIF-1a, HIF-2a, P-p65, hexokinase
1(HK1), the glucose transporter 1 (Glut1; SLC2A1) or pyruvate kinase
M2 (PKM2) overnight at 4°C, followed by incubation with
fluorescence-conjugated cross-adsorbed secondary antibody for 1 h,
the fluorescence-conjugated cross-adsorbed secondary antibodies
that used were as follows: Alexa Fluor 594-conjugated goat anti-rat
secondary antibody, Alexa Fluor 647-conjugated goat anti-rabbit sec-
ondary antibody, Alexa Fluor 594-conjugated donkey anti-goat sec-
ondary antibody and Alexa Fluor 647-conjugated donkey anti-rat
secondary antibody. The antibodies used were diluted in 3% goat
serum or BSA with 0.3% TritonX-100 and further information is pro-
vided in supplemental Table S2. And then the samples were counter-
stained with 4/,6-diamidino-2-phenylindol (DAPI) (D1306, Invitrogen)
for 10 min and were cover slipped with mounting medium (H-1000,
Vector Laboratories, CA, USA) and examined by Lecia Stellaris confo-
cal microscopy. Fluorescence intensity was calculated by Image Pro
Plus software. Some data were presented as fold change relative to
control groups.

213 |
analysis

Real-time quantitative PCR (RT-qPCR)

Total RNA of cells and tissues were collected using Trizol Reagent
(15596018, Invitrogen, Grand Island, NY) or RNeasy Micro kit (Cat.
No0.74004, Qiagen). The cDNA was generated using the iScriptTM
cDNA synthesis kit (1708891, Bio-Rad Hercules, CA, USA). RT-gPCR
was performed on a StepOne Plus System (Applied Biosystems, Grand
Island, NY) using Power SYBR GreenMaster Mix (1725122, Bio-Rad
Hercules, CA, USA) with the respective gene-specific primers listed in
Table S3. Quantification of relative gene expression was calculated

with the efficiency-corrected 2~44€T

method using 18S ribosomal
RNA or Rpl13a as the internal control. Data are presented as fold

change relative to control groups.

214 | Flow cytometry analysis

Digestion of mouse choroid/RPE complex was performed according
to protocols described previously with some modifications (Benjamin
et al., 2020). The choroid/RPE complex was dissected in fresh, cold
[1 x Hank's balanced salt solution (HBSS) (H8264-1L, Sigma, St. Louis,
MO, USA)] and transferred to a 1.5-ml tube containing 1 ml of diges-
tion solution[HBSS  supplemented with 5.5-mM  glucose
(G7071-100G, Sigma, St. Louis, MO, USA), 5.7-mM cysteine(C562-25,
Fisher Scientific, MA, USA), 10-mM HEPES buffer (H3537-100ML,
Sigma, St. Louis, MO, USA), 120-U-ml~! DNase | (LS006333,
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Worthington Biochemical Corporation, NJ, USA), 10-U-ml~?* superox-
ide dismutase (LS003540, Worthington Biochemical Corporation, NJ,
USA), 10-25-U-ml~?! catalase (C1345-1G,Sigma, St. Louis, MO, USA),
0.02-mM D-a-tocopherol acetate (T1157-1G, Sigma, St. Louis, MO,
USA) and 40-U-ml~! papain (LS003119, Worthington Biochemical
Corporation, NJ,USA), pH 7.4]. The samples were then incubated at
8°C for 40 min followed by a second incubation at 28°C for 10 min.
The tube was inverted gently every 10 min during the long incubation
and after 5 min during the short incubation. After the incubation
steps, the digestion solution was discarded by pipetting without dis-
turbing the choroid/RPE complex. Mechanical trituration of the cho-
roid/RPE complex was performed in 700 pl of prewarmed (10 min at
28°C) inactivation solution [HBSS supplemented with 11-mM glucose
and 10 mM HEPES buffer, 120-U-ml~* DNase I, 0.07-mM antipain
(A6191-25MG, Sigma, St. Louis, MO, USA), 10-U-ml~! superoxide dis-
mutase, 10- to 25-U-ml~* catalase and 0.02-mM D-a-tocopherol ace-
tate, pH 7.4] by pipetting slowly 10 to 15 times. Trituration was
stopped when the choroid/RPE complex was visibly dissociated, and
700 pl of ice-cold washing solution (HBSS supplemented with 11-mM
glucose, 0.04% BSA and 10-mM HEPES buffer, pH 7.4) was layered
under the cell suspension. Cell suspensions were centrifuged at
350 x g for 5 min at 4°C. After the supernatant was removed, the
cells were resuspended in 500 pul of DPBS containing 0.04% BSA and
passed through a 70-um cell strainer (08-771-2, Fisher Scientific, PA,
USA). The cells were then incubated with Fc block reagent (553,142,
BD Pharmingen, San Jose, CA) and stained with the following
fluorescence-conjugated antibodies on ice for 30 min: PerCP-Cy5.5
anti-mouse CD11b, PE-anti-mouse F4/80, FITC anti-mouse CD206,
and BV510 anti-mouse CD11c. The information of antibodies was
provided in supplemental Table S4. Cells were then washed and
resuspended in FACS buffer and analysed using a BD FACS Calibur
(BD Pharmingen, San Jose, CA, USA) at the Flow Cytometry Center of

Augusta University.

2.15 | Immunofluorescence staining of BMDMs

BMDMs were plated in Falcon® CultureSlides (Corning) and stimu-
lated for 24 h with necrotic mouse RPEs. Cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and permeabilized
with 0.5% Triton X-100 in PBS for 15 min. The cells were then
blocked with 3% BSA at room temperature for 1 h after washing with
PBS 3 times. Cells were incubated with primary antibodies: HIF-1q,
F4/80, HIF-2a, ARG1 or rabbit IL-1p overnight at 4°C, followed by
the application of Alexa Fluor 594-conjugated donkey anti-goat sec-
ondary antibody, Alexa Fluor 488-conjugated goat anti-rat or Alexa
Fluor 594-conjugated goat anti-rabbit. The antibodies used are shown
in Supplementary Table S2. The slides were counterstained with DAPI
(Invitrogen) and mounted in mounting medium (H-1000, Vector
laboratories), then cells were imaged using a Zeiss LSM 780 Inverted
Confocal Microscope. Fluorescence intensity was calculated by Image
Pro Plus software. Data were presented as fold change relative to

control groups.

216 | MCEC spheroid sprouting assay

MCECs (500 cells per sample) were cultured overnight in 25% EGM-2
containing 0.25% (w-v~1) methylcellulose (Sigma-Aldrich) to form
spheroids as described previously (Liu et al., 2017). After 24 h, spher-
oids formed and were harvested. The 1.5-mgml~! collagen
(BD Biosciences) solution was added to the 24 well plates and then
placed in the 37°C incubator to solidify the collagen solution. The
spheroids were embedded in 0.5-ml collagen solution and were trans-
ferred into a humidified incubator (37°C, 5% CO,). Then 0.5-ml con-
trol medium or necrotic RPE pretreated BMDM-CM was added to
each well. After 24 h, cells were stained with calcein AM for 30 min.
Cells were imaged using a Zeiss LSM 780 Inverted confocal mMicro-
scope. The number of sprouts and cumulative length of sprouts per
spheroid were quantified from eight spheroids for each condition

using Image J.

217 | Choroidal sprouting assay

Choroid/RPE complexes from 3-week-old Pfkfb3"WT and Pfkfb32M¢
mice were collected and cut into ~0.5 mm x 0.5 mm pieces. Choroid
explants were then embedded into growth factor-reduced Matrigel
(354230, Corning, NY, USA) and cultured in EGM-2 medium (Lonza)
in a 24-well-plate. On day 7, the tissue and sprouting endothelial cells
were stained with Calcein AM. Endothelial sprouts were imaged using
a Zeiss LSM 780 Inverted Confocal Microscope. The sprouting area

was quantified with Adobe Photoshop.

218 | MCEC tube formation

As described previously (Xu et al, 2017), growth factor-reduced
Matrigel (BD Bioscience) was placed in 24-well tissue culture plates
(200 pl per well) and allowed to form a gel at 37°C for at least 30 min.
MCECs were added to each well (7.5 x 10* cells per well) in 0.5-ml
control medium or necrotic RPE pretreated BMDM-CM. After 12 h,
endothelial tubule formation was observed, and cells were stained
with Calcein AM for 30 min. The structures were imaged using a Leica
Stellaris confocal microscope. Cumulative tube length and branch

points were analysed by Image J with Angiogenesis Analyzer.

219 | MCEC EdU staining

EdU-positive cells were stained with Click-iT™ EdU Cell Proliferation
Kit for Imaging (C10339, Invitrogen) according to the manufacturer's
instructions. Briefly, MCECs were treated with EdU labelling reagent
for 24 h, fixed with 4% paraformaldehyde for 20 min, permeabilized
in PBS containing 0.5% Triton-X-100 for 15 min and treated with
Click-iT® reaction cocktail for 30 min. The cells were then stained
with DAPI (Invitrogen) for 5 min. Images were obtained using a Leica

Stellaris confocal microscope. The number of EdU-positive cells was
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counted in eight non-overlapping and randomly selected microscopic

fields per slide.

220 | Metabolic measurements

As described previously (Liu et al., 2017; Yang et al., 2018), cells were
seeded onto Seahorse XF24 polystyrene tissue culture plates
(Seahorse Bioscience) at a density of 5 x 10* cells per well and incu-
bated at 37°C overnight. The next day, the medium was changed to
XF Base Medium (Seahorse Bioscience) supplemented with 25-mM
glucose, 2-mM glutamine and 1-mM pyruvate, pH adjusted to 7.4
with 0.1-M NaOH, and then the plate was incubated in a non-CO,
incubator at 37°C for 1 h. The extracellular acidification rate (ECAR)
was measured with an XFe24 extracellular flux analyser (Seahorse
Bioscience). Inhibitors and activators were used at the following con-
centrations: glucose (10 mM), oligomycin (2 pM) and 2-DG (50 mM).

221 | Data and statistical analysis

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). All studies were
designed, where possible, to generate groups of equal size using ran-
domization. Researchers were blinded for the evaluation of experi-
mental outcomes and for analysis of the raw data. All western
blotting and immunostaining was carried out in compliance with the
British Journal of Pharmacology's Guidelines (Alexander et al., 2018).
Some results were normalized to the control so as to avoid unwanted
sources of variation. Statistical analysis was performed using Graph-
Pad Prism Software (Version 8.0, RRID:SCR_000306), and data are
presented as means + SEM. No outliers were removed from the data.
Studies with n<5 were not subjected to statistical analysis and the
related results are referred to as preliminary. Statistical analysis was
only undertaken for studies where each group size was at least
n = 5. N represents the number of studied animals (in vivo) or inde-
pendent values (in vitro) and statistical analysis was performed using
these independent values. Data distribution was assessed by the
Shapiro-Wilk test for normality, and F test or Brown-Forsythe test
was performed to test the equality of variance. For comparisons of
two groups, unpaired two-tailed Student's t test (when the variances
were equal) or unpaired two-tailed Student's t test with Welch's cor-
rection (when variances were unequal) was performed, when normal
distribution was satisfied. Otherwise, non-parametric Mann-Whitney
tests were performed for the data sets where normal distribution
was not satisfied. For multiple groups, Brown-Forsythe test was
used to test the homogeneity of variance. Differences among multi-
ple groups were assessed by one-way ANOVA followed by a Bonfer-
roni post hoc analysis for the data sets was satisfied the Brown-
Forsythe test, otherwise by one-way ANOVA and Welch's ANOVA
test with Dunnett's T3 multiple comparison. P < 0.05 was considered

significant.

2.22 | Materials

The PFKFB3 inhibitor AZ67, CAY10535 and TC-S 7009 were supplied
by Tocris Bioscience (Bristol, UK). PT-2385 was supplied by Med-
ChemExpress (Monmouth Junction, NJ, USA) and YC-1 was supplied
by Sigma (St. Louis, MO, USA). More detailed information is provided
in Tables S1, S2 and S4.

2.23 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Fabbro,
et al., 2021; Alexander, Kelly, et al., 2021).

3 | RESULTS
3.1 | Heterozygous Pfkfb3 deficiency in mice
inhibits laser-induced CNV

A mouse model of laser-induced CNV is a widely used model for
nAMD studies (Gong et al., 2015). To initiate laser-induced CNV, the
mouse fundus was viewed with an imaging camera, and laser photoco-
agulation was induced using an image-guided laser system (Figure 1a).
We first examined the expression of glycolytic enzymes and found that
mRNA levels of major metabolite genes of glycolysis were higher in
the choroid/RPE complexes of mice with laser-induced CNV than
those of control mice (Figure 1b). Specifically, the mRNA expression of
Pfkfb3 in laser induced CNV samples was increased approximately
6 fold (Figure 1b). Consistent with this finding, the protein level of
PFKFB3 in laser-injured choroid/RPE complexes was much higher than
in controls (Figure 1c). Moreover, we noticed that the level of lactate,
the metabolic end product of glycolysis, in choroid/RPE complexes
was also much higher in mice with laser-induced CNV than that of con-
trol mice (Figure 1d). Also, the levels of lactate in the eyes of nAMD
patients were higher than those in the eyes from patients without
nAMD (Figure 1e and Table S5-S7), supporting the notion that
PFKFB3-driven glycolysis is elevated during the development of
nAMD. As homozygous deficiency of Pfkfb3 (Pfkfb3~'7) in mice is
embryonically lethal (Chesney et al., 2005), we used heterozygous
Pfkfb3-deficient (Pfkfb3™/~) mice and Pfkfb3*/* littermate controls to
test whether haplodeficiency of Pfkfb3 suppressed laser-induced CNV.
Seahorse extracellular flux analysis revealed that glucose-induced gly-
colysis in BMDMs from Pfkfb3*/~ mice was reduced, compared with
that of macrophages from Pfkfb3*/* mice (Figure S1). Isolectin-B4
staining of choroidal flat mounts showed that the angiogenesis area of
Pfkfb3'~ mice was decreased by approximately 68% compared with
that of Pfkfb3*/* mice at 7 days after laser photocoagulation
(Figure 1f,g). We also used more clinically relevant modalities of CNV

assessments to study the effects of heterozygous Pfkfb3 deficiency on
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Heterozygous Pfkfb3 deficiency in mice decreases laser-induced choroidal neovascularization (CNV). (a) Schematic illustration of

laser-induced CNV mouse model. (b) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of mRNA expression of major glycolysis
genes in the choroid/retinal pigment epithelium (RPE) complex of laser-induced mice and control mice at post laser day 7 (n = 6 mice per group).
(c) Western blot analysis and densitometric quantification of PFKFB3 protein levels in choroid/RPE complex of laser-induced mice and control
mice (n = 5 mice per group). (d) Lactate levels of mouse choroid/RPE complex following laser treatment (n = 5 mice per group). (e) Lactate levels
of aqueous fluid in control patients and wet age-related macular degeneration (AMD) patients (Control: n = 15; Wet-AMD: n = 17). (f and g)
Representative images of choroid/RPE complex flat mount staining of isolectin-B4 in Pfkfb3*/* and Pfkfb3*/~ mice at post laser day

7. Quantification of angiogenesis area data in Pfkfb3*/* and Pfkfb3™/~mice was shown in (g) (n = 6 mice per group, scale bar = 50 pm). Data
shown are individual values with means + SEM. For (c), *P < 0.05, significantly different as indicated; unpaired two-tailed Student's t test with
Welch's correction. For (d, €), *P < 0.05, significantly different as indicated; unpaired two-tailed Student's t test. For (g), *P < 0.05, significantly
different as indicated; non-parametric Mann-Whitney test.

3.2 M® are associated with neovascularization

CNV development in mice. Fluorescein angiography (FA) (Figure S2a)
(SD-OCT)
(Figure S2b) assessments revealed that heterozygous Pfkfb3 deficiency

and spectral domain optical coherent tomography
in mice decreased the severity of vascular leakage and CNV thickness
from CNV lesions. Together, these data indicated that even haplodefi-

ciency of Pfkfb3 markedly suppressed formation of CNV in mice.

and express high level of glycolytic enzymes,
especially PFKFB3, in three models of nAMD

In addition to the laser-induced CNV mouse model, Vidlr—/~ and

VEGF-A™P®" mice are two other well-accepted ocular angiogenesis
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mouse models for studying nAMD (Joyal et al., 2016; Xu et al., 2020).
Using these three NAMD models, we examined the spatial relationship
between neovascularization and myeloid cells and consistently found
that M® tend to accumulate in and around areas of pathological neo-
vascularization (Figure 2a), suggesting a possible role of M® in the
development of NnAMD.

M® use glycolysis as one of the major metabolic pathways to
support their activity (Huang et al., 2016; Palsson-McDermott
et al, 2015). We therefore examined the expression of glycolytic
enzymes in M® from the choroid/RPE complex of mice with CNV. As
shown in Figure 2b, the mRNA expression of Sic2al, Aldoa, Pkm2,
Ldha and especially Pfkfb3 were much higher in M® isolated from
choroid/RPE complexes of mice with CNV, than in control cells.
Moreover, immunofluorescence staining showed an extremely high
level of PFKFB3 in F4/80-positive M® in laser-induced CNV lesions
(Figure 2c,d). In contrast, the similar area in the choroid/RPE com-
plexes of non-injured mice stained negative for PFKFB3 antibody. In
addition, high expression of other proteins involved in glycolysis,
including GLUT1 (SLC2A1), HK1 and PKM2, was also observed in the
M® (F4/80-positive) area of laser-induced CNV lesions (Figure 2e-g).
Furthermore, the PFKFB3 level was substantially increased in the cho-
roidal M® of VEGF-AM™P®" mice, compared with that of VEGF-AWT
mice (Figure 2h). Collectively, these observations indicate that the
high level of PFKFB3-driven glycolysis in M® might contribute to the
formation of CNV.

3.3 | Myeloid-specific Pfkfb3 deficiency decreases
CNV in mouse models of nAMD

To determine whether PFKFB3-driven glycolysis in M® plays a causal
role in nAMD, we generated myeloid-specific PFKFB3-knockout mice
(Pfkfb3“M?®) and control mice (Pfkfb3"T) by crossing Pfkfb371°¥/f* mice
with Lysm-Cre mice (Figure S3a). Both mRNA and protein expression
of PFKFB3 were barely detectable in bone marrow derived macro-
phages (BMDMs) of Pfkfb3*M® mice, compared with those of
Pfkfb3™T mice (Figure S3b-d), confirming the effective deletion of
Pfkfb3 in macrophages of Pfkfb3*M¢ mice. In the laser-induced CNV
mouse model, Pfkfb3*M?® mice had a 62.8% reduction of CNV lesion
area at 7 days post laser (Figure 3a,b). FA and SD-OCT results also
revealed that myeloid-specific Pfkfb3 deficiency decreased the sever-
ity of vascular leakage and CNV thickness from CNV lesions in mice
(Figure S4).

The absence of VLDLR is associated with retinal angiomatous
proliferation and CNV, which is similar to the neovascularization seen
in macular telangiectasia and late nAMD in humans (Lambert
et al., 2016). To investigate the role of myeloid PFKFB3-mediated
glycolysis in Vldir~'~ mice, we further generated myeloid-specific
Pfkfb3 knockout (Vidir—/~Pfkfb3*M®) and control (Vidir—/~Pfkfb3"T)
mice. Consistent with the data obtained in the laser-induced CNV
model, Vidir—'~Pfkfb3*M® mice developed fewer numbers of neovas-

cular lesions and less total lesion size, compared with those of

littermate control Vidir—"—Pfkfb3"™ mice (Figure 3c-e). Collectively,
these results suggested that inhibition of myeloid PFKFB3-driven gly-
colysis suppresses pathological neovascularization in mouse models
of NAMD.

3.4 | Ma® shift towards both M1 and M2 activation
status in the development of CNV

To better understand which phenotype of M® associated with glycol-
ysis reprogramming may contribute to CNV, we next explored M®
polarization in the laser-induced CNV mouse model. The mRNA
expression of M1 markers were modestly up-regulated whereas the
M2 markers were robustly up-regulated in M® from choroid/RPE
complexes after laser injury (Figure 4a, n < 5, result is preliminary).
Accordingly, we observed an increase in mRNA levels of angiogenic
factors in activated M® from choroid/RPE complex after laser applica-
tion (Figure 4a, n < 5, result is preliminary). In addition, flat-mount
immunofluorescence analysis showed that expression of both CD11c
(M1 marker) and CD206 (M2 marker) were much higher on M® at the
lesion site (Figure 4b). Taken together, these results indicated that
both M1 and M2 M® may play a critical role in the formation and
development of CNV.

3.5 | PFKFB3-driven glycolysis has a causal role in
activation and expression of angiogenic factors in M®
during CNV

Having shown that accumulating M® are highly glycolytic and acti-
vated in the pathological choroidal angiogenic vascular niche, we
next asked whether PFKFB3-driven glycolysis underlies M® activa-
tion and polarization during CNV. Flow cytometry showed that the
percentages of both CD11b™ F4/80" CD11c" and CD11b* F4/80"
CD206" cells were lower in choroid/RPE complexes of Pfkfb32M®
mice compared to those of Pfkfb3™WT mice at day 7 post-laser, sug-
gesting that myeloid Pfkfb3 deficiency was able to decrease M1
(Figures 5a and 5c) and M2 (Figure 5a,b) polarization during CNV
development. Furthermore, real-time PCR analysis showed that
mMmRNA expression of a subset of M1&M2 markers and pro-angio-
genic factors were markedly decreased in F4/80" M®, isolated from
choroid/RPE complex of post laser Pfkfb3*™® mice (Figure 5d). In
line with these findings, flat-mount immunostaining showed
decreased expression of ARG1 and IL-1p in F4/80" M® in the neo-
vascular choroid/RPE complex of post laser Pikfb32M®  mice
(Figure 5e,f). We also evaluated the potential effects of Pfkfb3 loss
on the cell viability of M®, which could influence the activation of
M®. There is no difference in macrophage viability between geno-
types, as indicated by WST-1 assays (Figure S5). Taken together,
these results suggested that myeloid Pfkfb3 deficiency dampened
CNV by inhibiting M® activation and polarization in the laser-
induced CNV mouse model.
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FIGURE 2 Macrophages/microglia (M®) are spatially adjacent to neovascularization and express high levels of glycolytic enzymes in murine
models of neovascular age-related macular degeneration (hnAMD). (a) Double immunofluorescent staining of F4/80 and isolectin-B4 in choroid/
retinal pigment epithelium (RPE) complex of laser-induced choroidal neovascularization (CNV) and vascular endothelial growth factor (VEGF)-
AMPEr and Vidlr—'~ mice models. (b) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of mRNA level of major glycolysis genes
in the M® of choroid/RPE complex after laser application (n = 5 mice per group). (c and d) Representative images and quantification of
expression of PFKFB3 in F4/80" macrophages/macroglia in the neovascular choroid/RPE complex. Choroid/RPE complex and eye cross-sections
were stained for PFKFB3 (red), F4/80 (green), DAPI (blue, nuclei) and isolectin-B4 (pink) in the RPE/choroid complex from normal and laser-
induced CNV mice at post laser day 7 (n = 5 mice per group). Four selected area (white box) were enlarged to show PFKFB3 expression in M® of
normal and laser-induced CNV mice (scale bars, 20 pm for original images and 10 pm for enlarged images). (e-g) Choroid/RPE complex flat mount
staining of major glycolysis genes Slc2a1 (e), Hk1 (f) and Pkm2 (g) in F4/80" macrophages/macroglia in the RPE/choroid complex from the normal
and laser-induced CNV mice (scale bar = 50 um). (h) Representative images and quantification of PFKFB3 expression in F4/80" M® in choroid/
RPE complexes of VEGF-A"T and VEGF-A™P®" mice (n = 5 mice per group). Four selected area (white box) are enlarged to show PFKFB3
expression in M® of VEGF-A"T and VEGF-A™P®" mice (scale bars, 50 um for original images and 20 pm for enlarged images). The fluorescence
intensity of PFKFB3 staining was calculated by Image Pro Plus software. All data presented are are individual values with means + SEM. For (b),
*P < 0.05, significantly different from control; unpaired two-tailed Student's t test or non-parametric Mann-Whitney test. For (d), *P < 0.05,
significantly different as indicated; non-parametric Mann-Whitney test. For (h), *P < 0.05, significantly different as indicated; unpaired two-tailed
Student's t test with Welch's correction.
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FIGURE 3 Myeloid-specific Pfkfb3 deficiency suppresses neovascularization in mouse models of neovascular age-related macular
degeneration (nAMD). (a and b) Representative images of choroid/retinal pigment epithelium (RPE) complex flat mount staining of isolectin-B4 in
Pfkfb3"T and Pfkfb3*M® mice at post laser day 7. Quantification of angiogenesis area in Pfkfb3"WT and Pfkfb3*™M® mice was shown in (b) (n=8
mice per group, scale bar = 50 um). (c-€) Representative retinal whole mounts from Vidir—"=Pfkfb3"™T and VidIr '~ Pfkfb3*™M® mice. Two selected
retinal areas (yellow box) were enlarged to show pathological neovessels. Quantification of total lesion number and total lesion size are shown in
(d) and () [VIdIr—"~Pfkfb3WT, n = 12 retinas; VIdir—/~Pfkfb3*™%, n = 16 retinas; scale bar, 1 mm (left and middle), 250 um (right)]. The area of
angiogenesis was calculated by Image J software. Data presented are individual values with means + SEM. For (b), *P < 0.05, significantly different
as indicated; non-parametric Mann-Whitney test. For (d, e), *P < 0.05, significantly different as indicated; unpaired two-tailed Student's t test.
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FIGURE 4 M® conditions towards both M1 and M2 phenotypes during choroidal neovascularization (CNV). (a) Heat map displaying the fold
changes of gene expression detected by qRT-PCR in macrophages/microglia isolated from normal or laser-injured choroid/RPE complex in WT
mice. (b) Representative images of choroid/RPE complex flat mount staining of CD11c (red), CD206 (green) and F4/80 (pink) in normal and laser-
injured mice at post laser day 7. Four selected area (white box) are enlarged to show CD11c and CD206 expressions in macrophages/microglia of
normal and laser-injured mice (scale bars, 50 pm for original images and 10 pm for enlarged images).

3.6 | HIF-1a/ HIF-2a mediate damaged RPE-
induced hyper-glycolytic and pro-angiogenic
phenotype of macrophages

Uptake of damaged RPEs or their derivatives by M® has been previ-
ously observed within laser-induced CNV in mice (Liu et al., 2013).
We therefore investigated whether engulfment of damaged
RPE/derivatives by macrophages drives the reprogramming of glycol-
ysis and pro-angiogenic conditioning. Notably, heat-induced necrotic
RPEs induced a marked increase in the expression of PFKFB3 protein
in Pfkfb3"'T BMDMs (Figure 6a). Accordingly, Seahorse Flux analysis
also revealed that glycolysis function was dramatically enhanced in
Pfkfb3WT macrophages exposed to necrotic RPEs (Figure 6b). Further-

more, necrotic RPEs conditioned Pfkfb3"VT

macrophages to cells with
a phenotype resembling that of CNV M® in laser-induced CNV, as
shown by increased expression of M1/M2 markers and pro-
angiogenic factors, especially ARG1 and IL-1 (Figure 6c-e). However,
the necrotic RPE-induced phenotype described above was consider-
ably attenuated in Pfkfb3*™% BMDMs (Figure 6b-e).

Because the transcription factor HIF has been implicated in mod-
ulating macrophage activation by glycolytic metabolites (Colegio
et al., 2014; Tannahill et al., 2013), we posited that HIFs may be

involved in necrotic RPE-driven macrophage glycolysis and M1/M2

activation. Indeed, expression of HIF-1«, HIF-2a and PFKFB3 proteins
were significantly up-regulated in BMDMs treated with necrotic RPEs
(Figure 6f-h). Importantly, necrotic RPE-induced expression of HIF-1a
/  HIF-2a were Pfkfb3-deleted macrophages
(Figure 6f-h). To confirm our in vitro findings, we analysed the expres-
sion of HIF-1a and HIF-2a in CNV M® of choroid/RPE complex
in vivo. As expected, immuno-reactivities of HIF-1a / HIF-2a in CNV
Ma® were reduced in CNV M® of Pfkfb3*M® mice (Figure 6ij). To

determine whether these HIFs are critical for necrotic RPE-induced

decreased in

macrophage glycolysis and polarization, we blocked HIF signalling
using pharmacological inhibitors specifically targeting HIF-1a / HIF-
2a. CAY10535, a pharmacological inhibitor of HIF-1a partly reversed
necrotic RPE-induced expression of Pfkfb3, Arg1, Mgl2, Il1b, Nos2 and
Fgf2, most of which have been previously demonstrated as the genes
targeted by HIF-1a (Colegio et al., 2014; Palazon et al., 2014), while
TC-S 7009, a high affinity and selective inhibitor of HIF-2a (Rogers
et al., 2013), reduced necrotic RPE-induced expression of Arg1, Retnla,
Mgl2, ll1b, Nos2 and Fgf2, without affecting Pfkfb3 (Figure 6k). Similar
results were obtained when YC-1 (Sun et al., 2007) and PT-2385 (Liu,
Luo, et al., 2019), two structurally and mechanistically distinct inhibi-
tors of HIF-1a and HIF-2a, were used (Figure 6k). These data suggest
that HIF signalling contributes to the induction of the hyperglycolytic
and pro-angiogenic phenotype by necrotic RPEs in macrophages.
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FIGURE 5

Myeloid Pfkfb3 deficiency dampened macrophage M1/M2 polarization. (a) Representative flow cytometric plots of M1/M2

polarization in Pfkfb3"T and Pfkfb3“M¢ mice at post laser day 7. (b and c) Quantification of M2 (CD11b*F4/80*CD206") and M1
(CD11b*F4/80"CD11c™") polarization of choroid/retinal pigment epithelium (RPE) complex in Pfkfb3"T and Pfkfb3*™M® mice at post laser day

7 (n = 5 mice per group). (d) gRT-PCR analysis of M1/M2 markers and angiogenic factors in M® isolated from choroid/RPE complex of Pfkfb

3WT

and Pfkfb3*M¢® mice at post laser day 7; n = 5 mice per group. (e and f) Representative choroid/RPE complex flat mount staining images and
fluorescence intensity quantification of ARG1 (e) and IL-1p (f) in F4/80" M® of Pikfb3"™T and Pfkfb32M® mice within choroidal neovascularization
(CNV) lesions at post laser day 7 (n = 5 mice per group, scale bar = 50 pm). The fluorescence intensity of ARG1 and IL-1p were calculated by
Image Pro Plus software. Data presented are individual values with means + SEM. For (b, c), *P < 0.05, significantly different as indicated; one-
way ANOVA followed by Bonferroni post hoc test. For (d), *P < 0.05, significantly different from Pfkfb3"VT_Normal; #P < 0.05, significantly
different from Pfkfb3""_Laser; one-way ANOVA followed by Bonferroni post hoc test or one-way ANOVA and Welch's ANOVA test with
Dunnett's T3 multiple comparison. For (e, f), *P < 0.05, significantly different as indicated; unpaired Student's t test. ns, not significant

3.7 | Signalling via NF-kB is involved in the anti-
inflammatory effect of myeloid Pfkfb3 deficiency in
laser-induced CNV

Immune activation was involved in the pathogenesis of AMD (Zhang
& Wong, 2021). Several studies have demonstrated that pro-
inflammatory cytokine production and inflammasome activation play
a critical role in the development of nAMD (Gao et al., 2015; Liu
et al., 2013; Tarallo et al., 2012). NF-xB is the principal regulator of
the inflammatory signalling in AMD (Hikage et al., 2021). To dissect
the mechanisms underlying the anti-angiogenic effects of inactivating
Pfkfb3 in myeloid cells, we next evaluated the activation of NF-xB in
the laser-induced CNV model. As shown in Figure 7a, protein expres-
sion of phospho-NF-kB p65 was robustly induced in the choroid/RPE
complex of mice with laser-induced CNV, while myeloid Pfkfb3 defi-
ciency decreased NF-kB activation. Immunostaining showed that
myeloid Pfkfb3 deficiency reduced phospho-NF-kB p65 expression in
the CNV area that co-localized with F4/80 staining, which identifies
M® (Figure 7b). Furthermore, myeloid deficiency of Pfkfb3 resulted in
reduced protein expression of phospho-NF-kB pé5 and IL-1p follow-
ing treatment with necrotic RPE (Figure 7c). These data indicate that
the anti-inflammatory and anti-angiogenic effects of myeloid Pfkfb3
deficiency are, at least in part, mediated through inactivation of the
NF-«xB signalling pathway.

3.8 | PFKFB3-driven glycolysis in M® supports
their enhanced pro-angiogenic activity on MCECs

Our observations that PFKFB3 is critical for activation and expression
of angiogenic factors in M® as well as CNV formation in vivo
prompted us to further examine the angiogenic effects of
PFKFB3-mediated M® glycolysis on MCECs ex vivo and in vitro.
Using an ex vivo angiogenesis model of choroidal explants, we found
that the choroidal sprouting area was decreased in Pfkfb3*M® mice
compared with that of Pfkfb3"VT mice (Figure 8a). Next, we collected
the conditioned medium (CM) from necrotic RPE-pretreated BMDMs
of Pfkfb3*™M® and Pfkfb3"™WT mice to evaluate its angiogenic effect on
MCECs in vitro. The EdU incorporation assay showed that CM of
Pfkfb3"WT BMDMs enhanced the proliferation of MCECs. The ability
of CM from Pfkfb34™® BMDMs to promote MCEC proliferation was

much lower than that of CM from Pfkfb3"V'T BMDMs (Figure 8b). We
also saw similar results using two other in vitro angiogenesis models,
in which MCECs form three-dimensional spheroids and a two-
dimensional vessel network (Figure 8c,d). Collectively, these findings
indicate PFKFB3-driven glycolysis conditions macrophages towards a
pro-angiogenic state, thus promoting proliferation, sprouting and tube
formation of MCECs.

3.9 | PFKFB3 inhibitor AZ67 protects mice from
laser-induced CNV via inhibition of HIFs and NF-xB
signalling in M®

In addition to the effect of the inactivation of PFKFB3 on laser-
induced CNV using genetically engineered mice, we administered the
PFKFB3 inhibitor AZ67 to mice to test whether pharmacological inhi-
bition of PFKFB3 benefits mice in the laser-induced CNV model.
C57BL/6J mice were treated daily with vehicle or AZ67 for 7 days fol-
lowing laser-induced CNV. Choroid/RPE flat mount immunostaining
showed that the angiogenesis area was significantly decreased in
AZ67-treated mice, compared with those of vehicle-treated mice at
day 7 post laser (Figure 9a). Consistent with the decreased angiogene-
sis area, AZ67 administration also significantly decreased the severity
of vascular leakage and CNV thickness from CNV lesions in mice
(Figure S6). Along with this observation, the expression of ARG1
(M2 marker), IL-18 (M1 marker), HIF-1a, HIF-2a and phospho-NF-xB
p65 were also decreased in M® within the CNV area of AZ67-treated
mice after laser injury, as indicated by immunostaining (Figure 9b-f).
Furthermore, western blot and gRT-PCR analysis also demonstrated
that AZ67 suppressed the expressions of HIF-1a, HIF-2«, phospho-
NF-kB pé5, M1/M2 markers and angiogenic factors in choroid/RPE
complex with laser photocoagulation (Figure 9g-h). In conclusion,
these results suggest that pharmacological inhibition of PFKFB3 is
likely to be translatable as a treatment for nAMD.

4 | DISCUSSION

Accumulated evidence suggests that M® critically contribute to the
pathogenesis of CNV in nAMD (Liu et al., 2013). Glycolysis has been
showed to support the activation of M® (Langston et al., 2017).
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FIGURE 6 PFKFB3-driven glycolysis induces a proangiogenic phenotype in damaged retinal pigment epithelium (RPE)-treated macrophages
via HIF-1a / HIF-2a. (a) Western blot analysis and densitometric quantification of PFKFB3 expression in Pfkfb3"VT and Pfkfb3*M¢ bone marrow-
derived macrophages (BMDMs) with or without necrotic RPE treatment for 24 h (n = 5). (b) Extracellular acidification rate (ECAR) analysis shows
glycolytic function in Pfkfb3"T and Pfkfb3“M® BMDMs with or without necrotic RPE treatment for 24 h (n = 5). (c) gRT-PCR analysis of M1/M2
markers and angiogenic factors in Pfkfb3"VT and Pfkfb3™® BMDMs with or without necrotic RPE treatment for 24 h (n = 6). (d and e)
Immunostaining of ARG1 (d) and IL-1p (e) in Pikfb3"T and Pikfb32M® BMDMs with or without necrotic RPE treatment (n = 6). (f) Western blot
analysis and densitometric quantification the protein levels of HIF-1a and HIF-2« in Pfkfb3"T and Pfkfb32™M® BMDMs treated with or without
necrotic RPE (n = 5). (g and h) immunostaining of HIF-1a (g) and HIF-2« (h) in BMDM s from Pfkfb3"VT and Pfkfb3“™M® mice with or without
necrotic RPE treatment (n = 6). (i and j) Representative choroid/RPE complex flat mount staining images and fluorescence intensity quantification
of HIF-1a (i) and HIF-2a (j) in F4/80" macrophages/macroglia in the neovascular choroid/RPE complex at post laser day 7 (n = 5 mice per group,
scale bar = 50 um). (k) gRT-PCR analysis M1/M2 markers and angiogenic factors in Pfkfb3"T BMDM s treated with or without HIF-1« or HIF-2a
inhibitors following necrotic RPE treatment (n = 6). Fluorescence intensity of ARG1, IL-18, HIF-1a and HIF-2a were calculated by Image Pro Plus
software. Data presented are individual values with means + SEM. For (a, b, f), *P < 0.05, significantly different as indicated; one-way ANOVA
followed by Bonferroni post hoc test. For (c-€, g, h), *P < 0.05, significantly different as indicated; for (k), *P < 0.05, significantly different from
Pfkfb3"VTBMDM_Vehicle; #P < 0.05, significantly different from Pfkfb3"VTBMDM-+necrotic RPE_Vehicle; one-way ANOVA followed by
Bonferroni post hoc test or one-way ANOVA and Welch's ANOVA test with Dunnett's T3 multiple comparison. For (i, j), *P < 0.05, significantly

different as indicated; non-parametric Mann-Whitney test. ns, not significant

However, the role of macrophage glycolysis in nAMD remains ill-
defined. Here, we demonstrate that pharmacological and genetic inhi-
bition of the glycolytic activator PFKFB3 in M® is effective in inhibit-
ing CNV in laser-induced nAMD in mice. Mechanistically, this effect
appears to be mediated via downregulating macrophage polarization
and the expression of pro-inflammatory and pro-angiogenic cytokines
through suppression of HIF-1a / HIF-2a and NF-xB signalling in M®.

Although previous studies have revealed myeloid cell accumula-
tion during CNV using a laser-induced nAMD murine model (Liu
et al., 2013), it is still unclear whether the phenomenon exists in other
nAMD experimental models. In the first set of experiments, we found
a common phenomenon that M® accumulate in and around areas of
CNV in multiple in vivo models, including laser injury, Vidir knockout
and VEGF-A hypermorphic mutation-induced nAMD, indicating that
M® may critically participate in the disease process. Previous work
has shown that the expression of PFKFB3 is up-regulated in macro-
phages in response to various stimuli, such as LPS (Wang et al., 2020),
IFN (Jiang et al., 2016) and hypoxia (Wang et al., 2021). Therefore, we
expected that PFKFB3 expression is also increased in M® during
CNV. We actually found that within the CNV micro-environment,
necrotic RPE robustly induced the expression of PFKFB3 in M® both
in vivo and in vitro. Moreover, necrotic RPE pigments were also abun-
dant within the CNV lesion and could be taken up by the lesional M®
(Liu et al., 2013), thereby inducing the functional phenotype and met-
abolic shifts. The damaged RPE and its derivatives could induce
PFKFB3-driven glycolysis in M®, leading to its pro-angiogenic activa-
tion and the subsequent production of various pro-angiogenic factors,
thus promoting human CNV in nAMD.

It is well accepted that recruited M® with the CNV lesion are
conditioned towards a pro-angiogenic phenotype, which produces a
subset of pro-angiogenic cytokines, such as growth factors and pro-
inflammatory cytokines to facilitate pathological angiogenesis. Among
the pro-angiogenic factors or cytokines, VEGF and basic FGF (FGF-2)
are considered to be the two most potent inducers of angiogenesis
(Potente et al., 2011). We observed that M® from Pfkfb3*M® mice
had markedly decreased mRNA expression of Fgf2, but not Vegf. In

addition, pro-inflammatory factors, such as IL-1p and TNF-a, induced
early expression of VEGF in the inflammatory micro-environment of
tissues and also critically contributed to ocular angiogenesis (Catar
et al., 2013; Gardiner et al., 2005; Kowluru & Odenbach, 2004). Here,
we show that expression of those growth factors and inflammatory
cytokines was up-regulated in M® of mice with laser-induced CNV,
supporting the concept that cytokines and chemokines produced by
M® are associated with nAMD pathogenesis. Importantly, we found
decreased expression of those pro-angiogenic cytokines in M® from
choroid/RPE of laser-injured Pfkfb3 knockout mice. As those pro-
angiogenic cytokines are key regulators of angiogenesis, we posited
that their expression induced by PFKFB3 in M® could functionally
mediate angiogenic effects in endothelial cells during ocular neovas-
cularization. Indeed, multiple angiogenesis assay models, including
in vitro (endothelial cell proliferation and sprouting assay), ex vivo
(choroidal/RPE sprouting assay) and in vivo (laser and VldIr knockout-
induced CNV) models, consistently showed impaired angiogenic
effects in Pfkfb3-deleted M®, indicating a causal role of PFKFB3 in
macrophage activation and its pro-angiogenic effect.

M® are highly plastic cells that can be polarized to different func-
tional phenotypes, depending on the local micro-environment (Murray
& Wynn, 2011). A previous study using the laser-induced CNV mouse
model and samples from nAMD patients simultaneously revealed a
mixed expression profile of both M1 and M2-type markers from MPs
and suggested a tendency towards greater M2 polarization in nAMD
(Yang et al., 2016), which is consistent with our findings. The study
suggests a vital role of both M1 and M2 M® in the onset and progress
of CNV: M1 M® may play a critical role in the initial stage of CNV,
while M2 M® are involved in the middle and advanced stages of CNV
(Yang et al., 2016). Of note, we noticed that Arg-1, a marker of M2
M®, was robustly induced in M® after laser treatment. Arg-1 has
been proposed to not only serve as a phenotypic signature of macro-
phage activation, but also actively functions as an inflammatory medi-
ator and a pro-angiogenic factor during the development of nAMD
(Liu et al., 2013). In the present study, downregulation of both M1
and M2 gene transcripts, particularly of Argl, was observed in M®
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FIGURE 7 Myeloid Pfkfb3 deficiency inhibits NF-kB activation in vitro and in vivo during choroidal neovascularization (CNV). (a) Western blot

analysis and densitometric quantification of phosphorylated (P)-p65 in choroid/retinal pigment epithelium (RPE) complex of Pfkfb3"T an

d

Pfkfb3*M® mice with and without laser photocoagulation (n = 5 mice per group). (b) Representative images of choroid/RPE complex flat mount
staining and fluorescence intensity quantification data of phosphorylated (P)-p65 in Pfkfb3"T and Pfkfb3 “M® mice at post laser day 7 (n = 5 mice

per group, scale bar = 50 pm). (c) Western blot analysis and densitometri

¢ quantification of phosphorylated (P)-p65 and IL-1p in Pfkfb3"" and

Pfkfb3*M% BMDM s treated with or without necrotic RPE (n = 5). Fluorescence intensity of phosphorylated (P)-p65 was calculated by Image Pro
Plus software. Data presented are individual values with means + SEM. For (a), *P < 0.05, significantly different as indicated; one-way ANOVA

and Welch's ANOVA test with Dunnett's T3 multiple comparison. For (b),
ifferent as indicated; one-way ANOVA followed by Bonferroni post hoc

Student's t test with Welch's correction. For (c), *P < 0.05, significantly d
test. ns, not significant.

from laser-injured Pfkfb3 knockout mice, suggesting an association
between PFKFB3-mediated glycolysis in controlling M1 and M2 M®
polarization in CNV lesions in vivo.

Mechanistically, the effects of myeloid PFKFB3 on the expression
of M1/M2 marker genes and pro-inflammatory and pro-angiogenic
factors involve HIF-1a / HIF-2a and NF-kB-related signalling. Previ-
ous work has shown that the HIFs are transcription factors that are
critical in regulation of both M1 and M2 gene transcription (Colegio
et al., 2014; Palazon et al., 2014; Tannahill et al., 2013). NF-xB plays

*P < 0.05, significantly different as indicated; unpaired two-tailed

crucial roles in driving inflammatory M1 macrophage polarization
(Olefsky & Glass, 2010). Our results showed that necrotic RPE can
induce activation of HIF and NF-kB signalling pathways in BMDMs,
while Pfkfb3 deficiency led to decreased levels of HIFs and NF-kB and
their target genes in activated macrophages. However, it is unclear
how myeloid PFKFB3 regulates the expression of HIFs and NF-kB. As
2007), we
speculated that NF-xB signalling may contribute to PFKFB3-mediated

NF-kB can directly activate HIF signaling (Bonello et al.,

HIF activation in M®. Indeed, we observed a decreased level of
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(c) Representative images of MCECs spheroidal sprouting after exposed to CM from Pfkfb3"VT or Pfkfb32™® BMDMs pretreated with necrotic
RPE for 24 h and quantification of sprout number and sprout length (n = 8, scale bar = 100 pm). (d) Representative tube formation images of
MCECs exposed to CM from Pfkfb3"T or Pfkfb3*M% BMDMs pretreated with necrotic RPE for 24 h and quantification of branch points and tube
length (n = 8, scale bar = 200 um). Data presented are individual values with means + SEM. For (a), *P < 0.05, significantly different as indicated;
unpaired two-tailed Student's t test. For (b), *P < 0.05, significantly different as indicated; one-way ANOVA and Welch's ANOVA test with
Dunnett's T3 multiple comparison. For (c), *P < 0.05, significantly different as indicated; one-way ANOVA followed by Bonferroni post hoc test or
one-way ANOVA and Welch's ANOVA test with Dunnett's T3 multiple comparison. For (d), *P < 0.05, significantly different as indicated; one-

way ANOVA followed by Bonferroni post hoc test.

phospho-NF-xB p65 in Pfkfb3-deleted macrophages. Previous studies
showed that lactate, a by-product of PFKFB3-driven glycolysis, was
able to stimulate both NF-kB (Vegran et al., 2011) and HIF (Colegio
et al, 2014; Sonveaux et al, 2012) signalling pathways under
normoxic conditions. Therefore, lactate-mediated activation of NF-

kB-HIF signalling could be a crucial mechanism underlying
PFKFB3-induced angiogenic effects, although other pathways should
also be explored in further studies.

PFKFB3 may be a promising therapeutic target for the treatment

of wet AMD. PFKFB3 inhibitors have been tested in clinical trials for
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FIGURE 9

Pharmacological inhibition of PFKFB3 suppresses laser-induced choroidal neovascularization (CNV) in mice. (a) Representative

choroid/retinal pigment epithelium (RPE) complex flat mount immunostaining of isolectin-B4 image and angiogenesis area quantification in

vehicle- and AZ67-treated mice at post laser day 7 (n = 10 eyes per group, scale bar = 50 pm). (b-f) Representative choroid/RPE complex flat
mount immunostaining staining images and fluorescence intensity quantification of ARG1 (b), IL-1 (c), HIF-1a (d), HIF-2a (e) and phosphorylated
(P)-p65 (f) in F4/80" macrophages/macroglia in the neovascular choroid/RPE complex (n = 5 mice per group). Scale bar, 20 pm (b-¢e) and 50 pm
(f). (8) Western blot analysis and densitometric quantification of HIF-1a, HIF-2a and phosphorylated (P)-p65 in choroid/RPE complex of vehicle-
or AZ67-treated mice with or without laser photocoagulation (n = 5 mice per group). (h) gRT-PCR analysis of M1/M2 markers and angiogenic
factors in choroid/RPE complex of vehicle- or AZ67-treated mice with or without laser photocoagulation (n = 6 mice per group). Fluorescence
intensity of ARG1, IL-16, HIF-1a, HIF-2«a and phosphorylated (P)-p65 were calculated by Image Pro Plus software. Data presented are individual
values with means + SEM. For (a, f), *P < 0.05, significantly different as indicated; non-parametric Mann-Whitney test. For (b, c, e), *P < 0.05,
significantly different as indicated; unpaired two-tailed Student's t test with Welch's correction. For (d), *P < 0.05, significantly different as
indicated; unpaired two-tailed Student's t test. For (g), *P < 0.05, significantly different as indicated; one-way ANOVA followed by Bonferroni
post hoc test. For (h), *P < 0.05, significantly different as indicated; one-way ANOVA and Welch's ANOVA test with Dunnett's T3 multiple
comparison. ns, not significant

the treatment of cancers and have exhibited excellent efficacy and
safety (Redman et al., 2015). In the current study, haploinsufficiency
for Pfkfb3 or blockade of PFKFB3 using AZ67, protected mice from
laser-induced nAMD. To date, although intravitreal injection of anti-
VEGF agents, such as bevacizumab and ranibizumab) (Group

et al, 2011) is a first-line therapy for several ocular neovascular

diseases, including NAMD, the anti-VEGF drugs are not effective in all
patients (Nagai et al., 2016; Otsuiji et al., 2013). Thus, several preclini-
cal experiments and clinical trials have examined new therapeutic
agents that target other molecules or signalling pathways (Syed
et al., 2012). For example, a novel single-stranded RNAI therapeutic

agent targeting (pro)renin receptors has recently been developed for


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6771
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6779
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the treatment of nAMD (Liu, Kanda, et al., 2019). Our data indicate
that VEGF-independent mechanisms exist in a model of CNV medi-
ated by myeloid PFKFB3, implying that combination therapies of an
anti-VEGF agent plus a PFKFB3 inhibitor/RNAi may be beneficial for
patients with CNV. The promising preclinical findings presented here
provide a strong rationale for targeting PFKFB3-driven macrophage
glycolysis using PFKFB3 inhibitors or gene therapy in patients with
nAMD, which may represent a novel therapeutic strategy in the treat-

ment of this disease.
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