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Abstract

Neovascular age-related macular degeneration (nAMD) is a major cause of vision loss worldwide. Current standard of care
is repetitive intraocular injections of vascular endothelial growth factor (VEGF) inhibitors, although responses may be par-
tial and non-durable. We report that circulating sphingosine 1-phosphate (S1P) carried by apolipoprotein M (ApoM) acts
through the endothelial S1P receptor 1 (S1PR1) to suppress choroidal neovascularization (CNV) in mouse laser-induced
CNYV, modeling nAMD. In humans, low plasma ApoM levels were associated with increased choroidal and retinal pathology.
Additionally, endothelial S/prI knockout and overexpressing transgenic mice showed increased and reduced CNV lesion
size, respectively. Systemic administration of ApoM-Fc, an engineered S1P chaperone protein, not only attenuated CNV to
an equivalent degree as anti-VEGF antibody treatment but also suppressed pathological vascular leakage. We suggest that
modulating circulating ApoM-bound S1P action on endothelial SIPR1 provides a novel therapeutic strategy to treat nAMD.

Keywords Apolipoprotein M - High-density lipoprotein - Sphingosine 1-phosphate - Angiogenesis - Vascular leak - Age-
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Introduction

The leading cause of vision loss among the elderly is age-
related macular degeneration (AMD) [1]. In neovascular
AMD (nAMD), pathological neovascularization and leakage
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of the choroidal vessels lead to retinal edema, hemorrhage
and subretinal scars ultimately resulting in vision loss [2,
3]. Although the pathogenesis of nAMD involves a complex
interplay between choroidal vessels, retinal pigment epithe-
lium (RPE) and inflammatory cells, excessive production of
vascular endothelial growth factor (VEGF) and subsequent
signaling events are known to be one of the major drivers
of disease [4, 5].

Drugs that block VEGF signaling have shown favorable
outcomes in enhancing visual function of nAMD patients
and represent the mainstay of nAMD treatment [6]. How-
ever, the need for repetitive intravitreal injections, the
resultant adverse effects and poor response of some patients
are challenges [7, 8]. Therefore, novel therapeutic targets
for nAMD are needed, especially for patients who do not
respond to current therapies.

Sphingosine-1-phosphate (S1P), a bioactive lipid that sig-
nals via its G protein-coupled S1P receptor (S1PR) family
is a major player in the vascular system. Endothelial cells
(EC) express high levels of SIPR1 which is essential for
vascular development and homeostasis. We have shown
that SIPR1 restrains VEGF receptor signaling and induces
vascular maturation during postnatal retinal angiogenesis
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[9, 10]. In a mouse model of oxygen-induced retinopathy
(OIR), endothelial SIPR1 suppresses pathological neovas-
cularization [11]. In addition, S1PR1 activation enhances
VE-cadherin function at adherens junctions and maintains
the vascular barrier in the retina [12], lung [13], and the
brain [14, 15].

However, the biology of S1P is complex in the retina,
because, for instance, SIPR2 action is induced during OIR
and drives pathological angiogenesis while dispensable for
vascular development [16]. Furthermore, high dose S1P
treatment induces VEGF production and HIF1-a upregula-
tion in RPE that expresses Siprl, SIpr2 and Sipr5 in vitro
[17]. During embryonic and postnatal development, proper
S1P gradient and signaling appears to be critical for nor-
mal development of the neural retinal layers [18]. Given the
importance of SIP in neuro/vascular development, a mono-
clonal antibody targeted against S1P was injected into the
vitreous chamber in murine models of neovascularization
and was reported to reduce neovascular development [19,
20]. However, the role of S1P in nAMD is not fully under-
stood and rather controversial since, in addition to the pre-
clinical data stated above, clinical trials with sonepcizumab,
a humanized S1P neutralizing antibody, had no improvement
in visual acuity, visual function and vascular leakage when
co-treated with an anti-VEGF regimen but rather displayed
higher adverse events including conjunctival and retinal
hemorrhage [21].

In contrast to the anti-S1P monoclonal antibody which
neutralizes retinal tissue S1P, our recent findings show that
circulatory S1P activates endothelial SIPR1 to suppress
pathological neovascularization in OIR [11]. Similarly,
recent findings in laser-induced CNV using S1PR1 agonists
exhibited improvement in vascular hyperpermeability and
CNYV formation [22, 23].

Circulating S1P is bound to plasma chaperones such as
albumin and ApoM [24]. ApoM, a member of the lipoca-
lin family of proteins, contains a lipid-binding pocket that
associates with S1P and a tethered signal peptide that allows
it to anchor to the HDL particle [25]. ApoM-bound S1P
triggers sustained and Gai-biased signaling and is thought
to be a physiological mechanism that maintains the vascu-
lar endothelial barriers, NO-dependent control of vascular
tone and EC survival [26]. Mice deficient for ApoM exhibit
increased vascular leak in pulmonary microvessels and cer-
ebral penetrating arterioles [27, 28]. To study the protec-
tive potential of ApoM, we generated a novel engineered
S1P chaperone protein, ApoM-Fc [29], which selectively
activates vascular S1PRs in a sustained manner to promote
endothelial function while sparing lymphocyte S1PR1
that regulates lymphocyte trafficking. ApoM-Fc adminis-
tration enhances endothelial barrier function, suppresses
ischemia—reperfusion injury of the heart, kidney and the
brain, and immune complex-mediated and acid-induced
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lung injury [30, 31]. Importantly, in the context of vascular
retinopathies, ApoM-Fc potently protects against pathologi-
cal retinopathy of prematurity (ROP) [11].

In this report, we investigated the therapeutic concept
of endothelial SIPR1 agonism by circulating S1P in laser-
induced CNV model that mimics exudative nAMD in
humans, utilizing both genetic models and pharmacologi-
cal approaches using a designer S1P chaperone which can be
administered systemically (i.e. subcutaneous administration)
to modulate the level of S1P and its receptors in vivo.

Results

Low serum ApoM levels are associated with human
choroidal and retinal disease

Circulating ApoM which is associated with HDL particles
binds S1P, and signals via endothelial SIPR1 to maintain
physiological vascular barrier function [29]. To interrogate
the possible association between plasma levels of ApoM
and disorders of the choroid and retina (which includes
nAMD), we utilized an open access tool that was developed
based on an analysis of UK Biobank data from ~ 50,000
individuals [32]. A negative association was found between
plasma levels of ApoM and the prevalence of disorders of
the choroid and retina (N =442) with an odds ratio of 0.6
[confidence interval 0.45-0.80] (P=0.001). We also inves-
tigated whether there was an association between plasma
levels of ApoM and the incidence of disorders of the cho-
roid and retina (N =2064). Here, too, a negative associa-
tion was observed- hazard ratio of 0.75 [confidence interval
0.65-0.86] (P=3.56 x 107°). These data raise the possibility
that reduced plasma ApoM levels pose a higher risk for the
development of nAMD.

Laser-induced CNV is increased in ApoM
knockout and decreased in overexpressing
Apom'® transgenic mice

To determine if a causal relationship exists between altered
plasma ApoM levels and nAMD, we employed an established
laser-induced choroidal neovascularization (CNV) model on
ApoM knockout (Apom™") and transgenic (Apom™©) mouse
strains [24] and quantified CNV. Apom‘/‘ mice exhibited
larger neovascular lesion size following laser injury com-
pared to littermate controls (Fig. 1a,b). The CNV lesion from
Apom™~ mice contained increased number of EC (Suppl
Fig. 1a,b). Exaggerated CNV formation was also observed in
mice that lack S1P in red blood cells [33] (Suppl Fig. 1c,d),
suggesting that reduced circulating S1P exacerbates CNV.
In contrast, smaller CNV lesions were seen in Apom™® mice
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Fig.1 ApoM-bound S1P
action via endothelial SIPR1
attenuates choroidal neovas-
cularization (CNV) in mice. a
Representative images of the
retina from Apom™", Apom™’~
and wild type (wt) control
mice at day (D)14. b Quanti-
fication of IB4-positive CNV
area (wt (n=13 eyes/ 7 mice),
Apom™~ (n=10 eyes/ 5 mice)
and Apom™" (n=12 eyes/6
mice), One-way ANOVA**%*,
P=0.0001, **, P=0.0037). ¢
Representative images of the
CNV lesion from Apom™® and
littermate control at D14. d
Quantification of CNV area
(wt (n=12 eyes/ 7 mice) and
ApomTG (n=13 eyes/ 8 mice),
unpaired, two-tailed students
t-test (**, P=0.0013)). e Rep-
resentative images of the retina
from S1prl ECKO and litter-
mate control at D14. f Quantifi-
cation of CNV area (wt (n=14
eyes/ 8 mice) and S/prl ECKO
(n=13 eyes/ 8 mice), unpaired,
two-tailed Student's t-test (**,
P=0.0056)). g Representative
images of the retina from Sipr/
ECTG and wt control at D14. h
Quantification of CNV area (wt
(n=14 eyes/ 8 mice) and Siprl
ECTG (n= 14 eyes/ 7 mice),
(unpaired, two-tailed students
t-test *** P=0.0003)). Data
show means + SD. Scale bar:
500 pm

which have high circulating S1P. (Fig. 1¢,d). Together, our
results show that the presence of ApoM that controls S1P con-
centration in the circulatory system is critical for suppressing
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Next, we utilized genetic mouse models of endothelial-spe-
cific S/pr modulation. In the retinal vessels, S1prl,2, and
3 genes are expressed while S/pr4 and 5 are not expressed
[10]. We found that the mice deficient for three S1PRs
(S1pri-3) in endothelium exhibited enlarged size of the
CNV lesion (Suppl Fig. 2a, b). To investigate the role of
endothelial SIPR1 in nAMD, we utilized tamoxifen induci-
ble, endothelial cell-specific SIPR1 genetic loss- and gain of
function mouse models. S/prl gene deletion in the vascular
endothelium (SIprl ECKO) exhibited larger CNV lesions,
whereas mice that overexpress S1PR1 (S/pri ECTG)
showed significantly reduced neovascularization (Fig. le-
h), suggesting the protective role of SIPR1 in nAMD. Taken
together, these data allow us to propose that ApoM-bound
circulating S1P activates the endothelial SIPR1 to restrain
pathological neovascularization after laser photocoagulation.

Systemic administration of S1P chaperone
raises circulating S1P levels and inhibits
laser-induced CNV

To activate the ApoM-S1P-endothelial S1PR1 signaling
axis, we used ApoM-Fc, an engineered S1P chaperone that
activates the endothelial SIPR1 selectively. When ApoM-Fc
(4 mg/Kg) or vehicle was injected intraperitoneally, ApoM-
Fc was detected in plasma 72 h after the injection without
affecting endogenous ApoM expression (Fig. 2a—c). Kinetic
experiments showed that plasma ApoM-Fc peaked at 6 h and
remained elevated for up to 72 h (Fig. 2d). Plasma S1P levels
increased at 48—72 h, suggesting time-dependent association
of administered ApoM-Fc with endogenous S1P (Fig. 2e).
Armed with these pharmacokinetic data, mice received
ApoM-Fc or vehicle at D4, 7, 9 after laser photocoagula-
tion and the CNV lesions were quantified at D10 (Fig. 2f).
ApoM-Fc-treated mice showed significantly decreased CNV
lesion size compared to vehicle controls (Fig. 2g,h).

We next tested a clinically relevant delivery route of
ApoM-Fc. ApoM-Fc and endogenous ApoM protein bands
were observed in mouse plasma by western blot 72 h after
the subcutaneous administration of ApoM-Fc (4 mg/kg),
as shown in Fig. 3a—c. Time-course experiments revealed
its delayed yet sustained ApoM-Fc expression and upregu-
lated S1P level in plasma (Fig. 3d,e). To determine whether
the changes of the delivery routes have any effect on the
CNV progression, ApoM-Fc or vehicle were given to mice
subcutaneously at D4, 7, 12 post-photocoagulation and the
eyes were analyzed at D14 (Fig. 3f). The group that received
ApoM-Fc showed suppression of CNV compared to the
vehicle-treated group (Fig. 3g,h). Taken together, both i.p.
and subcutaneous administration of ApoM-Fc were effective
in reducing CNV, suggesting its therapeutic potential in the
treatment of nAMD.

@ Springer

S1P chaperone treatment attenuated CNV
and vascular leakage

Agents that block VEGF are efficacious in treating nAMD
patients [34, 35]. We asked whether ApoM-Fc treatment
achieves similar efficacy as anti-VEGF regimen and
whether ApoM-Fc would provide enhanced efficacy when
combined with anti-VEGF. We administered anti-VEGF
mlgG2a antibody (anti-VEGF B20-4.1.1., referred to as
anti-VEGF hereafter, 0.5 mg/kg) i.p. at DO and 5 [36]
either alone or together with ApoM-Fc administration i.p.
at D4, 7 and 9 and mice were analyzed at day 10 (Fig. 4a).
As shown in Fig. 4b,c, the ApoM-Fc treated group exhib-
ited reduced CNV as effectively as the anti-VEGF treated
group, ~24% and ~ 29%, respectively. However, the group
which received both ApoM-Fc and anti-VEGF treatment
did not show any additional suppressive effect (~29%)
on neovascular lesions. As expected, circulating S1P in
plasma was increased in the ApoM-Fc treated groups
(Fig. 4d). We also used a higher dose of anti-VEGF (5 mg/
kg) at DO while following the same ApoM-Fc injection
schedule (Suppl Fig. 3a). ApoM-Fc treatment achieved
similar suppression of CNV as anti-VEGF treatment
(Suppl Fig. 3b,c) but did not provide additional efficacy
in reducing neovascular lesions. These results suggest that
ApoM-Fc is an effective agent to attenuate neovasculariza-
tion in laser-induced mouse model of CN'V.

Next, we performed fundus fluorescein angiography to
examine vascular leakage in the CNV lesions after treat-
ment with ApoM-Fc, anti-VEGF, or combination thereof
(Fig. 4e). Significant inhibition of vascular leak was
observed in all treatment groups, even though the combi-
nation of ApoM-Fc and anti-VEGF did not provide addi-
tional suppressive activity (Fig. 4f,g).

ApoM-Fc inhibits CNV- and VEGF-induced
vascular permeability

To determine whether ApoM-Fc treatment can directly
antagonize VEGF-induced vascular leak, ApoM-Fc
and triply-mutated ApoM (ApoM-TM; non-S1P bind-
ing mutant) were given i.p. one day prior to intraocular
VEGF injection followed by FITC-albumin tracer leakage
assessment (Fig. 4h). The presence of both ApoM-Fc and
ApoM-TM in mouse plasma 24 h after the administration
was confirmed (Suppl Fig. 4a,b). VEGF-induced vascular
leak in the retina was completely inhibited by ApoM-Fc
but not ApoM-Fc-TM (Fig. 4i,j). These results suggest that
ApoM-Fc inhibits choroidal neovascularization and vascu-
lar permeability by counteracting VEGF action.
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Fig.2 Intraperitoneal ApoM-
Fc administration suppresses
CNV lesions. a Representa-
tive western blot showing
ApoM-Fc and endogenous
ApoM level in plasma 72 h
after systemic ApoM-Fc (4 mg/
kg) administration in mice. b,

¢ Quantification of the bands
shown in a. (Vehicle (n=3
mice) and ApoM-Fc (n=4
mice), unpaired, two-tailed
Student’s t-test (*, P=0.0102,
ns, P>0.9999). d ApoM-Fc
protein levels in mouse plasma
at various time points after a
single i.p. injection of ApoM-Fc
(n=4 mice/ time point, one-
way ANOVA, *** P<0.0001,
#* P<(0.001). e SIP levels in
plasma at various time points
after ApoM-Fc administration
(n=4/ time point, one-way
ANOVA, *, P<0.01). f Experi-
mental scheme for ApoM-Fc
regimen. Mice were given
ApoM-Fc (4 mg/kg, i.p.) or
vehicle at the time indicated.

g Representative images of

CNV lesion from vehicle- and
ApoM-Fc treated mice at D10.
h Quantification of CNV area
(Vehicle (n= 14 eyes/ 8 mice)
and ApoM-Fc (n=18 eyes/

10 mice), unpaired, two-tailed
Student’s t-test **, P=0.0022).
Data are means + SD. Scale bar:
100 pm
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leak, inhibits excessive vascular sprouting induced by VEGF
and promotes endothelial survival and function [9, 10]. We
hypothesized that this pathway would provide a novel thera-
peutic strategy to control nAMD-associated vascular leak
and vasoproliferation. Our findings from genetic mouse
models of Apom KO and TG as well as endothelial SIPR1

@ Springer



24 Page6of13

Angiogenesis (2025) 28:24

Fig.3 Subcutaneous ApoM- a
Fc administration attenuates
CNV lesions. a Representative
western blot showing ApoM-
Fc and endogenous ApoM

level in plasma 72 h after
subcutaneous ApoM-Fc (4 mg/
kg) administration in mice.

b, ¢ Quantification of bands
shown in a. (Vehicle (n=4
mice) and ApoM-Fc (n=4
mice), unpaired, two-tailed
Student's t-test (***, P=0.0008,
ns, P>0.9999). d ApoM-Fc
protein levels in mouse plasma
at various time points after a
single subcutaneous injection

Vehicle
ApoM-Fc

l

ApoM-Fc

ApoM (E)

72 (hr)

of ApoM-Fc (n=4 mice/ time
point, one-way ANOVA, *,

P<0.01, **, P<0.001). e SIP
levels in plasma at various time
points after ApoM-Fc adminis-
tration (n=4/ time point, one-
way ANOVA, ** P<0.001).

f Experimental scheme for
ApoM-Fc regimen. Mice were
given ApoM-Fc (4 mg/kg) or
vehicle subcutaneous at the
time indicated. g Representative
images of IB4 staining-positive
CNV lesion from vehicle- and
ApoM-Fc treated mice at D14. 0
h Quantification of CNV area

(Vehicle (n=9 eyes/ 5 mice)

and ApoM-Fc (n=10 eyes/

6 mice), unpaired, two-tailed f
Student's t-test *, P=0.0188).

Data are means + SD. Scale bar:

500 pm

Vehicle

loss-, and gain of function systems indeed support this
hypothesis. None of the S1P pathway genes or ApoM have
been identified as genetic modifiers of AMD in humans.
However, HDL metabolism-related genes such as cholester-
ylester transfer protein (CETP), the lipoprotein lipase (LPL)
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and the ATP-binding cassette transporter A1 (ABCAI) were
found to be associated with AMD incidence [37, 38].
Translational studies of plasma S1P and ApoM levels in
AMD patients have not been fully explored. However, recent
release and analysis of UK biobank plasma proteomics
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ANOVA ** P=0.0075, *, P<0.01, ns, P>0.9999). h Mice were
given ApoM-Fc (4 mg/kg) or ApoM-TM (4 mg/kg) i.p. 24 h prior to
intraocular injection of VEGF (0.1 ug/ eye), followed by FITC-albu-
min. i Representative images of vehicle-, ApoM-Fc- and ApoM-TM-
treated retina. Scale bar: 20 pm. j Quantification of VEGF-induced
vascular leakage (vehicle (n=8 mice), ApoM-Fc (n=7 mice),
ApoM-TM (n=8 mice), One-way ANOVA *, P<0.01). Data show
means +SD
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data suggest that reduced circulating ApoM levels pose a
higher risk for developing diseases of the choroid and the
retina, among which nAMD is included [32]. Recent reports
revealed that reduced plasma S1P in neonatal ROP patients
showed inverse correlation with disease severity [39], and
an association of a specific allele of APOM gene with dia-
betic microvascular disease in an Egyptian cohort [40]. Low
ApoM levels in plasma have been seen in type 2 diabetes and
maturity onset diabetes of young patients [41], even though
its causal relationships in diabetic vascular complications
of the eye have not yet been addressed. In addition, clini-
cal use of S1PR functional antagonists that reduce S1PR1
levels on the cell surface by facilitating receptor endocytosis
and degradation is linked to significant adverse events such
as macular edema and visual impairment [42, 43]. Collec-
tively, these studies suggest that plasma ApoM-bound S1P is
a protective factor in retinal and choroidal vessels with high
therapeutic potential, while clinical use of SIPR1 inhibitors
poses a significant risk to retinal function and vision.

Although the laser-induced mouse CNV model is widely
used to investigate the efficacy of therapeutics that influence
the early stages of nAMD, this preclinical animal model can-
not fully recapitulate the intricate processes seen in nAMD
patients, partly due to anatomical differences between
mice and humans [44]. Nevertheless, our work focused on
endothelial SIPR1 signaling illustrates that plasma ApoM-
S1P suppresses vascular leakage and neovascular lesion
growth in the laser-induced CNV model. In addition to the
use of genetic loss and gain of function models, we also
demonstrate that systemic administration of ApoM-Fc is
efficacious. Based on previous work from our laboratory
[9, 10], we suggest that SIPR1-induced adherens junction
assembly in the choroidal EC is likely to be a key mechanism
involved.

The limitations of our study include the lack of analy-
sis of S1P action on inflammatory cells such as neutrophils
and macrophages which are recruited to the injury site at an
early stage. Activation of SIPR2 and/or S1PR3 expressed
by immune, myeloid and other parenchymal cells upon
ApoM-Fc application could lead to pathological events such
as exaggerated inflammatory signaling and RPE/ choroidal
fibrosis. These possibilities will need to be examined in
future studies. It is noteworthy that ApoM-Fc is more selec-
tive for SIPR1 than pro-inflammatory SIPR2 and S1PR3 in
transfected cells with ectopic expression of S1PRs [29]. If
inflammatory and fibrotic signaling pathways are induced by
excessive ApoM-Fc administration, ApoAl-ApoM, a sec-
ond generation S1P chaperone that we designed recently,
may be useful in obviating these potentially adverse events
[45]. This recombinant protein suppresses inflammation by
the ApoAl moiety in addition to stimulating the S1PR1-
dependent vascular barrier function. In that regard, the
recent demonstration that S1PR signaling promotes Norrin/
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Wnt / B-catenin signaling in developing endothelium [12]
could be an additionally important aspect of ApoM-Fc treat-
ment. Finally, the durability of benefit following ApoM-Fc
administration and dose—response studies need to be deter-
mined in appropriate preclinical models of nAMD.

Systemic administration of ApoM-Fc has been shown to
attenuate cardiovascular injury, CNS ischemic injury, and
fibrosis (lung, liver, kidney) and pathological retinopathy
[11, 29]. ApoM-Fc offers numerous advantages, including
its long systemic stability and its ability to direct S1P-sign-
aling toward sustained S1PR1 activation without affecting
lymphocyte trafficking [29]. Indeed, we speculate that sys-
temic self-administration of ApoM-Fc via a subcutaneous
route, if proven to be efficacious in humans, would offer
significant advantages to the current intravitreal treatment
of anti-VEGF blocking therapeutics. We observed that the
addition of systemic ApoM-Fc to anti-VEGF treatment did
not further increase suppression of neovascularization and
vascular leakage, despite equal potency to anti-VEGF when
used alone. These findings suggest shared yet distinctive
molecular- and spatiotemporal mechanisms between an anti-
VEGF agent and S1P/ S1PR1 agonism. It is well established
that S1P via the action of SIPR1 enhances VE-cadherin-
mediated junctional assembly and stabilizes EC-mural cell
interaction [11, 46]. Therefore, one can surmise that S1P car-
ried by ApoM could facilitate proper junctional localization
through endothelial STPR1, which stabilizes choriopapillary
EC and ultimately reduces vascular permeability while intra-
vitreal anti-VEGF treatment immediately reduces VEGF-A
signaling. This concept merits further investigation. Given
that VEGF-A level in the eye is maintained to provide proper
neuronal function and maintenance [47], ApoM-Fc therapy
could achieve an advantage over an anti-VEGF regimen as it
does not interfere with VEGF receptor signaling. Therefore,
ApoM-Fc treatment can be an attractive alternative to treat
patients who undergo incomplete response to anti-VEGF
agents. Additionally, finding biomarkers that delineate such
responses to the different therapies would help tailor the
treatments.

Taken together, our results suggest that systemic ApoM-
Fc administration is a potential therapeutic treatment, and
shows an equivalent degree of efficacy as anti-VEGF treat-
ment to reduce CNV in a preclinical mouse model. Beyond
confirming ApoM-Fc as a potent therapeutic to counter neo-
vascularization and excessive vascular leak, our study also
emphasizes the potential of activating protective pathways
to restore functional endothelium, complementary to block-
ing an excess of growth factors. Future development efforts
need to focus on potential systemic adverse effects and opti-
mal therapeutic regimen in relevant preclinical models of
nAMD. Given that many nAMD patients are refractory to
current therapies, further therapeutic development studies
of ApoM-Fc are warranted.
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Methods
Animals

All mouse experiments were approved by the Institutional
Animal Care and Use Committee of Boston Children’s
Hospital. Specific pathogen-free C57BL6/J mice (#000664,
8- 10 weeks old) were purchased from Jackson Laboratory.
Transgenic mouse models used in this study are the follow-
ing: Apolipoprotein M transgenic (Apom™®) and Apom-null
(Apom™") [24], SphK RBCKO (SphK EpoR-Cre) [33],
S1pr1™ (a kind gift from Dr. Richard Proia, NIDDK, NIH)
and S1pr1™°PT[10], Cdh5-Cre®8™ [48] (a kind gift from Dr.
Ralf Adams, Max Plank Institute) mice. Mouse strains har-
boring tamoxifen-inducible, endothelial cell-specific S1prl
gene regulation were generated by crossing the S7pr17f and
S1pri?Pf o Cdh5-CreER™ that yields S1pri™; Cdh5-Cre-
ERT2 (S 1pr loss-of-function, SIprl ECKO) and S1pr175op/;
Cdh5-Cre®R™ (S1prl gain-of-function, SIprl ECTG),
respectively [10, 11]. 1.5 mg (mg) of tamoxifen (Sigma-
Aldrich, #5648) dissolved in corn oil (Sigma-Aldrich,
#C8267) was injected i.p. for 5 consecutive days to induce or
delete SIprl gene in mice in both Cre* and Cre™ littermates
at 8—10 weeks old. Both males and females were used.

Antibody and recombinant ApoM-Fc biologic
treatment

Murine anti-VEGF antibody (B20.4.1.1.) [49] was kindly
provided by Genentech. ApoM-Fc or ApoM-TM were
expressed in CHO cells and purified by affinity and gel fil-
tration chromatography as described previously [29]. Anti-
bodies including isotype control (rat [gG2a, a-trinitrophenol,
BioXCell, #BE0089) and ApoM-Fc biologics were diluted in
sterile saline and injected i.p. or subcutaneously as described
in the experimental schemes. For combination treatment of
ApoM-Fc and anti-VEGF, ApoM-Fc was administered at
concentration of 4 mg/Kg body weight at D4, 7, and 9 and
anti-VEGF at 0.5 mg/Kg on the day of laser photocoagula-
tion (day 0) and D5. Male mice were used for acute vascular
permeability assay and laser-induced CNV concerning anti-
VEGF, ApoM-Fc or ApoM-TM treatment.

Laser induced choroidal neovascularization

CNV was induced in mice via laser photocoagulation as
described previously [50]. Briefly, mice were anesthe-
tized with a mixture of ketamine (120 mg/kg) and xylazine
(10 mg/kg). Pupils were dilated with a topical application
of Tropicamide (Somerset Therapeutics, #NDC 70069-121-
01). A green argon laser (incident power of 300 mW and

pulse duration of 70 ms), coupled with the Micron IV
imaging-guided system (Phoenix Research Laboratories),
was used to apply laser burns to four distinct areas of the
fundus in each eye. Sterile eye lubricant (Optixcare, Aven-
tix) was applied to both eyes and mice were placed on a
prewarmed plate until recovery. CNV lesion was quantified
10 to 14 days post-photocoagulation.

Immunostaining of RPE/ choroid flat mount

Mice were euthanized at the time indicated. Eyes were enu-
cleated and post-fixed in 4% paraformaldehyde (PFA) in
PBS for 2 h at room temperature (RT). The posterior eye
cups containing the RPE, choroid, sclera were dissected
under stereomicroscope and permeabilized with 0.8% Triton
X-100 in PBS for 1 h at RT. The CNV lesions were stained
with Alexa-fluorophore conjugated GS lectin IB4 (Invit-
rogen, 2.5 pg/ml), Alexa Flour488-conjugated, anti-ERG
(Abcam, #ab196374), Cy3-conjugated, anti-smooth muscle
actin o (aSMA, Millipore Sigma, #C6198), Hoechst (Invit-
rogen, #H21486) in PBlec buffer (0.1 mM CacCl,, 0.1 mM
MgCl,, 0.1 mM MnCl,, 1% Triton X-100 in PBS (pH 6.8))
[10] overnight at 4 °C. After thorough washing in PBlec
buffer, flatmounts were prepared with scleral side down in
permount mounting medium (FisherSci, #SP15-100) and
coverslipped before imaging.

Fundus fluorescein angiography (FFA)

Vascular leak was evaluated by quantifying hyperfluores-
cent lesions 10 days after laser-burn. After anesthetizing the
mice, both eyes were dilated, and mice received an intra-
peritoneal injection of 1% AK-FLUOR® (NDC 17478-101-
12, Akorn, Lake Forest, IL, USA) diluted in 0.9% sodium
chloride. Vascular leak was captured using the Micron IV
retinal imaging system (Phoenix Research Laboratories),
and fluorescent fundus photographs were captured 5 min
after fluorescein injection and used for vascular permeabil-
ity quantification.

Acute vascular permeability

VEGF-A-induced retinal vascular permeability was per-
formed as described [51]. Briefly, 7-9 weeks old male
C57B16/] were treated with ApoM-Fc, ApoM-TM (S1P
non-binding mutant) [29] or an equal volume of saline at
4 mg/kg via i.p. injection. 24 h later, mice were anesthetized
with isoflurane (1-4% isoflurane/ 100% oxygen) through a
mouse gas anesthesia head holder. Pupils were dilated with
a solution of 1% tropicamide phenylephrine hydrochloride
and applied with 0.5% proparacaine hydrochloride oph-
thalmic solution on each eye. Intraocular injections were
performed by inserting a NANOFIL Syringe (10uL, World
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Precision Instruments) into the vitreous humor. The needle
was aimed to penetrate the eyeball near its equator under a
dissection microscope to introduce a total of 100 ng recom-
binant VEGF (R&D systems, #293-VE) in a volume of
0.5 pl (or saline) to avoid increases in intraocular pressure.
After the injection, eyes were treated with 0.5% antibiotic
ophthalmic ointment. After 1 h, mice were treated with
FITC-Albumin (Sigma Aldrich, #A9771, 10 mg/kg) intra-
venously via a retro-orbital route to assess vascular leak.
After 4 h, mice were euthanized, eyes were enucleated and
fixed using 4% PFA in PBS. Retinas were dissected out and
stained for Alexa647-conjugated GS-isolectin (IB4, Invit-
rogen, #132450), flat-mounted and imaged following the
published protocol [10].

Plasma collection, S1P extraction and S1P
measurement

Blood samples were collected from either submandibular
vein (for non-terminal) via cheek punch or vena cava (for
terminal) in 1-5 pl of 0.5 M EDTA- containing tubes. Sam-
ples were centrifuged at 2000 g for 15 min at 4 °C. Plasma
(supernatants) was collected and stored at -80 °C until S1P
measurement. Plasma S1P was extracted and measured
by UHPLC-MS/MS as previously described [52]. Briefly,
100 pL of plasma were diluted in TBS Buffer (50 mM
Tris—HCI1 pH 7.5, 0.15 M NaCl) followed by 100 pL of pre-
cipitation solution (20 nM D7-S1P in methanol) to extract
S1P. After centrifugation at 18,000 rpm for 5 min, superna-
tants were transferred to vials for UHPLC-MS/MS analy-
sis (see below). C18-S1P (Avanti Lipids) was dissolved in
methanol to obtain a 1 mM stock solution. Standard samples
were prepared in 4% fatty acid free BSA (Sigma Aldrich,
#A6003) in TBS at final concentration of 1 mM. Before
analysis, the 1 mM S1P solution was diluted with 4% BSA
in TBS to obtain 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM,
0.03125 mM, 0.0156 mM, and 0.0078 mM. S1P in diluted
samples (100 mL) were extracted with 100 mL of methanol
containing 20 nM of D7-S1P. Precipitated samples were cen-
trifuged and the supernatants were transferred to vials for
mass spectrometric analysis. The internal deuterium-labeled
D7-S1P standard (Avanti Lipids, 200 nM stock) was pre-
pared in methanol.

The samples were analyzed with the Orbitrap Exploris
480 mass spectrometer fronted with a FLEX ion source cou-
pled to Vanquish Horizon UHPLC system (Thermo Fisher
Scientific) using a reverse phase column (XSelect CSH C18
XP column 2.5 um, 2.1 mm X 50 mm, Waters) maintained
at 55 °C in positive ion mode. The gradient solvents were
as follows: Solvent A (water/methanol/formic acid 97/2/1
(v/v/v)) and Solvent B (methanol/acetone/water/formic
acid 68/29/2/1 (v/v/v/v)). The analytical gradient was run at
0.4 mL/min from 50 to 100% Solvent B for 5.4 min, 100%

@ Springer

for 2.6 min, followed by one minute of 50% Solvent B. A
targeted MS2 strategy (also known as parallel reaction moni-
toring, PRM) was performed to isolate S1P (380.26 m/z) and
D7-S1P (387.30 m/z) using a 1.6 m/z window, and the HCD-
activated (stepped CE 20, 30, 40%) MS2 ions were scanned
in the Orbitrap at 60 K. The area under the curve (AUC) of
MS2 ions (S1P, 264.2686 m/z; D7-S1P, 271.3125 m/z) was
calculated using Skyline46. Quantitative linearity was deter-
mined by plotting the AUC of the standard samples (C18-
S1P) normalized by the AUC of internal standard (D7-S1P);
(y) versus the spiked concentration of S1P (x). Correlation
coefficient (R2) was calculated as the value of the joint vari-
ation between x and y. A linear regression equation was used
to determine analyte concentrations.

Immunoblot analysis

The content of exogenous and endogenous ApoM proteins
in mouse plasma was detected using anti-ApoM-specific
immunoblot analysis [29]. Briefly, 1 pl of mouse plasma was
heated to 95 °C for 5 min in 2 X Laemmli’s sample buffer
containing 10% p-mercaptoethanol. Samples were loaded on
a 10% SDS-PAGE gel (Bio-Rad, #1610156) and transferred
to PVDF membrane (Bio-Rad, #1620177). Equal loading
was confirmed by Ponceau S staining. Blots were incubated
in blocking buffer (Intercept blocking buffer, LI-COR,
#927-60001) for 1 h at RT, followed by incubation with
rabbit monoclonal anti-ApoM antibody (Abcam, EPR2904,
#ab91656) overnight at 4 °C. Signals were detected by prob-
ing with goat anti-Rabbit IgG-conjugated horseradish per-
oxidase (HRP) (R&D Systems, #HAF017) for 30 min at RT
and Immobilon Western Chemiluminescent HRP Substrate
(Millipore Sigma, #WBKLS0500), and visualized with
Azure 600 Imaging System (Azure Biosystems).

Confocal microscopy and image processing

All images were taken under the same setting on LSM800
confocal microscope (Zeiss) equipped with Zen2.1 (Zeiss)
software. EC plan-Neofluar 10x/0.3 or a Plan-Apochromat
20x/0.8 objectives were used to obtain z-stacked, tile scan
images. CZI files were imported into RGB Tiff files and were
quantified using Image J software.

Quantification of CNV, fluorescence intensity

CNV lesion size was quantified by IB4 staining positive
area. RGB Tiff files were imported into ImagelJ to gen-
erate binary images. The maximal border of each CNV
legion was manually selected using the freehand selec-
tion tool under digital magnification and determine the
area recorded in pixels. Exclusion criteria were applied as
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described previously [36]. Pixeled areas were converted
to pm? using the scale bar.

For fluorescence intensity quantification, binary images
were generated using image thresholding function in
ImageJ software. The fluorescent area of each CNV lesion
as well as the optic nerve head was measured in pixels.
Corrected fluorescent intensity was calculated by pixel
intensities of individual CNV lesions normalized by the
intensity of the optic nerve head area [53].

Acute retinal vascular permeability was accessed by
acquiring 4-5 fields of view (FOV) per retinal flat mount
and all FOV was averaged for each flat mount. Vascular
leak was defined as percentage of pixel intensity per total
area, assuming that fluorescence within the blood vessels
would be cleared out during 4 h of circulation [51]. Vas-
cular leak was shown as fold change compared to saline-
treated controls.

Human study participants and cohort analysis

The UK Biobank is a cohort study of approximately
500,000 individuals who were 40—69 years old at baseline.
Enrollment occurred from 2006 to 2010. The diagnostic
data for disorders of the choroid and retina were linked
to UK electronic health records and classified according
to the International Classification of Diseases (ICD)-10
codes. Prevalent and incident disease were defined as
events that occurred before and after the subject’s base-
line visit, the same time that blood samples were collected
[32]. The UK Biobank Pharma Proteomic Project con-
ducted a blood-based proteomic profiling of a randomly
selected subset of UK Biobank participants. The average
age of the 53,026 participants was 56.8 years and median
follow up was 14.8 years. The Olink Explore™ Proxim-
ity Extension Assay in combination with next-generation
sequencing was used to quantify 2,923 unique proteins in
plasma. ApoM was one of the plasma proteins that was
quantified. A detailed analysis of plasma proteins linked
to prevalent and incident diseases was carried out [32]. An
open-access comprehensive proteome-phenome resource
(https://proteome-phenome-atlas.com/) was provided that
enabled the interrogation of associations between plasma
levels of ApoM and prevalent and incident disorders of
the choroid and retina. Associations between levels of
plasma proteins and disease endpoints were determined
using logistic regression and Cox proportional hazards
regression for prevalent and incident disease, respec-
tively. Regressions were performed with the adjustment
of participants’ information at baseline including sex, age,
townsend deprivation index, ethnicity, body mass index,
fasting time, smoking status, season of blood collection
and blood age.

Statistics

Data are shown as mean + SD. Statistical analysis was per-
formed using Prism 9 (GraphPad, San Diego, CA). Signifi-
cant differences were determined by Student’s t test when
comparing 2 groups of samples or one-way ANOVA with
multiple comparison procedures using Bonferroni test for
more than 2 groups comparison.
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