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The coordination of metabolic signals among different cellular components in pathological retinal
angiogenesis is poorly understood. Here, we showed that in the pathological angiogenic vascular
niche, retinal myeloid cells, particularly macrophages/microglia that are spatially adjacent to
endothelial cells (ECs), are highly glycolytic. We refer to these macrophages/microglia that exhibit
a unique angiogenic phenotype with increased expression of both M1 and M2 markers and
enhanced production of both proinflammatory and proangiogenic cytokines as pathological retinal
angiogenesis—associated glycolytic macrophages/microglia (PRAGMs). The phenotype of
PRAGMs was recapitulated in bone marrow—derived macrophages or retinal microglia stimulated
by lactate that was produced by hypoxic retinal ECs. Knockout of 6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatase (PFKFB3, Prkfb3 for rodents), a glycolytic activator in myeloid cells,
impaired the ability of macrophages/microglia to acquire an angiogenic phenotype, rendering
them unable to promote EC proliferation and sprouting and pathological neovascularization in a
mouse model of oxygen-induced proliferative retinopathy. Mechanistically, hyperglycolytic
macrophages/microglia produced large amount of acetyl-coenzyme A, leading to histone
acetylation and PRAGM-related gene induction, thus reprogramming macrophages/microglia into
an angiogenic phenotype. These findings reveal a critical role of glycolytic metabolites as
initiators of reciprocal activation of macrophages/microglia and ECs in the retinal angiogenic
niche and suggest that strategies targeting the metabolic communication between these cell types
may be efficacious in the treatment of pathological retinal angiogenesis.

INTRODUCTION

Pathological angiogenesis is a major cause of irreversible blindness in individuals of all age
groups (1-4). Increased endothelial sprouting and proliferation are major cellular events that
underlie pathological angiogenesis, and endothelial glycolysis has been demonstrated to be
the principal metabolic source to support these cellular events. We and others have
previously demonstrated that glycolysis is critical for the sprouting of tip endothelial cells
(ECs) and the proliferation of stalk cells in zebrafish and that mice deficient in the glycolytic
activator 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase (PFKFB3, Pikfb3 for
rodents) have impaired angiogenesis (5, 6). Deficiency of endothelial Pfk7b63in mice has
also been reported to reduce pathological angiogenesis in models of retinopathy of
prematurity and age-related macular degeneration (AMD) (6, 7). However, the mechanisms
that trigger the up-regulation of endothelial glycolysis or enhance glycolysis in adjacent
cells, such as macrophages/microglia, in the angiogenic vascular niche, as well as the factors
that mediate metabolic cross-talk between ECs and their neighboring cells remain unknown.

Macrophages/microglia within neovascular areas contribute to aberrant angiogenesis (8-11).
However, the phenotype and metabolic states of macrophages/microglia that contribute to
pathological retinal angiogenesis remain unclear. Macrophages/microglia are highly plastic
and can acquire a range of functional phenotypes, including that of the classically activated
state (M1) and the alternatively activated state (M2), in response to various stimuli in the
local microenvironment (12, 13). A prominent population of tumor-associated macrophages,
for example, undergoes alternative activation in the tumor microenvironment and expresses
M2-associated genes and angiogenic factors, such as arginase-1 (ArgZ) and vascular
endothelial growth factor ( Veg#), to promote angiogenesis and fuel cancer progression (14,
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15). Likewise, M2 macrophages/microglia are also considered to be the predominant
myeloid cells in the development of both retinal and choroidal neovascularization (16, 17).
In addition, proinflammatory macrophages, which express proinflammatory cytokines such
as interleukin-1p (IL-1B) and tumor necrosis factor-a, are reported to be critical for
pathological retinal angiogenesis (18). Thus, the exact phenotype of the myeloid cells
driving angiogenesis remains incompletely defined. Moreover, recent studies show that both
classic and alternatively activated macrophages are critically supported by metabolic
changes, especially increased glycolytic reprogramming (19, 20). Various stimuli in the
microenvironment can alter macrophage metabolism and subsequently regulate the
expression of genetic programs that shape macrophage phenotype and function (19, 20). The
metabolic changes that support the altered phenotype of macrophages/microglia in retinal
angiogenesis remain undetermined.

The regulatory effects of glucose or glycolytic metabolism on macrophage function have
been only partially explored. Distinct metabolic shifts in macrophages can polarize and
activate macrophages through the manipulation of several unique metabolites including
lactate and succinate (21, 22). In pluripotent stem cells, increased glycolysis enhances the
formation of acetyl-coenzyme A (Ac-CoA), a substrate critical for the acetylation of
proteins, including histones, and a regulator of stem cell fate (23-27). Thus far, it has not
been defined whether and how glycolysis and histone acetylation are coordinated to
influence the specific gene expression profile that underlies macrophage/microglia activation
in pathological retinal angiogenesis.

In the current study, we explored the role and mechanism of metabolic cross-talk between a
population of hyperglycolytic proangiogenic macrophages/microglia that we have termed
pathological retinal angiogenesis—associated glycolytic macrophages/microglia (PRAGMSs)
and retinal ECs (RECs) in the angiogenic niche.

Retinal macrophages/microglia adjacent to ECs are hyperglycolytic in the pathological
angiogenic vascular niche

Mouse neonatal retinas and retinas of oxygen-induced proliferative retinopathy (OIR) are
well-accepted models for studying retinal angiogenesis (Fig. 1A) (28). Using these models,
we examined the spatial relationship between macrophages/microglia and the retinal
vasculature to assess the contribution of EC-macrophage/microglia cross-talk to retinal
angiogenesis. During the development of the retinal vasculature, macrophages/microglia can
be found embracing the outside of the blood vessel wall (Fig. 1B) (9, 10, 29) or localized
proximal to endothelial tip cells at the leading edge (Fig. 1C), which is consistent with the
findings of others (9, 10, 29). In contrast, in OIR retinas, macrophages/microglia accumulate
in and around areas of pathological retinal neovascular tufts (Fig. 1D). The identities of
these cells were confirmed by immunofluorescence staining of the endothelial nuclear
marker, erythroblast transformation-specific (ETS)-related gene (30, 31), isolectin B4, and
myeloid F4/80 marker (fig. SLA). Images of the three-dimensional surface generated by
confocal z-stacks of flat-mounted OIR retinas further revealed that ionized calcium-binding
adapter molecule 1 (IBal)* macrophages/microglia were localized proximal to CD31*
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vascular ECs in the pathological angiogenic niche (Fig. 1E). Collectively, these observations
suggest a possible role of endothelial-myeloid interactions in pathological retinal
angiogenesis.

Both macrophages/microglia and ECs use glycolysis as their major metabolic pathway (fig.
S1B) (5, 20, 32-34). In mouse retinas, the mMRNA expression of genes encoding glycolytic
enzymes or regulators (fig. S1C) and the amount of lactate (Fig. 1F), the major metabolite of
glycolysis, were higher in mice with OIR than in mice maintained in room air (RA).
Specifically, a marked increase in the mRNA expression of Pfkfb3, the most potent
stimulator of glycolysis (35), was detected in OIR retinas along with an increased amount of
its enzymatic product, fructose 2,6-bisphosphate (F-2,6-P2) (fig. S1C). To further elucidate
the specific changes in gene expression pattern within the pathological angiogenic niche, we
used laser capture microdissection to excise neovascular tufts from postnatal day 17 (P17)
OIR retinas (Fig. 1G). Expression of several glycolytic genes was increased in isolated
pathological neovascular tufts from OIR mice as compared to those in the normal retinal
vasculature from RA mice (Fig. 1H). To examine the expression of glycolytic genes
specifically in the macrophages/microglia and ECs of these retinas, we used F4/80 or CD31
antibody—conjugated magnetic beads to isolate mouse retinal macrophages/microglia or
ECs, respectively, from OIR and control mice. The mMRNA expression of some glycolytic
genes and the amount of intracellular lactate were higher in macrophages/microglia and ECs
isolated from OIR retinas than in cells obtained from control retinas (Fig. 1, | and J, and fig.
S1, D and E). Macrophages/microglia from OIR retinas exhibited a robust increase in Pfkfb3
MRNA expression (~8-fold higher versus RA) as compared to macrophages/microglia from
RA retinas, whereas mRNA expression of Pfkfbl, Prkfb2, and Prkfb4 was changed only
modestly (Fig. 11). Using multiple immunofluorescence staining of whole-mounted retinas
with a knockout (KO)-validated, highly specific monoclonal antibody for Pfkfb3 (33, 36),
we observed increased expression of Pfkfb3 in the macrophages/microglia of OIR retinas
(Fig. 1, Kand L). In addition, higher expression of Glutl and Pkm2 were also observed in
macrophages/microglia of OIR retinas versus macrophages/microglia of control retinas (fig.
S1, Fto I). Collectively, these findings suggest that glycolysis is increased in both retinal
macrophages/microglia and ECs in pathologic retinal angiogenesis.

Myeloid KO of Pfkfb3 delays vascular development in mouse retinas

To determine the contribution of Pfkfb3-mediated glycolysis in macrophages/microglia to
retinal angiogenesis, we generated myeloid-specific Pfkfb3 KO mice (Pfkfb3M¢®) and
control mice (Pfkfb3VT) by intercrossing Lysm-Cre mice with Prkfb31oXflox mice (fig.
S2A) (6). Pfkfb3 expression was barely detectable in bone marrow—derived macrophages
(BMDMs) cultured with the bone marrow of Pkfb3*M¢ mice as compared to those of
Prkfb3NT mice (fig. S2, B to D). Pfkfb3 expression was also markedly reduced in
macrophages/microglia from retinas of Pfkfb3M¢ mice (Fig. 2, L to N), confirming
effective deletion of Pfkf3in the myeloid cells of Pkfb3M¢ mice. Metabolic analysis
revealed suppressed pyruvate and lactate production in Pfkfb3-deficient BMDMs (fig. S2, E
to G), suggesting a key role of Pfkfb3 in regulating macrophage glycolysis. Using the
Seahorse extracellular flux analyzer, we assessed glycolytic function of Pfkfb3-deficient
macrophages by directly measuring the extracellular acidification rate. As shown in fig. S2
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(H to K), Pfkfb3-deficient BMDMSs demonstrated reduced glucose-induced glycolysis but no
change in mitochondrial respiratory activity as compared to wild-type (WT) macrophages.

To examine the role of Pfkfb3in regulating macrophage/microglia glycolysis in retinal
angiogenesis, we first characterized vascular development in the retinas of Pfkfb3M¢ mice.
On P3, the area of vascularized retina was approximately 39% less in Pfkfb3M¢ mice as
compared with that seen in littermate P23V mice (Fig. 2, A and B). Delayed vascular
development in the Pfkfb3*M¢ retina was also observed at P5 and P7 (Fig. 2, C to F). At the
leading edge of the developing vasculature in Pfkfb3M¢ retinas at P5, branching and the
number of vascular sprouting tips and filopodia were reduced compared with those of
littermates (Fig. 2, G to M). Quantitative analysis of blood vessel densities showed that
vascularization within the three layers of the retina was suppressed in P33 M mice as
compared with that of Pfkfo3NT mice at P12, but this difference was lost at P17 (fig. S3, A
to D). One month after birth, the retinal vasculature was comparable between Pfkfb3M¢ and
Prkfo3NT mice (fig. S3, E to 1). These results suggest that macrophage/microglia Pfkfb3
contributes to early vascular development but is not essential for the vascularization of
retinas in adult mice.

Vascular development is a balance between vascularization and vessel remodeling and
regression. Therefore, we next evaluated changes in remodeling and regression of the retinal
vasculature to assess whether they contribute to the normalization of the retinal vasculature
in adult Prkfb3 M mice. We quantified the number of collagen IV* isolectin IB4~ empty
sleeves in the superficial plexus of Pfkfb3M¢ retinas and found that the number of
regressing, acellular capillaries was decreased in Pfkfb3M¢ retinas (Fig. 2, N and O). These
results suggest that the delayed and incomplete retinal vasculature seen in Pfkfb3M¢ mice
during the early stages of retinal development are compensated for by a decrease in vessel
pruning and remodeling at later stages.

Myeloid KO of Pfkfb3 or Pkm2 suppresses pathological retinal angiogenesis

To assess the role of macrophage/microglia glycolysis in the formation of pathological
retinal neovascularization, we induced OIR in WT and Pfkfb3M¢ mice. After 5 days of
hyperoxia, retinal vascular regression at P12 did not show difference in the areas of vaso-
obliteration between Prkfb3Mé and Prkfb3NT mice (fig. S4, A and B). However, by P17,
we observed a significant decrease in the area of neovascular tufts in retinas of Pfkfb3Mé
mice as compared with that in the WT retinas (£ < 0.001; Fig. 3, A and B). In addition, we
also found a decrease in the avascular area in retinas of Pfkfb3M¢ mice compared with that
of Prkfb3NT mice (Fig. 3C). Retinas of Pkfb3M¢ mice also displayed milder hemorrhages
compared to controls (fig. S4C). Fluorescein angiography with Alexa Fluor 594—conjugated
isolectin B4 and fluorescein isothiocyanate—dextran demonstrated reduced retinal vascular
permeability in Pfkfb3M¢ mice as compared to controls (fig. S4D).

To further establish the role of macrophage/microglia glycolysis in retinal angiogenesis, we
next examined OIR in mice deficient in macrophage/microglia PkmZ2, a critical regulator of
the glycolytic reprogramming in macrophages (34, 37) that was up-regulated in retinal
macrophages/microglia from OIR mice as compared to control mice (Fig. 11 and fig. S1F).
Similar to Prkfb3M$, retinas of PkmZ2M¢é mice exhibited a decrease in the number of
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pathological neovascular tufts and in vascular permeability but an increase in physiological
revascularization at P17, whereas no change in vaso-obliteration was observed at P12 (Fig.
3, D to F, and fig. S4, E to H). Collectively, these data indicate that inhibition of macrophage
glycolysis suppresses pathological neovascularization in a mouse model of pathological
retinal angiogenesis.

Soluble factors from RECs induce macrophage/microglia glycolysis and polarize
macrophages/microglia toward a mixed M1/M2 phenotype

Our observations that macrophage/microglia glycolysis is critical for pathological retinal
neovascularization and that these cells are found in close proximity to ECs prompted us to
explore whether ECs play a role in switching these macrophages/microglia to glycolytic
metabolism and proangiogenic behavior. We first incubated BMDMSs with the conditioned
medium (CM) of cultured RECs under normoxia or hypoxia (Nx-REC-CM or Hx-REC-CM,
respectively), which mimic the in vivo microenvironments in RA or OIR retinas. Hx-REC-
CM induced a marked increase in the mRNA expression of key glycolysis-related genes,
especially Prkfb3, in mouse BMDMs (Fig. 4A). Changes in the protein expression of Pfkfb3
paralleled changes in mMRNA expression (Fig. 4, B and C). Similarly, the amount of
intracellular glycolytic metabolite lactate was increased in HXx-REC-CM-treated BMDMSs
(Fig. 4D). Seahorse flux analysis also revealed that glycolysis was increased, whereas the
mitochondrial respiratory activity was unchanged in BMDMs exposed to HX-REC-CM (fig.
S5, A to D). Isolated and cultured mouse retinal microglia also showed increased Pfkfb3
expression in response to Hx-REC-CM incubation (fig. S6A). Together, these results
indicate that soluble factor(s) released from RECs, and especially hypoxic ECs, can induce
glycolytic enzyme expression and glycolysis in adjacent macrophages/microglia.

We further characterized the activation profile and phenotypic changes in macrophages/
microglia from the retinal angiogenic niche. Among CD11b*/F4/80* macrophages/microglia
isolated from mouse retinas, the percentage of CD86™ (M1 marker) and CD206* (M2
marker) double-positive macrophages/microglia slightly fluctuated between 12 and ~25%
from P12 to P25 in RA retinas. In contrast, the percentage of this population in OIR retinas
escalated from ~10.6% at P12 to ~48.5% at P17 and then declined to ~29.8% at P25 (Fig. 4,
E and F). These CD86*CD206™ macrophages/microglia also highly expressed other M1/M2
molecules such as CD80, CD163, Il1b, and Argl (fig. S7). The mRNA expression of these
M1/M2 molecules paralleled with the dynamic of this M1/M2 macrophage/microglia
population in the development of OIR (fig. S8). Immunofluorescence analysis of OIR retinas
showed that most of the macrophages/microglia were CD11c and CD206 double-positive in
neovascular tufts (fig. S9). Furthermore, the gene expression profile showed that the mRNA
expression of many more M1/M2 markers, and proangiogenic factors were much higher in
macrophages/microglia from OIR mice than those from RA controls (Fig. 4G). In contrast,
the CD11c*CD206™ double-positive population of macrophages was not found in other
tissues analyzed such as adipose tissue from mice fed a high-fat diet (HFD) (fig. S10).
Together, these data indicate that macrophages/microglia in the retinal angiogenic niche
exhibit a unique mixed M1/M2 phenotype. We termed these unique macrophages/microglia
as PRAGMs.
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A common characteristic of pathological angiogenesis with ischemic retinopathies is the
formation of an oxygen-deficient microenvironment due to retinal nonperfusion (38). We
therefore asked whether hypoxia alone is sufficient to induce the PRAGM phenotype.
Whereas hypoxia up-regulated the mRNA expression of Argl, Retnla, Nos2, and Vegf (fig.
S11), it was not sufficient to cause an increase in the expression of other macrophage
polarization markers or angiogenic genes observed in PRAGMs. Because PRAGMs are
found in close proximity to hyperglycolytic ECs, we next tested whether ECs in the
angiogenic vascular niche are responsible for macrophage/microglia polarization toward the
unique proangiogenic phenotype. To this end, we incubated BMDMs with Nx-REC-CM and
Hx-REC-CM. The CM polarized macrophages to cells with a phenotype resembling that of
PRAGMs in the OIR retinas, as evidenced by increased cell surface markers of both M1 and
M2 macrophages and both proinflammatory and proangiogenic factors (Fig. 4H). The Hx-
REC-CM was more efficacious in driving these changes as compared with Nx-REC-CM
(Fig. 4H). This phenotypic change also occurred in mouse retinal microglia after Hx-REC-
CM treatment (fig. S6, B to G).

Reprogrammed glycolysis in macrophages/microglia supports its enhanced
proangiogenic activity

Having shown that Hx-REC-CM promotes both macrophage glycolysis and activation, we
next asked whether reprogrammed glycolysis in macrophages underlies their angiogenic
activity. BMDMs from Prkfb3M¢ mice had markedly decreased mRNA expression of
Prkfb3, a subset of M1 markers (especially /16 and Nos2), M2 markers (especially Arg1,
Retnla, and Mgl2), and proangiogenic genes (especially Mmp2, Mmp9, Fgr2, and Hbegl),
compared with those of BMDMs from APfkfb3VT mice (fig. S12A). Similar results were
obtained when BMDMs were exposed to Hx-REC-CM (Fig. 5A). Blocking glycolysis with
2-deoxyglucose also markedly inhibited Hx-REC-CM-induced gene expression in BMDMs
(fig. S12B). IL-4, a well-characterized inducer for M2 polarization of macrophages/
microglia, did not increase Prkfb3 expression or glycolytic function, and Pkfkb3 deletion
had no effects on IL-4—induced robust expression of M2 markers in BMDMs (fig. S13). To
test whether similar changes also take place in PRAGMs in vivo, we isolated PRAGMSs from
Prkfb3M¢ and control mice and assayed the cells with quantitative polymerase chain
reaction (PCR). In line with the in vitro findings, PRAGM-associated genes were down-
regulated in macrophages/microglia from OIR retinas of Pfkfb3M¢ mice compared with
those from controls (Fig. 5B). Consistent with these observations, immunofluorescent
staining showed decreased expression of proangiogenic cytokine Argl (Fig. 5, C and D),
I11b (Fig. 5, E and F), and Fgf2 (Fig. 5, G and H) in retinal macrophages/microglia of
Prkfb3M¢ mice with OIR. Furthermore, the flow cytometry results showed that the
percentages of CD11b*F4/80*CD206*CD86™" cells were lower in P17 OIR retinas of
Prkfb3Mé mice compared with those in OIR retinas of Pk T mice (Fig. 5, 1 and J). In
contrast, the numbers of CD11b*F4/80" macrophages/microglia and CD11b* Ly6G*
neutrophils in both RA and OIR retinas of Pfkfb3NT and Prkfb3Mé mice did not differ
significantly (P> 0.05; fig. S14), suggesting a minor role of Pfkfb3 in leukocyte infiltration
into retinas. These data indicate that reprogrammed endogenous glycolysis in macrophages/
microglia is critical for macrophage/microglia activation.
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Next, we evaluated the angiogenic effect of Pfkfb3-driven macrophage glycolysis on human
RECs. As shown in Fig. 6 (A to C), CM Pfkfb3NT BMDM:s increased the proliferation of
RECs, and CM of Hx-REC-CM-pretreated Pfkfb3VT BMDMs promoted a greater increase
in REC proliferation, as revealed by 5-bromo-2’-deoxyuridine (BrdU) incorporation and
Ki-67 reactivity assays. However, the ability of CM from Hx-REC-CM—pretreated
Prkfv3»Mé BMDM s to enhance the proliferation of RECs was reduced compared to that of
CM from Hx-REC-CM-pretreated Pfkfb3VT BMDMs (Fig. 6, A to C). Similar results were
obtained using two additional models of in vitro angiogenesis in which human RECs form a
two-dimensional vessel network and three-dimensional spheroids (Fig. 6, D to I). We also
analyzed the potential effects of Prkfb3 deficiency on macrophage survival and proliferation,
which could influence the secretion of angiogenic factors by macrophages and the
angiogenic readouts. We noted no difference in macrophage proliferation and viability
between genotypes, as evidenced by BrdU incorporation and WST-1 assays (fig. S15).

The effect of macrophage glycolysis on EC proliferation and sprouting were further
evaluated using ex vivo angiogenesis models. CM from Hx-REC-CM-pretreated BMDMs
increased the sprouting of both aortic rings and choroidal explants as compared with CM
from BMDMs not pretreated with Hx-REC-CM, and these proangiogenic effects were
reduced when using CM from BMDMs treated with small interfering RNA of Mmp9 and
1118 or their neutralizing antibodies or from Prk7b3-deficient BMDMs (Fig. 6, J to M, and
fig. S16). These results suggest that Pfkfb3-driven glycolysis in macrophages promotes
sprouting and angiogenesis through changes in macrophage activation and increased
secretion of proinflammatory and proangiogenic factors.

To demonstrate the ability of macrophages and vascular ECs to reciprocally activate each
other, the effects of BMDM-CM and cocultures with ECs and BMDMSs on angiogenesis in
the ex vivo aortic explant model in Transwells were compared (Fig. 6N). Coculture with
BMDMs induced greater vessel sprouting than BMDM-CM (Fig. 6, N and O), suggesting
that the proangiogenic activity of macrophages is stimulated by the presence of vascular ECs
in the cocultures. Furthermore, an increase in Pfkfb3 expression was observed in vascular
ECs cocultured with BMDMSs compared to ECs exposed to control medium or BMDM-CM
(Fig. 6P). These data indicate that reciprocal interactions between macrophages and ECs
result in mutual activations.

Lactate from RECs is sufficient to induce macrophage/microglia glycolysis and phenotypic

change

Having shown that Hx-REC-CM induces macrophage activation via reprogramming toward
enhanced glycolysis, we next sought to identify the soluble factor(s) in REC-CM that are
capable of promoting macrophage glycolysis. We fractionated REC-CM by size (<3 and >3
kDa) using 3K centrifugal filters and tested the activity of both fractions. Both
unfractionated CM and the <3-kDa fraction markedly increased the Pfkfb3 mMRNA
expression by ~8-fold (Fig. 7A), whereas the >3-kDa fraction did not show this effect.
Furthermore, the <3-kDa fraction robustly up-regulated the expression of macrophage
polarization markers and proangiogenic factors (fig. S17, A to F). In addition, the boiling of
Hx-REC-CM did not impair its ability to strongly up-regulate Prkfb3expression (fig. S17G).
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These results indicate that the active soluble factor(s) in the REC-CM are heat stable and
likely to be metabolite (s) with low molecular weight (<3 kDa).

Lactate and pyruvate are the major metabolites of glycolysis released by cultured ECs (39)
and hypoxic diabetic retinas (40). We therefore next tested whether REC-derived pyruvate or
lactate can replicate the actions of the soluble factor(s) responsible for macrophage
activation. ECs prefer aerobic glycolysis and convert most of their glucose to lactate
regardless of the availability of sufficient oxygen in the blood (5). Hypoxia up-regulated the
expression of Pfkfb3 and promoted the secretion of lactate in RECs (fig. S17, H to J). The
lactate concentration was approximately 9.8 mM in Hx-REC-CM and ~5.7 mM in Nx-REC-
CM and ~0.3 mM in control medium under the conditions used (Fig. 7B). In contrast, the
concentration of pyruvate was much lower than that of lactate in Hx-REC-CM (0.16 + 0.004
mM versus 9.76 £ 0.223 mM, n = 6) (fig. S17K).

As a small molecule, the vast majority of the lactate in Hx-REC-CM partitioned into the <3-
kDa fraction, and lactate alone was sufficient to induce the expression of glycolytic genes,
particularly Pfkfb3 (Fig. 7C). In addition, lactate up-regulated the mRNA expression of
PRAGM-related genes in BMDMs in a dose-dependent manner over a range of 3 to 20 mM
(Fig. 7D), which are concentrations similar to the range observed in REC-CM, and correlate
fairly well with gene induction by Hx-REC-CM (Fig. 4, A and H). Similarly, Pfkfb3
expression at the protein level paralleled changes in mRNA level (Fig. 7, E and F).
Furthermore, Hx-REC-CM-induced up-regulation of Prkfb3and proangiogenic genes was
almost completely reversed by a-cyano-4-hydroxycinnamic acid (a-CHA), an inhibitor of
monocarboxylate transporters (MCTs) (Fig. 7G), suggesting that cellular uptake of lactate
by MCTs is necessary for the Hx-REC-CM-mediated macrophage activation. CM from
human RECs in which PFKFB3was silenced had a low amount of lactate production (fig.
S17, L and M), and incubation of CM from these cells with BMDMs resulted in lower
MRNA expression of Prkfb3and PRAGM-related genes (fig. S17N). The genetic phenotype
of BMDMs treated with HX-REC-CM was not due to pH alteration because pHs ranging
from 7.55 to 6.35 did not significantly change the expression of these genes (P> 0.05; fig.
S18). These results were corroborated in an in vivo study in the OIR model, in which EC-
specific deletion of Prkfb3 attenuated lactate production (Fig. 7H), the expression of Pfkfb3
and markers of the M1/M2 phenotype in retinal macrophages/microglia (Fig. 71), suppressed
macrophage/microglia polarization toward the PRAGM phenotype (Fig. 7, J and K) and
ultimately led to a reduction in neovascular tuft area in OIR retinas (Fig. 7, L to N). In
particular, the pathological neovascularization was markedly reduced in myeloid cells and
EC Prkfb3 double-KO pups as compared to WT groups and myeloid cell or EC Prkfb3
single-KO mice (Fig. 7, L to N). These data are congruent with the concept that Pfkfb3-
mediated glycolysis is critical for the reciprocal activation between macrophages/microglia
and ECs in the retinal angiogenic niche.

Histone acetylation mediates metabolic reprograming and angiogenic activities of

PRAGMs.

Metabolic status has been previously linked to macrophage activation (19), but the
mechanisms underlying changes in the specific gene expression profile of PRAGMs
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mediated by glycolysis remain poorly characterized. We therefore explored whether
glycolysis-mediated production of Ac-CoA and subsequent histone acetylation underlie
glycolysis-mediated gene induction during macrophage activation. Hx-REC-CM treatment
led to a ~35% increase in the amount of Ac-CoA in BMDMs (Fig. 8A). Blocking
macrophage glycolysis by the silencing of Pfk7b3 suppressed both basal and Hx-REC-CM-
mediated Ac-CoA production (Fig. 8A). Ac-CoA is a substrate of acetylation, and we
postulated that an increase in the amount of Ac-CoA might affect histone acetylation in
macrophages. To test this hypothesis, we stained macrophages with antibodies for Ac-H3
and Ac-H4, two well-known pan-acetylation markers, after incubation with control medium
or HX-REC-CM. Hx-REC-CM incubation enhanced acetylation of H3 and H4 histones of
macrophages, and the expression of Ac-H3 and Ac-H4 was reduced in Pfkfb3Mé
macrophages (Fig. 8, B to E), indicating that histone acetylation in these macrophages is at
least partially dependent on glycolysis. Similar results were obtained by Western blot (Fig.
8, F to H). Anacardic acid (ANAC), a histone acetyltransferase inhibitor, or BMS 303141, a
specific inhibitor of adenosine 5’ -triphosphate citrate lyase (ACLY), which is a major
enzyme responsible for Ac-CoA production for histone acetylation (Fig. 8I), potently
inhibited the HXx-REC-CM-induced expression of macrophage polarization markers and
proangiogenic factors (fig. S19), as well as the angiogenic effects, as indicated by analysis of
sprouting of choroidal explants (Fig. 8, J and K). Last, we investigated gene-specific patterns
of H3 and H4 acetylation by chromatin immunoprecipitation (ChIP) analysis. As shown in
Fig. 8, L to O, both Ac-H3 and Ac-H4 on the promoters of M1/M2 and proangiogenic genes
were high. ChIP assay results further showed that Hx-REC-CM markedly increased the
amount of acetylation of H3 and H4 histones at the promoters of these genes (Fig. 8, L to
0). Prkfb3 deletion attenuated REC-CM-mediated recruitment of acetylated H3 and H4 to
the promoters of most of the genes examined except the housekeeping gene Rp/13a (Fig. 8,
L to O). Overall, these findings suggest that glycolysis-regulated production of Ac-CoA
drives histone acetylation, which is the predominant mechanism underlying the induction of
PRAGM-associated genes.

DISCUSSION

Here, we have uncovered a glycolysis-dependent paracrine relationship between RECs and
neighboring macrophages/microglia in the setting of pathological retinal angiogenesis.
RECs secrete glycolytic metabolites, in particular lactate, that trigger changes in local
macrophage/microglia metabolism to favor a hyperglycolytic state. These PRAGMs have a
unique angiogenic phenotype that includes increased expression of both M1 and M2 markers
and enhanced production of both proinflammatory and proangiogenic cytokines. These
factors reciprocally enhance REC glycolysis, resulting in EC sprouting and proliferation and
ultimately pathological neovascularization. Suppression of glycolysis by knockdown of
Prkfb3in either macrophages/microglia or ECs impairs the polarization of macrophages/
microglia toward proangiogenic phenotypes and alleviates pathological retinal angiogenesis
in mice. At molecular level, PRAGMs produce large amount of Ac-CoA, leading to
epigenetic reprogramming via histone acetylation that favors the up-regulation of PRAGM-
associated genes encoding a macrophage-angiogenic phenotype (fig. S20).
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A salient observation in this study is that PRAGMSs exhibit a unique mixed M1/M2-like
phenotype. Previous studies have characterized the most prominent macrophage population
in retinal angiogenesis as M2 macrophages (16, 17), whereas recent studies using ischemic
mouse retinas or injured choroids (laser-induced choroidal neovascularization model) have
demonstrated the up-regulation of macrophage surface markers for both the M1 and M2
subtypes (17, 41). These studies have suggested the coexistence of M1 and M2
macrophages, two separate populations of macrophages, in mouse hypoxic retinas. In
contrast, using quantitative reverse transcription PCR (qRT-PCR), immunofluorescence, and
flow cytometry, we consistently found that most macrophages/microglia in the setting of
pathological retinal neovascularization coexpress markers of both the M1 and M2 subtypes.
In addition, these macrophages/microglia produce both proinflammatory and proangiogenic
cytokines. These data not only reflect the high plasticity of macrophages/microglia but also
suggest that a unique microenvironment in the niche of pathological angiogenesis is able to
polarize macrophages/microglia to a hybrid state. This is consistent with a recent study
showing that the CM of pancreatic ductal adenocarcinoma cells induces macrophages to
express cell surface markers of both M1 and M2 macrophages and produce both
proinflammatory and proangiogenic cytokines (42). Glycolytic metabolites largely induce a
unique hybrid M1/M2 phenotype. However, considering the heterogeneity of macrophages,
it cannot be excluded that these metabolites may still be able to differentiate small
populations of macrophages to separate M1 or M2 phenotypes.

Endogenous macrophage glycolysis is required for the induction of the unique phenotype of
PRAGMs. A previous study has shown that lactate induces an M2-like phenotype via
stabilization of hypoxia-inducible factor-1a (HIF-1a) (14), suggesting that lactate can
preserve the protein expression of HIF-1a in macrophages, which increases HIF-1
transcriptional activity to enhance expression of M2 cytokines. In contrast, in the current
study, lactate induced a unique hybrid M1/M2 phenotype in macrophages, which expands on
the existing knowledge of macrophage/microglia subtypes in retinal angiogenesis. The
number of PRAGMSs was markedly decreased in OIR retinas of Pfkfb3FM¢ mice compared
to WT, and the expression of macrophage polarization markers and cytokines released by
PRAGMs was decreased in Prkfb3 KO macrophages/microglia incubated with Hx-REC-
CM. These observations suggest that Pfkfb3-dependent glycolysis is required for the full
induction of the PRAGM phenotype in response to exogenous glycolytic metabolites. It is
conceivable that exogenous glycolytic metabolites may initially raise glycolysis or glucose
metabolism in macrophages by up-regulating glycolytic enzymes and regulators, and then,
subsequent metabolites from endogenous glycolysis or glucose metabolism, particularly
pyruvate and Ac-CoA, signal to induce the unique phenotype of PRAGMs.

The reciprocal interaction between macrophages and ECs promotes a feed-forward
relationship that strongly augments angiogenesis. In this study, Pfkfb3 knockdown inhibits
the release of proinflammatory and proangiogenic factors from macrophages and the
production of lactate by RECs, thus blocking this positive feedback loop. Congruently, in an
OIR mouse model, pathological neovascularization was markedly decreased in macrophage
and EC Prkfb3 double-KO pups as compared to those of WT, macrophage, or EC Pfkfb3
single-KO pups, suggesting that targeting the reciprocal activation of macrophage and EC
glycolysis may be an efficient therapeutic strategy for treating pathologic retinal
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angiogenesis. To this end, approaches including inhibiting the activity of PFKFB3 or
pyruvate kinase isoenzyme type M2 (PKM2), or blocking lactate uptake with inhibitors of
MCTs, may hold promise if their suitability as therapeutic targets are demonstrated in
preclinical models. Furthermore, given that macrophage glycolysis is required for
homeostasis of the innate immune system (33), local administration of these inhibitors via
intravitreal injections should be able to effectively block these reciprocal metabolic
interactions between macrophages/microglia and RECs without inhibiting the systemic
innate immune system.

Our study has some limitations. We used Lysm-Cre transgenic mice to generate mice
deficient in Prkfb3in myeloid cells. Use of these mice did not allow us to distinguish the
extent of the individual contributions from microglia or macrophage Pfkfb3 to retinal
angiogenesis, although that Pfk7b3 deficiency exhibited a similar effect on both types of
cells. Besides, we focus on the effect of Pfkfb3 in macrophages and microglia in the retinal
phenotype in this study because these cells, either resident in retinas or differentiated from
bone marrow—derived monocytes (43, 44), have been demonstrated to be major players in
pathological retinal angiogenesis (9, 11); however, the role of Pfkfb3 deficiency in other
myeloid cells, including neutrophils, in regulation of the retinal phenotype cannot be
excluded and warrants further investigation. Furthermore, the current studies focused on the
effect of Pfkfb3 deficiency on retinal angiogenesis. Nevertheless, considering the
translational nature of this study, effects of this pathway on the functions and viability of
retinal neuron cells should be also studied in the future. A recent study reported that
suppression of PKM2, another key glycolytic enzyme, compromised function of
photoreceptor cells (45). This indicates that to select a safe target among glycolytic
enzymes/regulators, a comprehensive study of functional influence of each glycolytic
enzyme on the entire ocular system is warranted. Last, in future research, the effect of EC—
myeloid cell metabolic interactions on other types of ocular angiogenesis such as AMD as
well as ocular angiogenesis models in other types of animals should also be considered.

MATERIALS AND METHODS
Study design

The major goal of this study was to define the effect of metabolic interactions between RECs
and myeloid cells on the development of pathological retinal angiogenesis in vitro and in
vivo. In vivo experiments for loss-of-function studies were performed in a model of OIR
with mice deficient in Pfkfb3 in ECs, myeloid cells, or both. In addition, RECs or myeloid
cells from these mice were isolated, and their angiogenetic activities were evaluated with
molecular and cellular approaches. Experimental groups were composed of at least six mice
per group to robustly demonstrate the difference in angiogenic phenotypes or/and expression
of the relevant genes. Mice were randomly assigned to the control and OIR groups. Mouse
pups were weighed, and underdeveloped neonatal mice with very low body weight were
excluded. Data analyses for in vivo angiogenic phenotype were performed in a blinded
fashion. The control and treatment groups, the sample sizes, and the individual statistical test
used for each experiment are specified in the figure legends. All the original data are in data
file S1.
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Statistical analysis

Data are presented as means + SEM, unless otherwise specified. Statistical analysis was
performed using GraphPad Prism Software (La Jolla, CA). After the normal distribution was
confirmed with the Kolmogorov-Smirnov test, statistical comparisons were done using two-
tailed unpaired Student’s #test or one- or two-way analysis of variance (ANOVA) followed
by Bonferroni’s post hoc tests when appropriate. Two-sided P values were calculated, and P
< 0.05 denoted significance. Statistical significance was defined as follows: *£ < 0.05, **P<
0.01, and ***P < 0.001. ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Retinal macrophages/microglia are associated with ECsand are highly glycolyticin a
pathological angiogenic niche.

(A) Schematic illustration of mouse OIR model. Neonatal mice with nursing mothers were
exposed to 75% O, from postnatal day 7 (P7) to P12, followed by room air (RA) with
maximum neovascularization (NV) at P17. (B) Triple immunohistochemistry (IHC) staining
of laminin, F4/80, and isolectin B4 within the retina at P5. Scale bar, 20 um. DAPI, 4”,6-
diamidino-2-phenylindole. (C) Double IHC staining of F4/80 and isolectin B4 within the P5
retina. Scale bar, 20 um. (D) Double immunofluorescent staining of F4/80 and isolectin B4
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in retinas of OIR at P17. Scale bars, 50 or 100 um. 7= 4. (E) Triple IHC staining of 1Bal,
CD31, and isolectin B4 within the OIR retina at P17. Representative images are shown (7=
6 retinas/mice). 3D, three-dimensional. (F) The amount of lactate (/7= 6) or fructose 2,6-
bisphosphate (F-2,6-P2) (n=5) in RA or OIR retinas at P17. (G) Laser capture
microdissection of macrophage/microglia-rich pathological tufts: double IHC staining of
F4/80 and isolectin B4 on the frozen section of RA and OIR retina at P17. Dashed circles
depict the dissection area by laser capture. GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. Scale bars, 50 pm. (H) gRT-PCR analysis of the mMRNA
expression of glycolytic genes in retinal blood vessels isolated with laser capture
microdissection from RA and OIR mice at P17 (n=4). (I and J) qRT-PCR analysis of the
MRNA expression of glycolytic genes in mouse retinal macrophages/microglia (MRMs, 1=
4) (1) or ECs (MRECs, n=5to 6) (J) isolated from RA and OIR mice at P17. (K and L)
Pfkfb3 immunofluorescent staining of retinas from RA and OIR mice at P17. Representative
Pfkfb3 (green), F4/80 (pink), isolectin B4 (red), DAPI (nuclei, blue), and merged images
captured with confocal fluorescent microscopy (K). 7= 6 mice for each group. NC, negative
control (without Pfkfb3 primary antibody). The fluorescence intensity of Pfkfb3 staining
was calculated by ImageJ software (L). Data are means + SEM. *P< 0.05; **P< 0.01; ***p
< 0.001 versus control group, by Student’s ¢test.
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Fig. 2. Myeloid cell glycolysis participatesin developmental retinal angiogenesis.

(A to F) The development of retina vasculature of Pkfb3WVT and Prkfb3M¢ mice at P3 (A),
P5 (C), and P7 (E) in RA was visualized by isolectin B4 staining in whole-mount retinas.
Vascularized areas and whole retinal surface are shown by white and yellow dotted lines,
respectively. Quantification of the superficial vascularized areas of retinas at P3 (7= 6 to 8)
(B), P5 (n=10) (D), and P7 (7= 10) (F) as a percentage of the whole retinal area. (G to M)
Isolectin B4 staining of vascular network in the P5 retinas of the indicated genotypes.
Dashed lines depict the size of retina, and circles depict the size of vascular outgrowth from
a representative Prkfb3FM¢ retina for comparison. (H) Quantification of retinal vascular
outgrowth showing that myeloid-specific Pfkfb3 KO (Prkfb3M¢) reduces radial expansion
(n=28). (I to J) Quantification of the number of branch points at the front (I) or rear (J) in the
retinal vasculature of Pfkfb3*M¢ mice (n=8). (K to M) Quantification of distal sprout
number (K), tip cell number (L), and filopodia number per sprout (M). Scale bars, 1000 pm.
(n=28). (N) Retinas from P21 pups were costained with isolectin B4 and collagen 1V (Coll
IV) in RA Prkfb3NT and Prkfb3M¢ retinas. (O) Quantification of the number of Coll IV*
isolectin™ sleeves (n7=9). Data are means £ SEM. *P< 0.05, **£< 0.01, and ***P < 0.001
by Student’s ftest.
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Fig. 3. Pfkfb3 or Pkm2 deficiency in myeloid cells delays pathological ocular angiogenesis.
(A and D) Representative retinal whole mounts from P17-OIR retinas of the indicated

genotypes stained with isolectin B4 (red) with areas of vaso-obliteration (VO) and NV
highlighted (white). Two selected retinal areas (yellow box) were enlarged to show
pathological neovessels. Quantification of pathological NV (B and E) and VO (C and F) in
OIR retinas was expressed as percentage of total retinal areas. 7= 18 to 20 retinas for (A) to
(C); n=14to 20 retinas for (D) to (F); Scale bars, 500 um for original images and 200 pm
for enlarged images. Data are means = SEM. ***P < 0.001 by Student’s ¢test.
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(A) gRT-PCR analysis of the mRNA expression of glycolytic genes in BMDMs exposed to
VCBM, Nx-REC-CM, or Hx-REC-CM for 12 hours (n=4). *P< 0.05 versus VCBM. (B
and C) Western blot analysis of Pfkfb3 protein expression in BMDMs exposed to VCBM,
Nx-REC-CM, or Hx-REC-CM for 6 hours (7= 6). (D) The amount of intracellular lactate of
BMDMs exposed to VCBM, Nx-REC-CM, or Hx-REC-CM for 12 hours. n=5. **P< 0.01;
***P< 0.001. (E and F) Flow cytometry analysis of mixed M1/M2-like macrophages
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(CD11b*, F4/80*, CD86*, and CD206") in the retinas of RA and OIR mice at different time
points from P12 to P25 n=4). *£< 0.001 and ***P < 0.001 versus RA. Data are means +
SD. (G) Heatmap displaying the fold changes of gene expression detected by gRT-PCR in
macrophages/microglia isolated from RA or OIR retinas in WT mice at P17 (n=4). (H)
gRT-PCR analysis of gene expression in BMDMSs exposed to VCBM, Nx-REC-CM, or Hx-
REC-CM for 12 hours (n=4). *P< 0.05 versus VCBM; #P < 0.05 versus Nx-REC-CM.
Data are means + SEM. Pvalue determined by one-way [for (A), (C), (D), and (H)] or two-
way [for (E)] ANOVA followed by Bonferroni test.
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Fig. 5. Macrophage glycolysisinduces macrophage activation.
(A) gRT-PCR analysis of gene expression in Pfkfb3VT or Pkfb3*M¢ BMDM:s exposed to

VCBM or Hx-REC-CM for 12 hours (7= 4). *P< 0.05 versus VCBM_Prkfib3VT; #P < 0.05
versus Hx-REC-CM_Prkfv3VT. (B) qRT-PCR analysis of gene expression in macrophages/
microglia isolated from RA or OIR retinas in Pkfb3NT or Prkfb3Mé mice at P17 (n= 4).
*P<0.05 versus Prkfb3NT RA; #P< 0.05 versus Prkfb3NT _OIR. (C to H) Mutiple IHC of
Argl (C), 11 (D), Fgf2 (G), F4/80, and isolectin on the sections of P17 OIR retinas (7= 6
to 8). Fluorescence intensity of Argl (D), II1p (F), and Fgf2 (H) staining was calculated by
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ImageJ software. ***P < 0.001 versus Prkfb3VT. (I to J) Representative flow cytometric
plots of retinal CD11b*F4/80* cells showed CD86*CD206" fractions in the retinas of RA
and OIR mice at P17 (1) and comparisons of CD86*CD206* fractions between genotypes (J)
(n=5106). *P< 0.05; ***P< 0.001 versus PrkfvVT RA; ###P< 0.001 versus

Prkf3NT OIR. Data are means + SEM. Pvalue determined by Student’s ¢test [for (D), (F),
and (H)] and one-way ANOVA followed by Bonferroni test [for (A), (B), and (J)].
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Fig. 6. Reprogrammed endogenous glycolysis in macrophages supportstheir angiogenic activity.
(A to C) Ki-67 and BrdU staining of human RECs. Human RECs were exposed to
conditioned medium (CM) from Prkfv3NT or Pfkfv3*Mé BMDMs pretreated with control
medium (VCBM) or hypoxic REC-CM (Hx-REC-CM) for 12 hours. 7=6. (D to 1) Human
RECs were cultured in collagen gel to grow into three-dimensional multicellular spheroids,
or on a two-dimensional matrix to form a tube network in the presence or absence of CM
from Prkfb3NT or Pkfb3 M BMDMs pretreated with VCBM or Hx-REC-CM.
Representative fluorescence photographs of angiogenic tube formation after culturing for 8
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hours in matrix (D). Scale bars, 50 um. Cumulative tube length quantified using the ImageJ
software (E) and branch points calculated from five experiments in each case (7= 6) (F).
Representative images of spheroidal sprouting after culturing for 24 hours in collagen matrix
(G). Scale bars, 100 pm. Morphometric quantification of spheroid sprouting by calculating
the number of sprouts per spheroid (H), as well as total sprout length (I). 7= 10 per group. 7
is number of spheroids quantified. a.u., arbitrary units. (J to M) Representative images of
sprouting aortic rings (J) and choroids (L) exposed to CM from Prkfb3NT or Prkfo3Me
BMDMs pretreated with VCBM or Hx-REC-CM for 12 hours. Sprouting areas were
quantified (K and M). (N) Sprouting aortic rings were exposed to CM from Prkfo3NT
BMDMs, or cocultured with BMDMs from Prkfb3NT or Pkfb3 M in Transwells.
Representative images of sprouting aortic rings at day 8 (n= 6 per group). (O) Sprouting
areas were quantified. Scale bars, 500 um. (P) Western blot analysis of Pfkfb3 protein
expression in mouse aortic ECs collected from (N). 7= 4. Data are means + SEM. *P<
0.05; **P< 0.01; ***P< 0.001, by one-way ANOVA followed by Bonferroni test.
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Fig. 7. REC-secreting lactate is sufficient to induce macrophage glycolysis and activation.
(A) VCBM, Nx-REC-CM, or Hx-REC-CM were used unfractionated (whole) or as >3-or

<3-kDa fractions to stimulate BMDMs for 12 hours as follows. gRT-PCR analysis of the
Mrna expression of Pfkfb3in BMDMs. n= 4. ***p < 0.001 versus VCBM. ns, not
significant. (B) Lactate concentration in medium from (A). n=6. ***P < 0.001. (C) qRT-
PCR analysis of the mRNA expression of glycolytic genes in BMDMs treated with 10 mM
lactate for 12 hours (n=4). *P< 0.05 versus vehicle. (D) gRT-PCR analysis of gene
expression in BMDMs stimulated with a concentration gradient (3 to 20 mM) of lactate for
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12 hours. n= 4. *P < 0.05 versus vehicle. (E and F) Western blot analysis and quantification
of Pfkfb3 protein expression in BMDM s stimulated with lactate for indicated concentrations
for 12 hours. n=3. *P < 0.05 versus vehicle. (G) gRT-PCR analysis of gene expression in
BMDMs exposed to VCBM or Hx-REC-CM for 12 hours, with or without a-cyano-4-
hydroxycinnamic acid (a-CHA) (2 to 5 mM) treatment (7= 4). *P< 0.05 versus
VCBM_Vehicle; #P < 0.05 versus Hx-REC-CM_ Vehicle. (H) The amount of intracellular
lactate of retinal ECs (MRECS) isolated from OIR Pfkfb3NT or Prkfb3M¢ mice at P17. *P
< 0.05 versus Prkfb3NT. (1) qRT-PCR analysis of gene expression in mouse retinal
macrophages/microglia isolated from OIR Prkfb3NT or PrkfoFEC mice at P17 (n=4). *P<
0.05 versus Prkfb3VT. (J and K) Representative flow cytometric plots of retinal CD11b
*F4/80™ cells showed CD86*CD206™ fractions in the retinas of RA and OIR mice at P17 (J)
and comparisons of CD86*CD206* fractions between genotypes (K) (7= 6). ***P < 0.001
versus Prkfb3NT RA; ###P < 0.001 versus Prkfb3NT OIR. (L) Schematic illustration of the
generation of myeloid and EC-specific Prkfb3 double-KO (PrkfbFAMIAEC) mice. (M)
Representative retinal whole mounts from P17-OIR retinas of the indicated genotypes
stained with isolectin B4 (red) with areas of NV highlighted (white). Two selected retinal
areas (yellow box) were enlarged to show pathological neovessels. Quantification of
pathological NV (N) in OIR retinas was expressed as percentage of total retinal areas. 7= 10
to 13; Scale bars, 1000 um for original images and 200 um for enlarged images. ***P<
0.001. Data are means + SEM. Pvalue by Student’s #test [for (C), (H), and (1)] and one-way
ANOVA followed by Bonferroni test [for (A), (B), (D), (F), (G), (K), and (N)].
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Fig. 8. Glycolytic metabolites mediate REC-induced macrophage activation via histone

acetylation.

BMDMs from Prkfo3NT or Prkfo3*Mé mice were exposed to VCBM or Hx-REC-CM for 6

hours. (A) The amount of acetyl-CoA (coenzyme A) in BMDMs. n=4. (B to E)
Immunofluorescent staining of acetylated H3 (Ac-H3, green) (B) and total H3 (r

ed),

acetylated H4 (Ac-H4, green) (C) and total H4 (red) in BMDMs, respectively. (D and E)

Fluorescence intensity was calculated by ImageJ software. 7= 6. (F to H) Weste

rn blot

analysis of Ac-H3, Ac-H4, H3, H4, Ptkfb3, and B-actin in BMDMs, with quantification. /7=
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4. (1) Schematic of metabolic regulation of histone acetylation in macrophages. PDH,
pyruvate dehydrogenase. PDK, pyruvate dehydrogenase kinase. (J to K) BMDMs were
pretreated with BMS303141 (10 uM) or anacardic acid (ANAC) (20 uM) for 24 hours,
before being cocultured with choroid explants in transwells. (J) Representative images of
choroid explant sprouts at day 8. (K) Sprouting areas were quantified (7= 8). (L to O) ChIP
of Ac-H3 (L and N) and Ac-H4 (M and O) on gene promoters in BMDMs exposed to
VCBM or Hx-REC-CM for 6 hours. Enrichment of the indicated gene promoters was
assessed by gRT-PCR. n=3to 8. *P< 0.05 versus immunoglobulin G (IgG) (L and M). *P
< 0.05 versus VCBM_Prkfv3NT. #P < 0.05 versus Prkfb3NT_Hx-REC-CM (N and O). Data
are means £ SEM. *P< 0.05; **P< 0.01; ***P< 0.001. Pvalue determined by Student’s ¢
test [for (L) and (M)] and one-way ANOVA followed by Bonferroni test [for (A), (D), (E),
(G), (H), (K), (N), and (O)].
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