
Article https://doi.org/10.1038/s41467-025-60830-1

Apolipoprotein M attenuates age-related
macular degeneration phenotypes via
sphingosine-1-phosphate signaling and
lysosomal lipid catabolism

Tae Jun Lee 1,2, Andrea Santeford1, Kristen M. Pitts1, Carla Valenzuela Ripoll3,
Ryo Terao1,4, Zhen Guo 3, Mualla Ozcan3, Dagmar Kratky5,6,
Christina Christoffersen 7,8, Ali Javaheri3,9 & Rajendra S. Apte 1,2

Age-related macular degeneration (AMD) is a leading cause of blindness in
people over 50. AMD and cardiovascular disease share risk factors including
age, impaired lipid metabolism, and extracellular lipid deposition. Because of
its importance in age-related diseases, we hypothesize that apolipoprotein M
(ApoM), a lipocalin that binds sphingosine-1-phosphate (S1P), might restore
lipid homeostasis and retinal function in AMD. In support, we find that human
patients with AMD demonstrate significantly reduced ApoM compared to
controls. In mice with impaired retinal cholesterol efflux, ApoM improves
retinal pigment epithelium (RPE) function and lipotoxicity in an S1P- and S1P
receptor 3-dependent manner. Ultrastructural evidence of enhanced
melanosome-lipid droplet interactions led us to hypothesize and demonstrate
that ApoM-S1P signaling drives RPE-specific lysosomal lipid catabolism. RPE-
specific knockout of lysosomal acid lipase recapitulates features of AMD. Our
study defines a novel role for ApoM/S1P signaling in AMD driven by RPE
lipotoxicity, mediated by cell-autonomous lysosomal lipid catabolism.

Age-related macular degeneration (AMD) is the leading cause of
blindness among Americans over 501–3. In its early and intermediate
stages, AMD is marked by the buildup of lipoprotein-rich deposits—
either under the neurosensory retina (sub-retinal drusenoid deposits,
or SDD) or beneath the retinal pigment epithelium (RPE), known as
drusen4,5. Vision loss occurs when AMD advances to one of its two late-
stage forms. The first, known as “wet” AMD, involves abnormal blood
vessel growth (choroidal neovascularization or CNV). Though it
represents only about 20% of advanced cases, it accounts for roughly

80% of AMD-related vision loss6. The second form, advanced “dry”
AMD, progresses to geographic atrophy (GA), a condition character-
ized by the atrophic degeneration of retinal neurons7.

Current treatments are limited to the advanced stages of the
disease8. The only recommended intervention for early or inter-
mediate AMD is micronutrient supplementation1,9. This underscores a
critical gap in our understanding of themolecularmechanisms driving
early dry AMD, and the lack of effective strategies to prevent its pro-
gression to GA or CNV and resulting vision loss. Anti-VEGF injections
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are used to manage wet AMD by reducing the risk of sudden vision
loss, but they do not halt the ongoing neurodegeneration associated
with the underlying dry form10–12. For GA, recently approved intravi-
treal C3 and C5 complement inhibitors offer only modest slowing of
disease progression and carry risks suchas conversion towet AMDand
retinal vasculitis13,14. These limitations highlight the need for novel and
aggressive approaches to prevent the progression of AMD to its vision-
compromising stages.

Currently, there are no curative treatments for early or inter-
mediate dry AMD at any stage. Recent studies, including work from
our laboratory, have highlighted the pivotal role of cholesterol and
lipid accumulation in the initiation and progression of AMD4,7,15.
Despite growing recognition that lipid buildup is a key driver of
disease progression and vision loss, no therapeutic strategies have
been developed to target this underlying cause of AMD. This critical
gap underscores the urgent need for innovative approaches that
directly address lipid accumulation as a therapeutic target.

In AMD, lipoprotein accumulation and thickening of Bruch’s
membrane—the basement membrane beneath retinal pigment epi-
thelial (RPE) cells—disrupt essential solute and lipid transport5,16–18.
Lipid homeostasis in the RPE is typically regulated by the body’s
reverse cholesterol transport (RCT) system, primarily through high-
density lipoprotein (HDL) particles19. A key protein in HDL, apolipo-
protein A-I (ApoA-I) plays a critical role in RCT by facilitating the
removal of cholesterol from extrahepatic tissues. However, impaired
RCT leads to the buildup of lipoproteins beneath the retina and RPE,
contributing to the hallmark features of AMD4,5. Genetic studies have
linked polymorphisms in lipid pathway genes—particularly those
involved in cholesterol efflux, the initial step inRCT—to increasedAMD
risk20–22. Furthermore, clinical cohort studies have revealed serum
dyslipidemia in AMDpatients, supporting the role of lipid imbalance in
disease progression4,15,23,24. These findings suggest that promoting the
removal of cholesterol and lipids from the sub-retinal space, RPE, and
Bruch’s membrane could prevent or slow the formation of drusenoid
deposits during the early and intermediate stages of AMD25. Support-
ing this notion, murine models with knockouts of key genes in cho-
lesterol metabolism, such as ATP binding cassette subfamily A
member 1 (Abca1) and ATP binding cassette subfamily G member 1
(Abcg1), in rod photoreceptors, RPE, and myeloid cells exhibit dry
AMD-like phenotypes26–29. Human genetic evidence andmurinemodel
data underscore the importance of cholesterol metabolism in RPE
survival and function. Therefore, strategies to enhance RPE lipid cat-
abolism may offer promising therapeutic avenues to mitigate AMD
progression.

Based on its involvement in aging-related disease and cholesterol
metabolism, we hypothesized that the lipocalin apolipoprotein M
(ApoM) may play an important role in AMD30,31. Apolipoprotein M
(ApoM) is primarily produced by the liver, with a smaller contribution
from the kidneys. It bindsdirectly to sphingosine-1-phosphate (S1P)32, a
bioactive sphingosine that activates S1P receptors found on various
cell types, including RPE cells. AlthoughApoMmakes up only about 5%
of HDL and less than 2% of low-density lipoprotein (LDL) particles, it is
responsible for binding approximately 70% of circulating S1P33–35.
ApoM has a broad range of pleiotropic effects, including antioxidant
and anti-atherogenic properties36,37, modulation of inflammation,
endothelial protection32,38, and promotion of cell survival39. In mice
with hepatocyte-specific overexpression of human APOM (ApoMTG),
plasma ApoM levels increase 3-5 fold, leading to elevated plasma S1P
levels35. Conversely, ApoM knockout mice (ApoMKO) show a 50%
reduction in plasma S1P, with no detectable S1P on HDL but normal
levels on albumin32. Additionally, ApoM has also been identified as a
regulator of lysosomal function in the murine heart40.

Despite evidence linking ApoM to aging, RCT, and lysosomes, few
investigations have explored the role of ApoM in AMD41,42. With

knowledge of ApoM connected to cholesterol efflux and S1P receptor
signaling43, we hypothesized that ApoM and S1P receptor signaling
could be involved in AMD pathogenesis. We also considered melano-
somes within the RPE could play a role in ApoM-related AMD pro-
gression as they are involved in the biogenesis of lysosomal-related
organelles and aiding phagosomes by fusion in stressed
conditions44–46. In plasma samples from individuals with AMD, we
observed significantly reduced levels of ApoM compared to healthy
controls. When plasma from ApoM overexpressing mice was admi-
nistered to mice with Abca1 and Abcg1 double knockouts in rod pho-
toreceptors (Abca1/g1-rod/-rod), the development of AMD-like
phenotypes was attenuated. In contrast, plasma from ApoM knockout
mice hadno such effect. Electronmicroscopy of the retinas from these
mice revealed that ApoM appeared to enhance lysosomal lipid cata-
bolism, as evidenced by a decrease in the overall number of lipid
droplets, with more lipid droplets found interacting with melano-
somes. The deletion of S1P receptor 3 (S1PR3) resulted in an AMD-like
phenotype, with electron microscopy showing impaired lipid home-
ostasis and an increase in lipid droplets within the RPE. Similarly, both
whole-body and RPE-specific knockout of lysosomal acid lipase (LAL,
gene name Lipa), an enzyme essential for lysosomal cholesterol and
triglyceride breakdown, reproduced the dry AMD-like phenotype seen
in Abca1/Abcg1-rod/-rod mice. ApoM rich plasma did not rescue either
S1PR3 knockout or RPE-specific LAL knockouts, suggesting that ApoM
regulates S1P signaling tomediate lipid breakdown in the RPE and help
prevent the development of dry AMD phenotypes.

Results
Patients with AMD have lower levels of circulating ApoM
To investigate a correlation between circulating ApoM and AMD, we
measured plasma ApoM in age-matched patients with and without
AMD by ELISA, the gold standard for measuring ApoM47,48. We mea-
sured plasma ApoM in patients diagnosed with AMD (n = 53) and
compared their levels to age-matched controls without AMD (n = 328)
(Fig. 1A). Patients with AMDhad significantly decreased levels of ApoM
compared to patients without AMD. These data support a potential
role for circulating ApoM in AMD pathogenesis.

ApoM ameliorates RPE functional deficits in a murine dry AMD-
like model
A prior investigation from our laboratory established a dry AMD-like
model by conditionally knocking out the cholesterol efflux transpor-
ters, Abca1 and Abcg1, in rod photoreceptors in mice (Abca1/g1-rod/-rod).
After high fat diet treatment (60% kcal from fat, 25% kcal from car-
bohydrate, and 15% kcal from protein) for six weeks, Abca1/g1-rod/-rod

demonstrated an accelerated neurodegenerative phenotype asso-
ciated with excessive accumulation of lipid in the RPE26. We also con-
sidered utilizing the mouse model of conditional RPE knockout of
Abca1 and Abcg127, but the accelerated neurodegeneration seen in this
model did not offer a potential opportunity for early intervention in
examining the role of ApoM.

We sought to test if concurrent plasma transfer from ApoM
transgenic mice that overproduce ApoM (ApoMTG) could ameliorate
the RPE and photoreceptor phenotype seen in high fat diet fed
Abca1/g1-rod/-rod mice. Plasma transfer of ApoMTG mice has been vali-
dated as a strategy for ApoM delivery40. We utilized plasma from
ApoM knockout mice (ApoMKO) as controls. High fat diet fed Abca1/
g1-rod/-rod mice were injected with 120μL of either ApoMTG or ApoMKO

plasma every other day (Fig. 1B). Using the light bleach dark adap-
tation electroretinography technique28, we measured RPE function
and found significant improvements in the ApoMTG plasma-treated
mice by scotopic a-wave maximum measurements (Fig. 1C). These
findings suggest that the RPE of ApoMTG plasma-treated Abca1/g1-rod/-
rod mice functionally improved.
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RPE lipid accumulation is significantly reduced byApoMplasma
transfer
We next assessed the ultrastructural effects of ApoM treatment para-
digm in the high fat diet fed Abca1/g1-rod/-rod model using electron

microscopy. Thesemicehavepreviouslybeen showntohave increased
lipid droplets in the RPE26. We discovered that ApoMTG plasma-treated
Abca1/g1-rod/-rod mice had significantly fewer lipid droplets on electron
microscopy in the RPE compared to ApoMKO plasma-treated mice

Fig. 1 | ApoM therapy ameliorates a dry AMD-like phenotype. A ApoM levels
controlled to total cholesterol levels were measured in patients with (n = 53) or
without AMD (n = 328) aged 65 and over. Patients with AMD had significantly lower
ApoM levels compared to those without AMD (****p =0.0000000006, two-tailed
Welch’s t-test). B High fat diet fed Abca1/g1-rod/-rod mice were treated with either
ApoMKO or ApoMTG plasma (created in BioRender. Lee, T. (2025) https://BioRender.
com/li4w1zf). C RPE functional assessment using light bleach dark adaptation
electroretinography (n = 6) revealed significantly improved functional recovery in
ApoMTG plasma treated mice (*p =0.0271, Two-way ANOVA). D, E Representative
TEM imaging of RPE from either ApoMKO or ApoMTG plasma treated Abca1/g1-rod/-rod

mice. Red arrows point to lipiddroplets. FQuantitative assessment of lipid droplets

per high-powered field within the RPE (n = 30) revealed significantly reduced lipid
droplets in ApoMTG plasma treated mice (****p =0.0000011, two-tailed Welch’s t-
test).GQuantitative assessment ofmelanosomes per high-powered fieldwithin the
RPE (n = 30) revealed significantly increasedmelanosomecounts in ApoMTG plasma
treated mice (****p =0.0000068, two-tailed Welch’s t-test). Full-field scotopic
electroretinography (n = 6) demonstrated improved H rod photoreceptor
(*p =0.0343, Two-way ANOVA) but not I inner retina (Two-way ANOVA) function in
ApoMTG plasma-treatedmice. J Representative traces of 0 dB intensity flashes show
an improvedwaveform fromApoMTg+ injectedmice. The scale bar represents 2 μm.
Values are mean ± SE. Source data are provided as a Source Data file.
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(Fig. 1D–F). A decrease in number of lipid droplets was also associated
with significantly increased RPE melanosomes in ApoMTG plasma-
treated mice (Fig. 1G). As melanosomes have been reported to be
related to lysosomal function44–46, we hypothesized that ApoM could
be reducing RPE lipotoxicity through lysosome-mediated lipid
catabolism.

ApoM plasma transfer improves rod photoreceptor function in
high-fat diet-fed Abca1/g1-rod/-rod mice
As described above, we have previously demonstrated that RPE dys-
function in Abca1/g1-rod/-rod is associated with secondary rod photo-
receptor dysfunction26,28. We further hypothesized that ApoM plasma
transfer may improve rod photoreceptor function as rod photo-
receptor function is closely tied to RPE function49. To measure rod
photoreceptor function, we utilized full-field scotopic electro-
retinography to measure both the a-wave and b-wave amplitudes,
which measure rod photoreceptor and inner retina function
respectively50 (Fig. 1H–J). Scotopic a-wave amplitudes were sig-
nificantly improved in ApoMTG treated mice compared to ApoMKO

plasma-treatedmice. Thesefindings demonstrate thatApoMTG plasma-
treated mice demonstrate both improved RPE and rod photoreceptor
function.

S1P binding to ApoM is necessary for reduced RPE lipid accu-
mulation and improved rod photoreceptor function
ApoM is the primary carrier of S1P32. We hypothesized that S1P binding
to ApoM is necessary for the structural and functional rod photo-
receptor and RPE improvement seen in Fig. 1. To test this, we obtained
plasma fromcontrol mice (ApoMCtrl) andmicewith a triplemutation in
the ApoM binding site for S1P (ApoMTM)40. ApoMTM produces a muta-
ted ApoM that is unable to bind S1P. We then utilized a similar treat-
ment paradigm (Fig. 1B) to test if ApoM defective for S1P binding
rescues the rod and RPE phenotype seen in the Abca1/g1-rod/-rod model
(Fig. 2A). In contrast to what we observed with ApoM plasma transfer,
full-field scotopic electroretinography revealed reduced scotopic
a-wave and b-wave amplitudes in ApoMTM-treated mice (Fig. 2B–D).
Thus, mutated ApoM could not functionally improve rod photo-
receptors as wild-type ApoM did in Abca1/g1-rod/-rod.

We also assessed the ultrastructural effects of ApoMTM plasma
transfer by electron microscopy. We quantified lipid droplet and
melanosome counts within the RPE (Fig. 2E and F) through electron
microscopy analysis. Corroborating the phenotype seen in rod pho-
toreceptors, we appreciated significantly increased lipid droplet
counts in the ApoMTM treated RPE compared to those of ApoMCtrl

treated RPE, despite similarmelanosome counts (Fig. 2G andH). These
data support that functional ApoM binding to S1P is necessary for the
reduction of RPE lipid burden and functional preservation of rod
photoreceptors.

S1P receptor 3 knockoutmice demonstrate RPE lipotoxicity and
visual dysfunction
We next hypothesized which S1P receptor could be mediating RPE
lipid amelioration in AMD-like phenotypes. Using publicly available
bulk RNA sequencing data of humanRPE cells (Supplementary Fig. 1)51,
we identified that two of the five S1P receptors, S1P receptor 1 (S1PR1)
and S1P receptor 3 (S1PR3), were the predominantly expressed
receptors. We first generated conditional RPE knockout mice of S1pr1
(S1pr1-RPE/-RPE) and placed them on a six week high fat diet to discern
whether they phenocopy high fat diet fed Abca1/g1-rod/-rod mice (Sup-
plementary Fig. 2A). We did not see any RPE or rod photoreceptor
dysfunction in knockout mice compared to wild type controls (Sup-
plementary Fig. 2B–2D).

In-situ hybridization data of S1pr3 expression in the eye
demonstrated that S1pr3 is expressed in the RPE (Supplementary
Fig. 3). We assessed germline S1pr3 knockout mice (S1pr3−/−) to

determine if they develop RPE lipotoxicity after six weeks of high-fat
diet (Fig. 3A) treatment. Light bleach dark adaptation electro-
retinography assessment of S1pr3−/− RPE demonstrated significantly
reduced RPE function compared to that of wild type RPE (Fig. 3B).
Electron micrscopy assessment of RPE ultrastructure demonstrated
strikingly similar characteristics of high fat diet fed Abca1/g1-rod/-rod

RPE (Fig. 3C and D). Lipid droplet and melanosome quantification of
S1pr3−/− RPE showed significantly increased lipid droplet count and
decreased melanosome count (Fig. 3E and F) compared to those of
wild-types. Full field scotopic electroretinography also showed sig-
nificantly decreased scotopic a-wave amplitudes in S1pr3−/−

(Fig. 3G–I) compared to wild-types. These data suggest that S1PR3
loss-of-function recapitulates the characteristic features of RPE
lipotoxicity seen in the Abca1/g1-rod/-rod model.

Overexpression of ApoM does not rescue high-fat diet-induced
S1pr3−/− RPE lipotoxicity
We next sought to investigate if ApoM can rescue the high fat diet-
induced S1pr3−/− RPE lipotoxicity phenotype. We generated S1pr3−/

−/ApoMTG mice and placed them on a 6-week high fat diet (Fig. 4A). No
significant differences were appreciated in RPE function as measured
by light bleach dark adaptation electroretinography between S1pr3−/−

and S1pr3−/−/ApoMTG (Fig. 4B). Ultrastructural analysis of RPE through
electron microscopy demonstrated similar features between S1pr3−/−

and S1pr3−/−/ApoMTG (Fig. 4C and D). No significant differences were
found between S1pr3−/− and S1pr3−/−/ApoMTG in lipid droplet quantifi-
cation (Fig. 4E). Full-field scotopic electroretinography also did not
show significant differences between S1pr3−/− and S1pr3−/−/ApoMTG in
scotopic a-wave and b-wave amplitudes (Fig. 4F–H). These data sug-
gest S1PR3 is necessary for ApoM-S1P alleviate RPE lipid burden and
associated visual dysfunction.

ApoM-S1P-mediated clearance of photoreceptor outer segment
lipids by RPE requires S1PR3
In the eye, there is a diurnal rhythm associated with the shedding of
photoreceptor outer segments (POS). There is extensive shedding of
rod outer segments at dawn, while cones shed at dusk. This creates a
large lipid burden for the RPE to phagocytose and metabolize daily
over the lifetime of the organism52–54. To elucidate RPE lipotoxicity
mechanisms, we sought to emulate the POS clearance by RPE cells
in vitro and ex vivo. We utilized ARPE-19 cells to simulate the lipid
burden seen in the in vivo genetic model exacerbated by the high-fat
diet. We accomplished this by treating ARPE-19 cells with exogenous
photoreceptor outer segments at varying concentrations (Supple-
mentary Fig. 4). This model has been extensively characterized to test
RPE phagocytic and lipid processing capacity44,45,55,56. Using commer-
cially available bovine POS, we first visualized if ARPE-19 cells would
fluorescewith increasing intensity when treatedwith FITC-labeled POS
(Supplementary Fig. 4A). We treated cells with no POS, or at a 10:1, or
20:1 POS to RPE cell ratio. Cells were treated with POS for 4 hours
before fixing and imaging. Indeed, the ARPE-19 cells demonstrated
increased intensity of fluorescence according to the concentration of
FITC-labeled POS.We then sought to appreciate the amount of neutral
lipid throughBODIPY staining after POS treatment of RPE cells at a 10:1
and 20:1 POS to RPE ratio (Supplementary Fig. 4B). Cells were treated
with POS for 4 hours before fixing and imaging. The 10:1 POS to RPE
ratio is typically used to observe baseline phagocytic and processing
behavior of RPE55. Indeed, we observed that increased POS feeding led
to increased BODIPY staining. We next tested if recombinant ApoM
loaded with S1P could decrease BODIPY staining after POS feeding. To
test this, we incubated the cells with media containing recombinant
ApoM loaded with S1P (25μg/mL) for an additional 2 hours after
4 hours of POS treatment. We observed reduced BODIPY staining
within RPE cells treated with POS after incubation with ApoM-S1P
compared to controls that did not receive ApoM-S1P in the medium.
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These data suggest in vitro ARPE-19 cells respond similarly to ApoM-
S1P as in vivo RPE do.

We further sought to test and quantify the effect of POS treat-
ment on RPE cells in an ex vivo ‘eyecup’ system (Fig. 5A). We dis-
sected RPE, choroid, and sclera complex from wild-type mice to

compose the ex vivo ‘eyecup’ system. We then incubated the eyecup
with different amounts of POS, then subsequently incubated the
eyecups with control media or media with recombinant ApoM-S1P.
Eyecups were treated with POS for two hours and then treated with
ApoM-S1P for two hours55. We calculated the amount of POS

Fig. 2 | Binding of S1P by ApoM is necessary for RPE lipotoxicity amelioration.
AHigh fat diet fedAbca1/g1-rod/-rodwere treatedwith plasma fromeither controlmice
with human ApoM knocked in (ApoMCtrl) or mice expressing ApoM incapable of
binding S1P (ApoMTM) (created in BioRender. Lee, T. (2025) https://BioRender.com/
li4w1zf). Full-field scotopic electroretinography (n = 4) demonstrated significant
reduction in B rod photoreceptor (*p =0.0469, Two-way ANOVA) and C inner
retina function (*p <0.0199, Two-way ANOVA) in ApoMTM treated mice.
D Representative traces of 0 dB intensity flashes show the waveform from ApoMTM

treated mice do not recover. E, F Representative TEM imaging of RPE from either

ApoMCtrl or ApoMTM plasma treated Abca1/g1-rod/-rod mice. Red arrows point to lipid
droplets.GQuantitative assessment of lipid droplets per high-powered field within
the RPE (n = 45) revealed significantly increased lipid droplets in ApoMTM plasma
treated mice (****p <0.000000013, two-tailed Welch’s t-test). H Quantitative
assessment of melanosomes per high-powered field within the RPE (n = 45)
revealed no significant difference according to two-tailed Welch’s t-test without
multiple comparisons in melanosome counts between ApoMCtrl and ApoMTM

plasma treated mice. Scale bar represents 2 μm. Values are mean± SE. Source data
are provided as a Source Data file.
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necessary for treatment according to a previous report quantifying
approximate counts of RPE cells (25,000 cells in one eyecup) in
mouse eyecups57. The eyecups were then stained with BODIPY, flat
mounted, and imaged (Fig. 5B and C). Of note, eyecups treated with
ApoM or S1P alone did not demonstrate a significant effect on

BODIPY fluorescence compared to ApoM-S1P, suggesting ApoM and
S1P must be present together (Supplementary Fig. 5A and 5B).

We utilized the same experimental paradigm of lipid staining
ex vivo eyecups from S1pr3−/− mice (Fig. 5D and E). BODIPY fluores-
cence was then quantified across multiple images (Fig. 5F). Wild-type

Fig. 3 | S1pr3 knockout is sufficient to provoke a dry AMD-like RPE phenotype.
A S1pr3 germline knockoutmice (S1pr3−/−) weregenerated andplaced on 6weeks of
high fat diet and subsequently assessed (created in BioRender. Lee, T. (2025)
https://BioRender.com/li4w1zf). B RPE functional assessment using light bleach
dark adaptation electroretinography (n = 10) revealed significantly reduced func-
tional recovery in S1pr3−/− mice compared to wild-type mice (*p =0.0462, Two-way
ANOVA). C, D Representative TEM imaging of RPE from either wild-type or S1pr3
knockout mice. Red arrows point to lipid droplets. E Quantitative assessment of
lipid droplets per high-powered field within the RPE (n = 80) revealed significantly

increased lipid droplets in S1pr3 knockout mice (****p =0.0000000001, two-tailed
Welch’s t-test). F Quantitative assessment of melanosomes per high-powered field
within the RPE (n = 80) revealed significantly decreased melanosomes in S1pr3
knockout mice (**p =0.0018, two-tailed Welch’s t-test). Full-field scotopic electro-
retinography (n = 8) demonstrated reduced G rod photoreceptor (**p =0.0018,
Two-way ANOVA) but not H inner retina (Two-way ANOVA) function in S1pr3
knockout mice. I Representative traces of 0 dB intensity flashes show a diminutive
waveform from S1pr3−/−. Scale bar represents 2 μm. Values are mean ± SE. Source
data are provided as a Source Data file.
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Fig. 4 | ApoM overexpression does not rescue S1PR3 deficiency-induced RPE
lipotoxicity. A S1pr3 germline knockout mice (S1pr3−/−) were crossed with ApoM
overexpressing transgenic mice (ApoMTG) to generate S1pr3−/−/ApoMTG mice and
placedon6weeksof high fat diet and subsequently assessed (created inBioRender.
Lee, T. (2025) https://BioRender.com/li4w1zf). B RPE functional assessment using
light bleach dark adaptation electroretinography (n = 6) revealed no significant
differences in functional recovery between S1pr3−/− and S1pr3−/−/ApoMTG mice.
C, D Representative TEM imaging of RPE from either S1pr3−/− or S1pr3−/−/ApoMTG

mice. Red arrowspoint to lipid droplets.EQuantitative assessment of lipid droplets

per high-powered field within the RPE (n = 42) revealed no significant differences
using two-tailed Welch’s t-test without multiple comparisons between S1pr3−/− and
S1pr3−/−/ApoMTG mice. Full-field scotopic electroretinography (n = 8) demonstrated
no significant differences by two-way ANOVA in F rod photoreceptor and G inner
retina between S1pr3−/− and S1pr3−/−/ApoMTG mice. H Representative traces of 0 dB
intensity flashes show waveforms do not improve despite ApoMTG treatment in
S1pr3−/−. Scale bar represents 2 μm.Values aremean± SE. Source data is provided as
a Source Data file.
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Fig. 5 | RPE from ex vivo eyecups recapitulate in vivo lipid burden. A The RPE/
choroid/sclera complex was isolated frommouse eyecups to assess ex vivo RPE for
lipid burden using BODIPY neutral lipid staining depicted in green (created in
BioRender. Lee, T. (2025) https://BioRender.com/li4w1zf). Eyecups from wild-type
mice were treatedwith increasing dosages of photoreceptor outer segments (POS)
before being treated with either B control media or C media with ApoM-S1P. The
same paradigm was tested in eyecups from S1pr3−/− mice also treated with either
D control media or Emedia with ApoM-S1P. F BODIPY fluorescence was quantified
from each group and plotted (n = 8). Wild-type RPE treated with ApoM-S1P

expressed significantly less BODIPY fluorescence compared to those treated with
control media in 0x (****p =0.000022, post hoc Bonferroni’s multiple comparisons
test), 10x (***p =0.00017, post hoc Bonferroni’s multiple comparisons test), and
20x POS (****p =0.0000000001, post hoc Bonferroni’s multiple comparisons test)
treated groups (****p =0.0000000001, Two-way ANOVA). ApoM-S1P treated
S1pr3KO RPE did not demonstrate significant differences in BODIPY fluorescence
compared to control-treated S1pr3KO RPE. The scale bar represents 100 μm. Values
are mean± SE. Source data is provided as a Source Data file.
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RPE treated with ApoM-S1P demonstrated significantly reduced BOD-
IPY fluorescence compared to those treated with control media in 0x,
10x, and 20x POS treated groups. However, ApoM-S1P treatment did
not significantly change BODIPY fluorescence in S1pr3−/− RPE. Con-
sistent with our in vivo models, these data show ApoM-S1P does not
reduce the amount of lipid staining in S1pr3−/− RPE, suggesting that
ApoM-S1P requires functional S1PR3 to ameliorate RPE lipid burden.
These data support the conclusions from the in vivo genetic and
pharmacologic experiments presented above that ApoM-S1P helps
reduce lipid burden in wild-type RPE, and S1PR3 function is necessary
for adequate lipid processing from POS.

ApoM-S1P does not significantly improve cholesterol efflux
capacity in RPE cells
After characterizing the effects of ApoM-S1P on RPE lipotoxicity, we
investigated the mechanism of the effect of ApoM-S1P on the lipo-
toxicity phenotype, utilizing ARPE-19 cells. We performed in vitro
administration of ApoM-S1P41 to measure total cholesterol efflux
capacity fromARPE-19 cells (Supplementary Fig. 6). Serum fromApoM
knockout mice was used as cholesterol acceptors for the assay.
Although previous studies suggest ApoM influences macrophage
cholesterol efflux43, ApoM-S1P did not significantly affect cholesterol
efflux capacity in ARPE-19 cells. These data suggest that ApoM-S1P
does not reduce RPE lipid burden through cholesterol efflux, and
ApoM-S1P influences cholesterol efflux in a cell-type-dependent
manner.

Lipophagy knockout induces RPE lipotoxicity features
Based on our observations of increased melanosome counts with
ApoM treatment in Abca1/g1-rod/-rod, enhanced lysosomal lipid catabo-
lism was a suspected mechanism of ApoM-S1P mediated lipid burden
amelioration asmelanosomeand lysosomal function havebeen closely
associated44–46. Previous work has demonstrated that ApoM is a novel
regulator of autophagy and that ApoMpreserves lysosomal function40.
We therefore hypothesized that abrogating lysosomal lipid catabolism
would recapitulate features of RPE lipotoxicity.

Lysosomal acid lipase (LAL; gene name Lipa) is a critical enzyme
that is necessary for lysosomal lipid catabolism58,59. We generated
germline LAL knockout mice (Lipa−/−) and placed them on high fat diet
to investigate if abrogation of lysosomal lipid catabolism leads to
AMD-like phenotypes (Supplementary Fig. 7A). Ultrastructural ana-
lyses of RPE demonstrated intracellular lipid droplets that are impro-
perly processed in Lipa−/− mice (Supplementary Fig. 7B and 7C). Light
bleach dark adaptation electroretinography of Lipa−/− mice showed
decreased RPE function (Supplementary Fig. 7D). Full field scotopic
electroretinography demonstrated significantly reduced rod photo-
receptor function in Lipa−/− (Supplementary Fig. 7E and 7F). Since LAL
is ubiquitously expressed, lack of LALmost likely caused severe effects
in all cell types, including photoreceptors.

To pinpoint the role of lysosomal lipid catabolism in RPE, we
generated a Lipa conditional RPE knockout (Lipa-RPE/-RPE)60 and placed
them on high fat diet (Fig. 6A). Lipa-RPE/-RPE mice demonstrated sig-
nificantly reduced RPE function by light bleach dark adaptation elec-
troretinography (Fig. 6B). Ultrastructural analyses by electron
microscopy of RPE cells showed a significant increase in lipid droplets
in the RPE of Lipa-RPE/-RPE (Fig. 6C). Representative images demonstrate
increased lipid droplet accumulation in RPE cells of Lipa-RPE/-RPE com-
pared to controls (Fig. 6D and E). However, no significant differences
were appreciated in rod photoreceptor function by full field scotopic
electroretinography (Supplementary Fig. 8A and 8B).

ApoM plasma transfer therapy does not rescue Lipa knockout-
induced RPE lipotoxicity
To test if ApoM can rescue RPE lipotoxicity in Lipa-RPE/-RPE, we utilized
ApoM plasma transfer, as performed in Fig. 1C (Fig. 6F). Functional

assessment of RPE and rod photoreceptor function demonstrated no
significant differences between the two groups (Fig. 6G) (Supple-
mentary Fig. 8C and 8D). Quantification of lipid droplet count by TEM
demonstrated no significant differences between groups (Fig. 6H–J).
These results suggest that ApoM attenuates RPE lipotoxicity through
LAL. Consistent with this effect, we performed in vitro studies in ARPE-
19 cells to test the hypothesis that LAL acts downstream of ApoM-S1P
signaling. We treated ARPE-19 cells with Lalistat-2 in the presence of
ApoM-S1P and examined BODIPY fluorescence after POS treatment
(Supplementary Fig. 9). ARPE-19 cells were first treated with POS, then
either with ApoM-S1P alone or ApoM-S1P with Lalistat-2, an inhibitor of
LAL, then mounted and stained for neutral lipids using BODIPY stain-
ing (Supplementary Fig. 9A). Fluorescence intensities were subse-
quently quantified and analyzed (Supplementary Fig. 9B). Both groups
exhibited increased fluorescence with higher doses of POS. Further-
more, cells treated with Lalistat-2 displayed significantly more fluor-
escence than those not treated with Lalistat-2, despite ApoM-S1P
treatment. In aggregate, these results are consistent with LAL acting
downstream of ApoM-S1P to reduce RPE lipid burden.

Discussion
In this study, we identified a novel role for the lipocalin ApoM in RPE
lipotoxicity as seen in early dry AMD and recapitulated in murine
models (Fig. 7).Wediscovered thatpatientswithAMDhadsignificantly
reduced circulating ApoM, as measured by ELISA. We demonstrated
that several pathogenic features observed in murine models of dry
AMD, such as RPE and rod photoreceptor dysfunction and RPE lipid
accumulation, are improved by ApoM. We also demonstrated that the
salutary effects of ApoM are contingent on S1P binding. Furthermore,
we identified S1PR3 as a critical target of ApoM-S1P as S1pr3 knockout
recapitulated dryAMD-like features.WhileApoM-S1P reduced the lipid
burden of the RPE as seen in the ex vivo eye cup assay, this effect
required S1PR3. Finally, we identified a cell-autonomous role for LAL in
the RPE, as not only did the RPE-specific LAL knockout develop AMD-
like features, but it was not rescued by ApoM therapy. In totality, our
studies identify a novel role for ApoM in AMD pathogenesis through
RPE lipotoxicity, ApoM/S1P/S1PR3 signaling, and LAL.

As existing therapies for AMD are tailored towards the advanced
stages, we endeavored to explore new therapeutic avenues for the
early to intermediate forms of AMD. Utilizing the high fat diet fed
Abca1/g1-rod/-rod model, we highlighted the RPE’s limitations of proces-
sing improperly loaded photoreceptor outer segments that lead to
lipotoxicity reminiscent of early to intermediate AMD. As ABCA1
polymorphisms are a characterized risk factor for AMD21, we believe
this is a reasonable model that recapitulates several features of early
AMD26. RPE lipotoxicity is a key driver of AMD pathogenesis and pro-
gression, underscoring the urgent need for innovative strategies to
reduce lipid accumulation in the RPE and associated sub-retinal and
sub-RPE regions. The RPE relies primarily on twomechanisms for lipid
clearance: efflux and catabolism56,58,61. While ApoM and S1P are known
to facilitate cholesterol transport in other cell types, our data show that
recombinant ApoM-S1P does not significantly enhance cholesterol
efflux in ARPE-19 cells. This led us to explore and alternative role for
ApoM in promoting lipid catabolismwithin the RPE. Our observations,
particularly the changes in melanosome and lipid droplet numbers
following ApoM plasma transfer, suggest ApoM may enhance lysoso-
mal lipid catabolism. This study as a whole supports the notion that
ApoM-S1P signaling upregulates lysosomal acid lipase activity, a
mechanism that warrants further investigation.

Our study also establishes a novel role for S1PR3 in AMD patho-
genesis in the mouse. While bulk RNA sequencing of human RPE
indicates that S1PR1 and S1PR3 are the predominantly expressed S1P
receptors, previous investigations have identified other S1P receptors,
such as S1PR2, play an essential role inRPE function41. Notably, Terao et
al. demonstrated that S1PR2 modulates the inflammatory profile of
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ARPE-19 cells, and intravitreal administration of a selective S1PR2
inhibitor significantly reduced lesion size in a laser-induced choroidal
neovascularization (CNV)model. These findings implicate S1PR2 in the
regulation of inflammatory and angiogenic pathways in the RPE and
potentially other cell types involved inCNV. Although S1PR4 and S1PR5
are expressed at low levels in RPE, their roles along with that of
S1PR2 should be further explored in early-stage dry AMD models to
better understand their contributions to disease mechanisms.

It is evident that AMD pathogenesis is complex and influenced by
numerous genetic and environmental factors, in addition to the effects
of aging on the eye. As such, it is critical to identify and target the
earliest triggers of disease pathogenesis prior to catastrophic vision
loss. Our study, specifically focused on addressing the fundamental
mechanisms of RPE lipotoxicity, highlights a novel therapeutic use of
ApoM-S1P to prevent RPE lipotoxicity via enhanced elimination of
lipids and deserves further exploration.
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Methods
Animals
All animal experiments were conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research
and Washington University School of Medicine in St. Louis Animal
Care and Use guidelines and after approval by the Institutional Ani-
mal Care and Use Committee (IACUC). Animals were monitored daily
and euthanized by CO2 at experiment endpoints according to these
guidelines. All animal experiments abide by the ARRIVE guidelines.
Male and female mice between 8 and 12 weeks old (2-3 months of
age) were used in this study.Mice were housed in a 12-hour light/dark
cycle with free access to food and water. For high fat diet (HFD)
feeding experiments, only male mice were used. We used an
adjusted-calorie diet (60% from fat, 25% kcal from carbohydrate, and
15% kcal from protein (ENVIGO, Indianapolis, IN) as HFD, starting
from 6 weeks old to the target age of analysis. We used Purina 4043
chow (13% kcal from fat, 62% kcal from carbohydrate, 25% kcal from
protein) as the normal diet. ApoMKO 37, ApoMTG 35,40, S1pr3-/− 62, and
S1pr1-RPE/-RPE 63 have been described in previous studies and generated
in house. Lipa−/− and Lipa-RPE/-RPE mice were donated by Drs. Jaya

Mishra (University of Cincinnati College of Medicine) and Dagmar
Kratky (Gottfried Schatz Research Center) respectively and gener-
ated in house60,64. Mice with RPE conditional knockouts were crossed
withmice carrying one copy of the Bestrophin1 (Best1-cre) transgene,
which are available from Jackson Laboratories (017557). Mice were
fully backcrossed to the inbred C57BL/6J background.

Human dataset
Generation of the human dataset was approved by the Human
Research Protection Office of Washington University School of Medi-
cine in St. Louis and the study was conducted according to the
DeclarationofHelsinki and approvedbyDanish Ethics committees (no.
KF-100.2039/91, KF-01-144/01, H-KF-01-144/01) and the Washington
University in St. Louis Institutional Review Board (IRB#201301075).We
obtained written informed consent from all patients prior to enroll-
ment in the study. Patients were not excluded based on gender, sex,
race, ethnicity, or other socially relevant groupings. We classified
samples as coming from patients with no AMD; early AMD; or AMD
with geographic atrophy and/or CNV based on established clinical
criteria. Early AMDpatients hadeither small ormoderate drusen ( < 125

Fig. 6 | RPE-specific knockout of lipophagy recapitulate features of a dry AMD-
like phenotype. A RPE-specific lysosomal acid lipase conditional knockout mice
(Lipa-RPE/-RPE) were generated and placed on 6 weeks of high fat diet and subsequently
assessed (created in BioRender. Lee, T. (2025) https://BioRender.com/li4w1zf). B RPE
functional assessment using light bleach dark adaptation electroretinography (n=6)
revealed significantly reduced functional recovery in Lipa-RPE/-RPE mice compared to
wild-type mice (***p=0.000468, Two-way ANOVA). C) Quantitative assessment of
lipid droplets per high-powered field within the RPE (n= 76) revealed significantly
increased lipid droplets in Lipa-RPE-RPEmice (****p=0.00000000001, two-tailedWelch’s
t-test). D, E Representative TEM imaging of RPE from either wild-type or Lipa-RPE/-RPE

mice. Red arrows point to lipid droplets. F High fat diet fed Lipa-RPE/-RPE mice were
treated with either ApoMKO or ApoMTG plasma (created in BioRender. Lee, T. (2025)
https://BioRender.com/li4w1zf). G RPE functional assessment using light bleach dark
adaptation electroretinography (n=6) revealed no significant differences by two-way
ANOVA in functional recovery. H Quantitative assessment of lipid droplets per high-
poweredfieldwithin theRPE (n= 100) revealedno significantdifferences according to
two-tailed Welch’s t-test without multiple comparisons in lipid droplet counts.
I, J Representative TEM imaging of RPE from either wild-type or Lipa-RPE/-RPE mice. Red
arrows point to lipid droplets. The scale bar represents 2 μm. Values are mean±SE.
Source data is provided as a Source Data file.

Fig. 7 | ApoM-S1P as a potential therapeutic for early dry AMD. ApoM is carried
by HDL particles in systemic circulation and is made available to the RPE through
the choriocapillaris. ApoM and its binding partner, S1P, activates S1PR3 on the RPE
surface to activate lysosomal lipid catabolism to alleviate RPE lipid burden. Inactive
S1PR3 allows aberrant accumulation of intracellular lipids within the RPE, leading to

dysfunction and potentially increasing the risk to develop dry AMD features. By
supplying the RPE with exogenous ApoM-S1P through plasma transfer, we can
reduce lipid burden in the RPE through a S1PR3-dependent mechanism and sub-
sequently reduce the risk of dry AMD pathogenesis (created in BioRender. Lee, T.
(2025) https://BioRender.com/li4w1zf).
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μm) or pigment changes in at least 1 eye but no CNV or geographic
atrophy in either eye. Patients with geographic atrophy and/or CNV in
at least 1 eye were labeled as such. We excluded any patients receiving
immunotherapy, chemotherapy, or radiation for underlying auto-
immune/immune-mediated diseases or cancers, which could affect
circulating immune cells.

Sandwich ELISA for human unfolded plasma ApoM
Weobtained informed consent frompatients with dry orwet AMD and
collected blood via venous blood draw into K2EDTA-coated BD Vacu-
tainer VenousBloodCollectionTubes. Sampleswere thendeidentified.
Plasma was separated and collected after centrifugation. An ELISA
plate (Costar 3590 high binding) was coated with 50μl of capture
antibody (clone 1G9) by diluting to 5μg/ml in TBS (pH 7.4) and incu-
bated at room temperature overnight. The plate was blocked for 2 h
with 200μl of 2% BSA in TBS (pH 7.4). Ten microliters of each plasma
sample were mixed with 90μl of 50mmol/l DTT (Sigma-Aldrich) in a
0.2mol/l sodiumphosphate buffer (pH 8.5). Disulfide bridges in ApoM
were broken by incubating samples at 30 °C for 15min. One hundred
microliters of 0.6mol/l iodoacetamide (Sigma-Aldrich) in a 0.02mol/l
sodiumphosphate buffer (pH 8.0) were then added, and samples were
incubated for 1 h at room temperature in the dark to alkylate free
cysteines in ApoM and prevent reformation of disulfide bridges. After
1 h, the samples were diluted fifty times (variable for the standard
curve) in TBS (pH 7.4) containing 1% BSA and transferred to the ELISA
plate for overnight incubation at room temperature. The plate was
washed three timeswith TBS (pH 7.4) and incubatedovernight at room
temperature with 75μl of detection antibody (clone EPR2904) diluted
to 125 ng/ml in TBS (pH 7.4) containing 1% BSA and 2% Triton-X 100.
The plate was washed three times with TBS (pH 7.4) and 0.1% Triton-X
100 and incubated for 2 h with 75 μl of HRP-conjugated anti-rabbit IgG
antibody diluted to 125 ng/ml in TBS (pH 7.4) containing 1% BSA and
0.1% Triton-X 100. Finally, the plate was washed three times with TBS
(pH 7.4) and 0.1% Triton-X 100, and ApoM was detected by reading
absorbance at 492 nmafter incubationwith 75μl o-phenylenediamine/
hydrogen peroxide solution for 10min followed immediately by
addition of 75μl 1mol/l H2SO4. The ApoM concentration of measured
samples was determined from the standard curve included in each
assay run.

Plasma transfer
Plasma was obtained from either ApoMKO or ApoMTG mice from per-
ipheral blood via the retro-orbital plexus under anesthesia. 120μL of
either ApoMKO or ApoMTG plasma was intraperitoneally injected in
Abca1/g1-rod/-rod starting at 6 weeks of age. High fat diet was imple-
mented on the first day of injections. Mice were injected thrice weekly
for 6 weeks.

Electroretinography
Full field scotopic ERG was performed as previously described50. A
UTAS BigShot System (LKC Technologies Inc.) was used. Mice were
dark-adapted overnight. Under red light illumination, mice were
anesthetized with an intraperitoneal injection of 86.9mg/kg ketamine
and 13.4mg/kg xylazine. Pupils were dilated with 1% tropicamide eye
drops. Body temperature was maintained at 37 °C with a heating pad.
Contact lens electrodes were placed bilaterally with appropriate
reference and ground electrodes. The stimulus consisted of a full-field
white light flash (10 μs). Raw data were processed using MATLAB
software (MathWorks). The a wave amplitude was measured from the
average pretrial baseline to the most negative point of the average
trace, and the b wave amplitude was measured from that point to the
highest positive point.

For testing dark adaptation, we modified the protocol as pre-
viously described65. Briefly, we used a UTAS BigShot System (LKC

Technologies Inc.) to get scotopic a-waves. A bright LED light (150,000
lux) was applied to both eyes for 15 seconds to photobleach an esti-
mated 90% of the visual pigment. The recovery of the ERG responses
was monitored at fixed post-bleach time points within 100minutes
after the bleach. The sensitivity was calculated as the ratio of dim flash
response amplitude and the corresponding flash intensity in the linear
range of the intensity-response curve. The post-bleach sensitivities
were normalized to their dark-adapted prebleach level.

Transmission electron microscopy
We performed transmission electron microscopy as previously
described50. For ultrastructural analyses, eyecups were fixed in 2%
paraformaldehyde (PFA)/2.5% glutaraldehyde (Polysciences Inc.) in
100mM sodium cacodylate buffer, pH 7.2, for 2 hours at room tem-
perature and then overnight at 4 °C. Samples were washed in sodium
cacodylate buffer at room temperature and postfixed in 1% osmium
tetroxide (Polysciences Inc.) for 1 hour. Samples were then rinsed
extensively in dH20 prior to en bloc staining with 1% aqueous uranyl
acetate (Ted Pella Inc.) for 1 hour. Following several rinses in dH2O,
samples were dehydrated in a graded series of ethanol and embedded
in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc.), stained
with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX
transmission electron microscope (JEOL USA Inc.) equipped with an
AMT 8 megapixel digital camera and AMT Image Capture Engine
V602 software (Advanced Microscopy Techniques).

In-situ hybridization
RNAscope Multiplex Fluorescent V2 assay (ACDBio, Cat. No. 323100)
was performed according to the manufacturer’s instructions. Briefly,
slides with ice cold 97% methanol/3% acidic acid-fixed, paraffin-
embedded eye sections (4 µMthick)werebaked for 60’ at 60 °Cbefore
being deparaffinized in 2 changes of xylenes and dehydrated in two
changes of 100% ethanol for 5’ each, then fully dried in a 60 °C oven,
~10’. Slides were then treated with RNAscope hydrogen peroxide
solution for 10’ at room temperature and washed twice in distilled
water prior to 15’ of antigen retrieval in 100 °C RNAscope target
retrieval solution (ACDBio, Cat. No. 322000). After rinsing in distilled
water, slides were dried in 100% Ethanol and placed in a 60 °Coven for
5’. Barriers were drawn around tissues using an ImmEdge hydrophobic
Pen (Vector Labs, Cat. No. H-4000), and then slides were allowed to
fully dry. All incubations were performed in a HybEZ oven (ACDBio,
Cat. No. 241000ACD) at 40 °C. First, RNAscope Protease II solutionwas
added to each slide for 30’. After 2 washes in nuclease-free water,
probes were applied for 2 hr. MM-S1pr3 (ACDBIO, Cat. No. 435951),
Mm-PPIB positive control (Cat. No. 313911) or negative control probes
(Cat. No. 320871) were utilized on sequential sections from each eye.
Following the kit’s 3 amplification solution incubations at 37 °C and
washes in RNAscope wash buffer (diluted to 1x in nuclease-free water),
HRP-C1 solution was applied for 15’ at 40 °C, followed by 2 changes of
wash buffer and application of Opal 520 (Akoya Biosciences, Cat. No.
FP1478001KT) diluted 1:1500 in TSA buffer for 30’ at 40 °C. Slides were
washed, nuclei were stainedDAPI for 10’ at roomtemp,washed inwash
buffer two times and cover slipped using FluoroSave Reagent (Milli-
pore-Sigma, Cat. No. 345789).

Cell culture
ARPE-19 (CAT#CRL-2302) was purchased fromAmerican Type Culture
Collection (Manassas, VA, USA) and used for experiments. Dulbecco’s
Modified Eagle’s Medium/F12 (Sigma-Aldrich) containing 1% penicillin/
streptomycin (Sigma-Aldrich) and 10% fetal bovine serumwas used for
culturemedium.Mediumwas changed every 2 days. Cells in the range
of passages 3–16 were used for studies. All experiments were per-
formed after serum starvation.
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Preparation of ApoM-S1P
S1P was obtained from Enzo Life Sciences, inc. (Exeter, UK), and dis-
solved in methanol at 0.5mg/mL. Before use in experiments, the
methanol was evaporated using nitrogen gas. Human recombinant
ApoM was obtained from R&D Systems (Minneapolis, MN, USA) and
combined to create the ApoM-S1P complex as previously described42.
S1P was dissolved in ApoM, followed by 45minutes of incubation at
room temperature.

Preparation of FITC labeled POS
POSwere labeledwith FITC aspreviously described55. Briefly, POSwere
incubated with fluorescein-t-isothiocyanate (FITC ‘Isomer I’) from
ThermoFisher Scientific (Waltham, MA, USA) for 1 hour and washed
thoroughly with PBS.

Treatment of ARPE-19 and ex vivo eyecups
To challenge RPE cells with photoreceptor outer segments, POS were
obtained from InVision BioResources (Seattle, WA, USA). For ARPE-19,
cells were allowed to adhere overnight in chamber slides from Ibidi
(Germany). Media was exchanged for POS rich media at a 10:1 or 20:1
POS to RPE ratio as described previously55. Cells were incubated for
4 hours at 37 °C in a humidified cell culture incubator with 5% CO2.
After incubation, ApoM-S1P that was previously prepared was added
and incubated for 1 hour at 37 °C in a humidified cell culture incubation
with 5%CO2 after threewashes with PBS. Cellswere thenwashed thrice
with PBS, fixed with 4% paraformaldehyde for 20minutes at room
temperature, and processed for analysis. For ex vivo eyecups, mice
were first sacrificed and enucleated. Eyes were carefully dissected to
remove the cornea, lens, and retina. The remaining eyecup was placed
in a 96-well U-bottom plate from Corning (Corning, NY, USA) with
either control DMEM/F12 or media enriched with POS-FITC. The plate
was then incubated for 2 hours at 37 °C in a humidified cell culture
incubatorwith 5%CO2. After incubation, ApoM-S1P thatwas previously
prepared was added and incubated for 1 hour at 37 °C in a humidified
cell culture incubation with 5% CO2 after three washes with PBS. After
three more PBS washes, eyecups were fixed for 20minutes with 4%
paraformaldehyde at room temperature. Eyecups were then immu-
nohistologically stained and mounted onto a glass slide for imaging.
To test for the effects of lipophagy inhibition, ARPE19 cells were see-
ded in 12-well chamber slides precoated with 1% Gelatin solution (Cell
Biologics, Cat. No. 6950) to aid adherenceandmaintained at 37 °Cwith
5% CO2. Cells were serum-starved overnight to remove exogenous
sources of lipid. The next day, they were washed in DPBS and treated
with bovine photoreceptor outer segments (POS) at 0, 10, or 20x ratio
of POS:ARPE19 cells for 4 hr in serum-free media. Cells were washed in
multiple changes of DPBS to remove POS followed by treatment with
prepared ApoM-S1P (as described previously herein) and either DMSO
(vehicle/control) or 30 µM Lalistat 2 (Axon Medchem, Cat. No. 2797)
for 72 hr. Slides were the washed in DPBS, fixed for 20min at room
temperature in prepared methanol-free 4% paraformaldehyde in PBS
(Electron Microscopy Sciences, Cat. No. 15710) and stained with
BODIPY, Alexfluor 594-conjugated phalloidin and DAPI as described
herein. Images were acquired using anOlympus FV1000 confocal with
a BX61-WI microscope and PlanApo N 60x TIRF Oil-immersion objec-
tive lens (1.45N.A.) utilizing Fluoview software.

Immunohistochemistry
After fixing either ARPE-19 or eyecups, cells were stained with 1:500
DAPI (ThermoFisher Scientific), 1:250 phalloidin-iFluor 594 (Abcam),
and 1:250 BODIPY 493/503 (ThermoFisher Scientific) in PBS with 0.3%
triton-X100 (Sigma-Aldrich) for 20minutes at room temperature. Cells
were then washed thrice with PBS before mounting and imaging.
BODIPY fluorescence was quantified by ImageJ software through the
RGB measure plugin.

Cholesterol efflux assay
Cholesterol efflux of ARPE-19 cells with the addition of ApoM-S1P was
assessed using the cholesterol efflux assay kit (ab196985) from Abcam
(Cambridge, UK) according to the manufacturer’s protocol. Briefly,
ARPE-19 cells were allowed to adhere overnight in a 96-well tissue
culture plate. Cells were loaded with fluorescently labeled cholesterol
before being treated with a cholesterol acceptor. Serum from ApoMKO

mice was prepared as a cholesterol acceptor, so cells treated with
ApoM-S1P had the complex mixed in with serum from ApoMKO mice.
Fluorescence intensity of the supernatant and cell lysates was assessed
with a microplate reader to then calculate a percentage of choles-
terol efflux.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data from publicly available datasets analyzed are included in this
published article (DOI: 10.1111/jcmm.16569) and the Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) through accession
numberGSE159435. Source data areprovidedwith this paper. Any data
supporting the findings from the study will be made readily available
from the corresponding author upon request. Source data are pro-
vided with this paper.
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