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This important study investigated the effects of the nutrient microenvironment on key
elements of cellular morphology, function, and metabolism in both human iPSC-derived
and human fetal RPE cultures. The analysis compared commonly used iPSC-RPE media
formulations (MEMa, DMEM-HG/F12 basal media), alongside human plasma-like medium
(HPLM) in an effort to model a more physiologically relevant culture environment. The
authors provide compelling evidence that standard culture media differ significantly in
key aspects of retinal pigment epithelium biology, particularly regarding metabolic
profiles. Further clarification of the biological replicates and data normalization methods
will help maximize the impact of this manuscript.

https://doi.org/10.7554/eLife.112489.1.sa4

Abstract

Induced pluripotent stem cell-derived retinal pigment epithelium (iPSC RPE) has become a widely
used model for studying the mechanisms of age-related macular degeneration (AMD). However,
the nutrient composition of currently used RPE culture media is highly variable, posing a major
challenge to reproducibility in RPE metabolism and phenotype. We systematically investigate how
six distinct nutrient microenvironments shape RPE phenotype, function and metabolism in both
iPSC RPE and fetal RPE (fRPE). These included MEMa, DMEM-HG/F12 basal media, physiological
human plasma-like medium (HPLM) supplemented with FBS or B27, and X-VIVO 10. Although
canonical RPE markers were expressed across all conditions, B27 supplementation and X-VIVO 10
increased RPE cell size, hexagonality, and transepithelial resistance. Culture in HPLM+FBS induced
accumulation of lipid droplets and sub-RPE deposits, whereas X-VIVO 10 resulted in the formation
of large intracellular vacuoles. B27 supplementation enhanced basal respiration, while X-VIVO 10
increased glycolytic capacity. Amino acid consumption was broadly conserved across media types,
including complete depletion of proline in all conditions by 48 hours; however, lipid and
nucleotide metabolism varied substantially between conditions. Notably, B27 supplementation in
specific media types reversed the net direction of several metabolites, with creatine, serine and
taurine shifting from consumption to production, while riboflavin and guanine shifted from
production to consumption. These findings establish the nutrient environment as a key
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determinant of RPE phenotype, function and metabolism. Our work provides a valuable resource
for media selection and interpretation of cellular and metabolic phenotypes relevant to RPE
disease modeling.

Introduction

Age-related macular degeneration (AMD) is a leading cause of visual impairment and blindness in
adults over the age of 65 and is projected to affect ~288 million people worldwide by 2040.(1)
Preventing degeneration of the retinal pigment epithelium (RPE), which leads to geography
atrophy (GA) and central vision loss in AMD patients, remains a major challenge. AMD
pathogenesis is complex and multifactorial, and progress has been hindered by lack of ideal
animal models. Induced pluripotent stem cell (iPSC)-derived RPE generated from AMD patients
and individuals with phenotypically similar monogenic diseases recapitulate several elements of
AMD pathology, including sub-RPE deposits resembling basal laminar drusen, dysregulated
complement activity, and mitochondrial dysfunction.(2-8) Several studies of AMD iPSC and
primary RPE models have identified potential disease mechanisms, including mitochondrial
injury, susceptibility to oxidative stress, dysregulated lipid metabolism and intracellular
complement activation of mTOR signaling pathways.(7, 9-12)

While in vitro RPE systems show promise for uncovering disease mechanisms and evaluating
therapeutic targets, reproducibility and physiologic fidelity remain significant challenges.
Contributing factors include variability in iPSC source material, differentiation protocols, and
culture conditions.(13-15) The nutrient environment, in particular, can exert wide-ranging effects
on cellular metabolism and phenotype. Studies in cancer biology have shown that
supraphysiologic metabolite concentrations in traditional culture media alter metabolic pathways
including glucose utilization, redox state, and gene expression, limiting the ability of cells to mimic
in vivo physiology.(16-18) Standard media used for iPSC RPE culture have traditionally been
optimized for proliferation rather than physiologic relevance. Commonly used supplements such
as B27 and N2, originally designed to support neuronal survival, have not been systematically
evaluated for their metabolic effects on RPE, although there is evidence that their
supplementation reduces mTOR activation in primary RPE.(19) More recently, physiologic
formulations such as Human Plasma-Like Medium (HPLM) have been shown to rewire cancer cell
metabolism to more closely approximate the metabolic profile of primary tumors.(16, 17)

Our review of recent human RPE culture studies reveals substantial variability in the nutrient and
metabolite composition of commonly used media. Many contain supraphysiologic concentrations
of metabolites, including glucose and glutamine, that prevent depletion between media changes
but may significantly alter basal RPE metabolism. Our group and others have measured
metabolite usage, glycolysis, mitochondrial function, and lipid metabolism across a range of iPSC
RPE model systems.(3, 4, 9, 20) However, without a consensus on standard media usage and a
limited understanding of how medium composition influences RPE metabolism, comparisons
across studies and reproducibility remain challenging. Here, we systematically investigate how
distinct nutrient environments influence human iPSC and primary fetal RPE (fRPE) morphology,
metabolism, and function. By defining how medium composition and supplement choices shape
these properties, we aim to improve cross-study interpretability and provide a resource for
pathway-specific investigations.

Results

Media composition varies widely across RPE culture systems

RPE are cultured under a wide range of nutrient conditions that differ substantially across
published iPSC RPE disease modeling studies. To systematically assess this variability, we surveyed
reported culture systems and categorized them according to the most frequently used media
formulations (Supp. Table 1 2). We observed substantial heterogeneity in nutrient composition,

supplement use, and substrate coating matrices. For example, glucose concentrations ranged from
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physiologic (5 mM) to supraphysiologic (25 mM) levels. Traditional media are often formulated
with nonphysiologic nutrient concentrations to prevent depletion between media changes;
however, these conditions can markedly alter the metabolic profile of cultured cells.(16, 17, 21)

London, UK), were designed to approximate human plasma metabolite concentrations and more
closely recapitulate in vivo cellular metabolism and phenotype. The most commonly used
traditional media, as well as HPLM with and without B27 supplementation, are shown in Fig.

factors (e.g., insulin, transferrin, and progesterone) and amino acids (e.g., cysteine, aspartate,
arginine, and proline). DMEM/F12 supplemented with 2% B27 provides higher levels of essential
fatty acids (e.g., linoleic and linolenic acids), amino acids (e.g., leucine, lysine, and serine) and
antioxidants (e.g., catalase and superoxide dismutase). The X-VIVO 10 formulation is proprietary;
however, available information indicates that glucose and glutamine concentrations are the
highest among the media examined. HPLM, which has not previously been applied to RPE culture,
contains physiologic plasma concentrations of glucose, amino acids, and additional metabolites
readily utilized by RPE such as lactate and succinate, but lacks exogenous growth factors typically
included in RPE media. Given this variability, we next examined how differences in nutrient and
growth factor composition influence RPE phenotype in culture.

Nutrient composition influences RPE phenotype and morphology

iPSC RPE and fRPE were cultured on Matrigel-coated filter inserts in six distinct media
formulations (Fig. 1AC2, Supp. Fig. 1A®) for 8-10 weeks. iPSC RPE exhibited significant differences

analysis of cell surface area and hexagonality with ZO-1 and F-actin staining using REShAPE
software showed that iPSC RPE in media 2, 4 and 6 were approximately 60% larger than those in
media 1, 3, and 5. Media 2 and 4 contained 2% B27 supplementation, whereas media 1 and 3 did
not; medium 5 also contained B27 but differed in base medium composition. Notably, cells
cultured in HPLM supplemented with FBS (medium 3) exhibited the lowest degree of hexagonality
(Fig. 1TEC, Supp. Fig. TH@).

Expression of key RPE markers, including BEST1, PMEL and Tyr, was maintained across all
conditions (Fig. 1TF-G(@). BEST1 immunostaining revealed similar distribution patterns across

RPEG65 expression was significantly reduced in HPLM, while EZR levels were elevated in DMEM-
HG and X-VIVO 10. LRAT expression was lower in HPLM supplemented with FBS and in X-VIVO 10
(Fig. 1F-G(2). Comparable, medium-dependent differences were also observed in fRPE (Supp. Fig.

Nutrient composition influences RPE polarity and barrier function

Transepithelial resistance (TER) increased with RPE maturation, exceeding 200 Q-cm? by four
weeks of culture in all media conditions except medium 3 (Fig. 2A2). The magnitude of TER
varied considerably across conditions, ranging from <200 Q-cm? to nearly 800 Q-cm?, with X-VIVO
among the highest. Notably, replacement of FBS with B27 significantly enhanced TER, consistent
with increased tight junction formation. In addition, RPE cultured in media 3 and 5 consistently
exhibited higher basal VEGF secretion on both polyester (PET) and mixed cellulose ester filter

similar media-dependent trends.

Because RPE cell size and density varied across cultured conditions, both nuclei counts and total
protein measurements are provided for iPSC RPE cultured on filter inserts, flat-bottom chambers,
and Seahorse plates across all media types to aid interpretation (Supp. Fig. 2D ). With the
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Figure 1. iPSC RPE morphology and marker expression is altered by media composition.

(A) Formulation of Media 1 - 6 used in this study. (B) Representative brightfield images of iPSC RPE cultured for up to 8 weeks
on Matrigel coated culture dishes. (C,D) iPSC RPE cultured on chambers slides were fixed and immunostained for ZO-1,
BEST1, and PMEL. (E) RPE cell area and hexagonality were calculated using REShAPE analysis. (F,G) Immunoblotting and
quantification of key RPE markers in RPE lysate after 8 weeks culture in Media 1 - 6. Mean + SEM. *, p<0.05; **, p<0.01; ***,
p<0.001.
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Figure 2. Nutrient composition influences RPE polarity and sub-RPE deposition.

(A) TER of iPSC RPE over time on 0.33cm? PET Transwell filters, and (A’) at 8 weeks. (B-D) ELISA of VEGF, ApoE and CFH in 24h
conditional media from RPE cultured on flat bottom dishes. Mean + SEM. *, p<0.05; **, p<0.01; ***, p<0.001. (E) Live cell stain
with Lipi-DeepRed (Lipi-DR) and BODIPY-493/503 to identify lipid droplets in the 8 weeks iPSC RPE. Scale bar, 10um. (F)
Representative TEM images of apical microvilli and basal infoldings with sub-RPE deposits in 8 weeks iPSC RPE on Transwell
filters. *, amorphous deposits; A, banded collagen. Scale bar, 500nm. (G) Quantification of lipid droplets per 100pm? area in
Lipi-DR and BODIPY images. (H) Sub-RPE deposits were identified and quantified in n=3 panoramic sections of the TEM

images.
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exception of RPE maintained in X-VIVO 10, nuclei counts were generally consistent between RPE
cultured on filter inserts and flat-bottom dishes. However, nuclei count did not reliably
correspond to total intracellular protein, as higher nuclei numbers did not consistently reflect
greater protein content, likely due to differences in cell size and/or intracellular protein density.
Consequently, normalization to either total protein (Supp. Fig. 2E’ @) or nuclei count (Supp. Fig.

study are presented without normalization unless otherwise indicated.

Nutrient composition alters lipid accumulation, complement
activity, and autophagy in RPE

Modeling AMD in vitro is a valuable approach for investigating disease-relevant mechanisms. We
next examined whether alterations in the nutrient environment influence AMD-associated
features such as lipid accumulation and sub-RPE deposit formation. Neutral lipids were visualized
using the fluorescent live-cell sensors Lipi-DR and BODIPY. RPE maintained in HPLM
supplemented with FBS exhibited the highest levels of lipid accumulation (Fig. 2E®), which were

RPE cultured for 8 weeks in all media conditions developed apical processes and basal infoldings
(Fig. 2F%). Basal RPE deposits, including amorphous material or banded collagen, were most
prevalent in iPSC RPE maintained in HPLM supplemented with FBS, followed by MEMa
supplemented with B27 (Fig. 2H ). Notably, apical microvilli in B27-supplemented media (media

2 and 4) contained more electron lucent vesicles than RPE cultured in the corresponding base
media supplemented with FBS.

Using ApoE as a proxy for lipoprotein production, both iPSC RPE and fRPE cultured in MEMa+B27

(CFH) production secretion was highest in medium 1 and lowest in B27-containing media (media 2,
4, and 5) (Fig. 2D @&, Supp. Fig. 2C(2). Intracellular CFH was also examined by immunostaining in
iPSC RPE under all conditions (Supp. Fig. 3A). Clusterin (CLU) was reduced in iPSC RPE cultured

the complement system, showed a shift in localization from diffuse cytosolic staining under B27-
supplemented conditions to increased plasma membrane association under high-glucose
conditions (Supp. Figs. 1E and 3A®).

Markers of autophagy, a pathway whose dysregulation is implicated in RPE degeneration in AMD,
also varied by medium type. Expression of Beclin1, an autophagy-related protein, was reduced in
iPSC RPE cultured in MEMa+B27 and HPLM+B27 media (Supp. Fig. 1F and 3B(%). B27
supplementation reduced LAMP1 (lysosome-associated membrane protein) expression in MEMa-
based media but increased LAMP1 levels in HPLM in both iPSC RPE and fRPE (Supp. Figs. 1G and
3C2). Expression of both Beclin1 and LAMP1 was generally lower in RPE cultured in X-VIVO 10.

Together, these findings suggest that AMD-relevant pathways, including lipid homeostasis,
complement regulation, and autophagy are influenced by the nutrient environment.

Nutrient composition affects oxygen consumption and glycolytic
capacity

Substrate availability directly influences mitochondrial tricarboxylic acid (TCA) cycle activity.
After iPSC RPE and fRPE were plated in XFe96 well plates and cultured in their respective media
for four weeks, they were transitioned to Seahorse XF DMEM for 1 hour prior to assessment of
mitochondrial and glycolytic function using the Seahorse XF analyzer. B27 supplementation
increased basal respiration and ATP-linked respiration in iPSC RPE but did not significantly affect
maximal respiration (Fig. 3A 2). In both iPSC RPE and fRPE (Fig. 3A(2, Supp. Fig. 4A (%), cells

cultured in medium 3 exhibited the lowest respiratory activity as well as spare capacity, possibly
reflecting its less mature RPE-like phenotype. As noted earlier, because total protein content did
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glycolytic capacity did not differ significantly among media types 1- -5, whereas X- VIVO 10
increased both basal glycolysis and glycolytic capacity in iPSC RPE (Fig. 3B (@), indicating a

selective effect of this medium on glycolytic metabolism. B27 supplementation significantly
increased glycolytic reserve and non-glycolytic acidification in media 2 and 4 (Fig. 3B, Supp Fig.
% ). Non-glycolytic acidification was highest in iPSC RPE and fRPE cultured in DMEM/F-12,

suggesting reliance on other fuel sources in the nutrient rich medium.

RPE metabolism is influenced by culture media composition

Of the 378 targeted metabolites, we detected 51 extracellular and 114 intracellular metabolites,
with 29 overlapping reported media components (Fig. 3C @ ). Multivariate analysis using partial

least squares discriminant analysis showed clear separation among media types in both cell
lysates and conditioned media (Sup (%), indicating that the RPE metabolome is highly

dependent on culture medium compositio

To assess metabolite production and consumption, values measured in unspent media were
subtracted from those in 48-hour spent media and mapped on a color scale, where green denotes
production and red denotes consumption. Extracellular metabolic profiles were generally
consistent between 1PSC RPE (Flg 3D IL) and fRPE (Supp Fig. 5C@). Both consumed amino ac1ds

proline, leucine, valine and glycine, were consumed in an availability-dependent manner,
although glucose consumption differed in media 5and 6 despite similarly high starting

had the highest unspent media abundance, whereas alanine production increased under low-
abundance conditions. B27-containing media (2, 4, and 5) induced net acetyl-carnitine production,
whereas HPLM+FBS (medium 3) resulted in net consumption (Fig. 31%).

Several metabolites absent from unspent media were highly produced by iPSC RPE, including N1-
methylnicotinamide and hypotaurine, which were most abundant in medium 1, and 2-
methylbutyroylcarnitine, which increased nearly 20-fold in medium 3 compared with medium 2
(Fig. 3G[@). Media-specific differences were also observed. Urate, present only in HPLM-based
media, was highly consumed, whereas hypoxanthine was consumed when supplied but produced
when absent. 4-hydroxyproline, a by-product from collagen turnover (23, 24), was produced
exclusively in MEMa+FBS (Fig. 3D, 3H® ). Replacement of FBS with B27 in either MEMa- or HPLM-

based media inverted the net usage of numerous metabolites (Fig. 3] (). For example, creatine and
serine were consumed in MEMa and HPLM supplemented with FBS but became net produced
under B27-supplemented conditions. Similar reversals were observed for 4-hydroxyproline,
guanine and D-2-hydroxyglutaric acid, which shifted from net production to consumption in
MEMa supplemented with B27, compared to MEMa supplemented with FBS (Fig. 3K(%). Although
iPSC RPE and fRPE exhibited broadly similar metabolite consumption and production patterns
across media conditions, a few differences were observed (Supp. Fig. 5D (@). For instance, betaine

(medium 1) and glycine (medium 3) were consumed by iPSC RPE but produced by fRPE, whereas
glutamine in media 3 and 4 were produced by iPSC RPE but consumed by fRPE.

Intracellular metabolites were grouped by pathway, ranked by relative abundance compared with
medium 1 (highest to lowest, from left to right), and visualized by heatmap (Fig. 42 and 52). In
lipid metabolism, both iPSC RPE and fRPE cultured in X-VIVO 10 had the lowest levels of
acylcarnitines, whereas those cultured in HPLM+FBS had the highest. Replacement of FBS with
B27 preserved acylcarnitine levels in iPSC RPE cultured in medium 4, while both iPSC RPE and
fRPE exhibited reduced intracellular choline, acetylcholine and isopentenyl pyrophosphate levels
(Fig. 4AZ). Medium 2 showed the lowest accumulation TCA cycle and nucleotide intermediates in

both iPSC RPE and fRPE. Interestingly, redox state and its coupling with cellular energy status
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Figure 3. Respiration, glycolysis and extracellular metabolite consumption/production in iPSC RPE.

(A,B) iPSC RPE were seeded and maintained on Matrigel coated XFe96 well plates in respective Media 1 - 6 for four weeks.
Prior to (A) mitochondrial stress test and (B) glycolysis stress test, cells were equilibrated in XF DMEM media (pH 7.4) in CO,-
null incubator for 1 hour. Mean + SEM. *, p<0.05; **, p<0.01; ***, p<0.001. (C-K) Targeted metabolomics on 8-week-old iPSC
RPE was performed via LCMS. (C) Extracellular metabolites in unspent media were plotted as a heat map, with degrees of
grey depicting lowest to highest intensity. (D) To calculate metabolite changes in 48h spent media from iPSC RPE, results are
depicted on a sliding scale where % metabolite = (Spent media - Unspent media)/Unspent media x 100. Green, production;
Red, consumption; +, new production; ab, absent. Venn diagram showing common and unique metabolites (E) consumed or
(F) produced across all media between iPSC RPE and fRPE. (G) Newly produced metabolites that were initially absent in
unspent media normalized to Medium 3. (H,I) Consumption rate and production rate of select metabolites plotted against
abundance in unspent media. Media number noted in graph in grey. (J,K) Comparison of Medium 1 vs 2 and Medium 2 vs 3,
to show changes in usage of metabolites when FBS is replaced with B27.

Lim et al., 2026 eLife 15:RP112489. https://doi.org/10.7554/eLife.112489.1 8 of 25


https://doi.org/10.7554/eLife.112489.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/stem-cells-regenerative-medicine

Developmental Biology

Stem Cells and Regenerative Medicine

A Nicotinamide
& Nicotinate  Vitamin
Category Lipid Metabolism TCA Cycle Nucleotide Metabolism Metabolism Metabolism
2
20
ES =
BEp 2 g
0285, 3 °
: £35 02s g £ o
Metabolite £2387558 ££350 s 2 3
§2 15 EESS Lo <2 23 5 o B © °
B= o P-4 -
28832550 8285 2: 8% o £2 32 s E S o3s
2.8 o33, 35592 9% 28008 g z3 8 2 2 £38%
B 22585, 52 Fo5E8 SitkBoda s § 832798 =it
38 cz0 SHTI60LH L8352 T LZI20 X z £ Edzd
1 11 | E = ]
1 MEMa+FBS S H .| 1T | T = 1]
2 MEMa+B27 E =
H Legend
ipsc| 3 HPLM+FBS ~egend
RPE| 4 HPLM+B27 Fold
Change
5 DMEM/F-12+B27
6 X-VIVO10
T T 171 171 LT T Tl
1 MEMa+FBS 1T IJ 1T H 55 O O :
2 MEMa+827
v
Fetal| 3 HPLM+FBS 0
RPE 4 HPLM+B27 H -
|
5 DMEMF-12+B27 || T i
6 X-VIVO10
B iPSC RPE sk C fRPE *
fiie? sk dok kk
61 —¥* o 12
= = 20 ¥ =
G4 o o 4 = a 09
< 2 < a
z 2 Z 3 < 06
a a a o
< 2 g < 2 2
=z z 0.3
0 0.0
123456 12345686 123456 123456
Medium Medium Medium Medium

Figure 4. Heatmap of intracellular metabolites involved in lipid, nucleotide, NAD, vitamin metabolism and

TCA cycle in iPSC RPE and fRPE.

(A) 114 detected intracellular metabolites were categorized by major metabolic pathways, sorted left to right from highest to
lowest abundance, normalized to Medium 1 and depicted as a heatmap. Yellow, fold change (FC)=1; Red, FC<1; Green, FC>1.
Ratio of NAD/NADH and ATP/ADP in lysate of (B,C) iPSC RPE and (D,E) fRPE maintain in Media 1 - 6 at 8 weeks. Mean + SEM. *,

p<0.05; **, p<0.01; ***, p<0.001.
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differed between cell types. iPSC RPE cultured in medium 2 had an increased NAD*/NADH ratio
and a decreased ATP/ADP ratio (Fig. 4B (), whereas fRPE showed increased in NAD*/NADH in

fRPE, intracellular amino acid levels were lowest in media 3 and 4 and highest in media 5 and 6,
broadly reflecting starting media concentrations. Likewise, intracellular glucose levels were
highest in RPE cultured in media 5 and 6, which contained the highest starting glucose
concentrations. In both RPE cell types, intracellular leucine and valine abundance closely
mirrored their abundance in 48h spent media (Fig. 5D (2). Both branched-chain amino acids
(BCAA) were low in media 1-4 but markedly higher in media 5 and 6. BCAA-derived acylcarnitines
- 2-methylbutyrolcarnitine, isobutyrylcarnitine (Fig. 4A(4) and propionylcarnitine (Fig. 4A%) -

were lowest in medium 6, and highest in media 3 and 4, suggesting that BCAA utilization is
reduced under high extracellular glucose or amino acid conditions. Intracellular 4-hydroxyproline

in medium 1, suggesting that the nutrient environment can also alter extracellular processes,
including extracellular matrix turnover in in vitro RPE.

To directly assess the metabolic effects of media supplementation, intracellular metabolites were
compared between FBS- and B27-supplemented conditions. In both MEMa-and HPLM-based
media, B27 supplementation consistently enriched pathways associated with BCAA degradation
and the Warburg effect (e.g., enhanced glycolysis and lactate production) (Su i 2). These

findings suggest that B27 supplementation alters amino acid catabolism and promotes a more
glycolytic phenotype in the RPE, independent of the basal medium composition.

Finally, markers of oxidative stress also varied by medium composition. The GSH/GSSG ratio was
largely comparable across conditions in iPSC RPE and fRPE, although the ratio was significantly
reduced in medium 4 relative to medium 1 in iPSC RPE and in medium 6 in fRPE, indicating

Discussion

The RPE is highly sensitive to its nutrient environment, which influences RPE cell morphology,
disease-relevant phenotype, and metabolism. Here, we systematically compared six commonly
used culture media to determine how nutrient composition and supplement choice impact RPE
phenotype and metabolism. Although canonical RPE markers were maintained across all
conditions, cell morphology, barrier function, and AMD-relevant features such as lipid
accumulation, complement factor secretion, and autophagy markers varied widely. Metabolomic
profiling further showed that amino acid, lipid, nucleotide, and redox metabolism are strongly
influenced by substrate availability and supplementation. Together, these findings highlight the
impact of the nutrient microenvironment on RPE phenotype and metabolism (summarized in Fig.

in vitro RPE disease models.

Medium 1 (MEMa + 1% FBS) has long been used as a standard formulation for RPE culture (Supp.

and display reduced hexagonality relative to cells cultured in the same base medium
supplemented with B27.(25) Tight junction formation, epithelial polarity, and mitochondrial
energy production are generally lower in this medium than in other media types. In contrast, RPE
cultured in this medium show increased secretion of CFH, ApoE, and VEGF, although it remains
unclear whether this reflects enhanced synthesis or secretion. 4-hydroxyproline release is also
elevated, suggesting greater collagen turnover, and this is the only condition that demonstrated
net hydroxyproline production. Collectively, the most prominent characteristics of this medium
are that it promotes elevated protein secretion and extracellular matrix remodeling by RPE.
Medium 2 (MEMa + B27) differs from medium type 1 by the substitution of FBS with B27

supplementation. This modification resulted in increased RPE cell size, yielding cells that resemble
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Figure 5. Intracellular metabolites of amino acid and sugar metabolism.

(A) Heatmap of metabolites are analyzed as described in Figure 5. (B) Ratio of GSH/GSSG in iPSC RPE and fRPE. (C)
Histogram of amino acid abundance normalized to medium 1. (D) Select intracellular metabolites were plotted against
extracellular abundance in 48h spent media. All data normalized to medium 1, except for 2-methyl-butyroylcarnitine, which

was normalized to medium 3. Mean + SEM. *, p<0.05; **, p<0.01.
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Figure 6. Summary of RPE Phenotype and Metabolism Across Media Conditions (1 - 6).
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promotes the accumulation of sub-RPE deposits, making it useful for modeling aspects of both
normal RPE physiology and lipid-related disease processes such as AMD.

Medium 3 (HPLM + 1% FBS) represents the most physiologic formulation, originally developed to
approximate human plasma composition in cancer studies(16, 17) and applied here for the first
time to RPE culture. Compared to other media, HPLM provides a more physiologic, nutrient rich
spectrum, which may contribute to enhanced lipid synthesis and utilization, consistent with the
metabolic flexibility of RPE observed previously.(26) When supplemented with serum, HPLM
closely approximates the physiologic basal RPE environment immediately following feeding,
although the in vivo composition of the subretinal/apical environment remains incompletely
defined. Cells cultured in this medium are similar in size to central “P1 RPE”,(25) although with
reduced hexagonality, a feature we observed to be common to FBS-containing conditions. Barrier
function is relatively poor, possibly reflecting the smaller cell size,(27) and both respiratory
activity and glycolytic reserve were lowest in this medium. RPE maintained in this medium exhibit
elevated secretion of CFH and ApoE, along with increased release of short-chain acylcarnitines
(propionyl-, butyryl-, isobutyryl-, and 2-methylbutyrylcarnitine). Acylcarnitines are in near
equilibrium with acyl-CoAs,(28) and the corresponding CoAs are intermediates in isoleucine,
valine, and odd-chain fatty acid degradation pathways. Cytosolic lipid accumulation and sub-RPE
deposition are significantly elevated, which when taken together with the accumulation of
metabolic intermediates associated with amino acid and fatty acid catabolism imply an
impairment in fatty acid utilization. The most prominent feature of this medium is its induction of
intracellular lipid accumulation and sub-RPE deposit formation, and more than in medium 2, may
provide a robust model for studying AMD-related RPE phenotypes. Notably, RPE65 expression is
suppressed in this medium, suggesting the most limited retinoid regeneration among media types
tested.

Medium 4 (HPLM + B27) substitutes the B27 supplement for FBS. As observed with MEMa, this
exchange increases iPSC RPE size, enhances barrier integrity, and elevates respiratory activity.
Intracellular ApoE levels are highest under this condition, although this increase does not
correspond to elevated ApoE secretion. Intermediates of lipid metabolism were retained in the
cytosol; however, lipid accumulation was reduced compared to its FBS supplemented counterpart,
suggesting that B27 alters fatty acid storage in these conditions. There are few parameters in
which this medium is clearly superior or inferior to other types, although some features of RPE are
distinctive, including the uniquely high secretion of aspartate, serine, xanthine, and acetyl-
carnitine. The functional significance of this however is unclear. Notably GSH/GSSG is lowest in
iPSC RPE maintained in this medium, suggesting increased oxidative stress. Overall, HPLM+B27
can be considered an intermediate medium for the parameters we investigated.

Medium type 5 (DMEM/F12 with high glucose) supports RPE with a size comparable to central “P1
RPE”, (25) although with reduced hexagonality. This medium is distinctive in promoting
predominantly basal VEGF release, suggesting that its components may contribute to establishing
or maintaining normal RPE polarity. DMEM/F12 contains elevated concentrations of glucose (20.5
mM), amino acids (including branched chain amino acids, tyrosine, serine), and choline. Serine
supports metabolic flexibility, antioxidant defense, and lipid balance critical to RPE

homeostasis(26, 29) and choline is essential for lipid metabolism in RPE, supporting phospholipid

and choline are integral to one-carbon metabolism, influencing DNA methylation and epigenetic
regulation.(31, 32) Production of glutamine and alanine, both important sources of nitrogen for the

media have the highest ATP/ADP ratio. Overall, DMEM/F12 + high glucose may be best suited for
studies probing metabolic regulation and energy production in RPE.

Medium 6 (X-VIVO 10) is the most nutrient-enriched, providing the highest concentrations of
amino acids, in addition to high glucose. It also contains pantothenic acid, a precursor for CoA in
lipid metabolism, and such abundant nutrients may predispose the RPE to lipid metabolism
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They exhibit the highest levels of RPE65 among all media types tested, while LRAT levels are lower
relative to most other medium conditions, leading us to suspect the greatest retinoid regeneration
capacity in this medium. X-VIVO 10 also supports relatively high secretion of CFH, ApoE, and
VEGF, without compromised TER, in contrast to medium 1. Despite these potentially favorable
features, several atypical morphological features were observed, including multinucleated cells
and the accumulation of numerous electron-lucent intracellular vacuoles that appear to contain
organelle remnants and multilaminated membranes like autophagic vesicles (Supp. Fig. 7C2).

to other media types, consistent with previous reports of pronounced pigmentation in iPSC RPE
differentiated and maintained in X-VIVO 10.(35) Overall, this medium may be best suited for
studying the RPE component of retinoid cycling, while warranting caution regarding nutrient-
associated morphological changes.

B27 is a chemically defined supplement (Supp. Table 2 2.) originally formulated in the 1990s to

earlier supplements, such as N2, which lacked key nutrients and antioxidants to sustain neuronal
viability.(37) B27 was subsequently adopted for RPE culture as a serum-free alternative to reduce
experimental variability, eliminate undefined survival factors in FBS, and establish xeno-free
culture conditions suitable for clinical-grade manufacturing.(38, 39) In our studies, B27
supplementation produced multiple effects on RPE phenotype, including increased cell size,
enhanced hexagonality, and improved tight junction formation as measured by TER, all consistent
with a more differentiated epithelial state. In contrast, the undefined growth factors and
mitogenic signals present in FBS may promote a more mesenchymal or de-differentiated state.
These findings align with prior reports showing that B27 substitution reinforces enhanced
epithelial phenotype in RPE.(39, 40) B27 supplementation also exerted distinct effects on RPE
metabolism that were dependent on the base medium. Antioxidants in B27, including selenium,
vitamin E (tocopherol), catalase, and superoxide dismutase, can reduce oxidative stress and
preserve mitochondrial function, supporting efficient ATP production through oxidative
phosphorylation, particularly in low glucose conditions. While supplementation of galactose
provides an alternative energy source, it may force cells to rely on oxidative phosphorylation as

ATP is consumed in its initial metabolism, augmented further under conditions of low glucose.(41)

Several limitations should be acknowledged. For data normalization, cell culture surface area,
protein concentration, and nuclei count are all commonly used approaches, yet each can yield
distinct results. Because no consensus exists on whether cell number, size, or total protein content
provides the most appropriate denominator to these data, there is no obvious solution other than
to encourage the use of a standard normalization metric for the field to improve inter-study
comparisons. While we report fractional changes to metabolites in culture medium to determine
utilization, this form of quantitation places metabolites on the same scale, it can over-represent
changes in metabolites that are in low abundance. For example, if the medium began with 200 pM
of the molecule, a 10 uM reduction in ‘spent’ medium will reflect 5% consumption. But if the
medium began with 10 uM of the molecule, 100% would be consumed. In both cases the actual
consumption rate is the same. Metabolite consumption and production rates were approximated
using two time points; however, metabolite consumption and production rates may not be linear
within the sampling window, and earlier timepoints could reveal additional kinetic differences.
Finally, medium composition is unlikely to be the only major determinant of RPE phenotype.
Genetic factors, iPSC differentiation protocol variability, passage number, cell type (iPSC RPE vs
fRPE), and a myriad other factors are also likely important determinants.

In static cell environments, nutrient composition is inherently dynamic, and no single medium
formulation can maintain physiological concentrations of all metabolites throughout the culture

supply. Rather than defining an optimal condition, this study provides a comparative framework
detailing how existing media differentially influence RPE morphology, function, and metabolism.
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These findings emphasize the critical importance of media composition as an experimental
variable and highlight the need to account for the nutrient microenvironment when interpreting
RPE studies relevant to visual function and disease pathogenesis.

Materials and methods

Generation of patient-derived induced pluripotent stem cells
(iPSCs)

Informed consent was obtained from all subjects prior to inclusion in the study (University of
Washington IRB-approved STUDY00022435). Whole blood from normal control subjects was
collected in Vacutainer CPT tubes (Becton Dickinson, Franklin Lakes, NJ, USA) for isolation of
peripheral blood mononuclear cells (PBMC), which were then reprogrammed into iPSC using the
CytoTune-iPS Sendai Reprogramming System (Thermo Fisher Scientific, Waltham, MA, USA).(23,

of normal karyotype.

Retinal pigmented epithelial (RPE) cell differentiation and human
fetal RPE (fRPE) culture

iPSC cells were maintained in either mTeSR (StemCell Technologies, Vancouver, BC, Canada) or
Essential 8™ medium (Gibco, Thermo Fisher Scientific) and accutase passaged three times on
Matrigel coated dishes before differentiation.(23, 24) At the end of the differentiation protocol, RPE
cells identifiable by their characteristic cobblestone morphology and pigmentation were manually
picked and expanded on Matrigel coated dishes. One to three RPE lines were generated from each
of the patient-derived iPSC clone. RPE were cultured in MEMa containing FBS (Roche,
Indianapolis, IN, USA), N1 supplement (1X, MilliporeSigma, Burlington, MA, USA), NEAA (1X,
Gibco), hydrocortisone (20ug/l, MilliporeSigma), triiodo-thyronine (0.013pg/l, MilliporeSigma),
taurine (250mg/l, MilliporeSigma) (THT) and penicillin-streptomycin (1X, Gibco). The first week of
culture has 5% FBS and ROCKi (10uM, Selleck Chemicals, Houston, TX, USA), which was then
reduced in 1% FBS without ROCKi.

To isolate fetal RPE, human fetal globes were obtained from the Birth Defects Research Laboratory
(BDRL) at the University of Washington with ethics board approval and material written consent.
This study was performed in accordance with ethical and legal guidelines of the University of
Washington institutional review board. Globes were hemisected and the posterior eyecup
revealed. The neural retina was removed, and RPE monolayer was subjected to 2% dispase
digestion for 10 minutes at room temperature. RPE sheets were then carefully separated from
underlying choroidal material, divided into smaller pieces and plated in MEMa based media as
described above.(43) After 3 weeks, fRPE were trypsin passaged and expanded for experiments.

fRPE from two donors (10 and 20 weeks) were used in this study.

All experimental cultures follow similar conditions. RPE were passaged using 0.25% trypsin,
counted in the LUNA-II (Logos Biosystems, Annandale, VA, USA) and seeded in various media at
1.5x10° cells/cm? on Matrigel coated surfaces. The six media groups were kept on the same plate,
when possible, to minimize plate to plate variation. Cells were maintained on 12 well plates in 1
ml media (Greiner Bio-One, Monroe, NC, USA), 8 well chambers in 300 pyl media (Nunc, Thermo
Fisher Scientific), 24 well PET Transwells in 200 pl apical and 900 pl basal media (Corning, Thermo
Fisher Scientific) or 96 well XF Pro microplates in 80 pl media (Agilent Technologies, Santa Clara,
CA, USA) in a 37°C incubator with 5% CO,, with media changes every other day (approximately
48hrs). RPE were used between passages 4 to 6, with at least n=3 per media group, and collected
for assays after four to eight weeks in culture.
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Media formulation

Six different media used in this study (Fig. 1A@ ) were formulated after literature review of RPE

media described above, with 5% FBS during the first week, and 1% FBS during maintenance.
Medium 2 is MEMa base with 2% B27 (Gibco #12587), a supplement favored as a serum-free
alternative, along with NEAA and THT. Media 3 and 4 employs Human Plasma-Like Media (HPLM,
Gibco #A4899101) designed to mimic the metabolic profile of human plasma.(16) Supplementation
in media 3 and 4 is identical to that of media 1 and 2. Medium 5 is a high glucose formulation
made of DMEM-HG (Gibco #10566) and Ham’s F-12 (Gibco #11765) in 70:30 ratio, with NEAA and
2% B27. FBS is given only in the first week — 10% in the first 2 days, 2% in the next five days.
Medium 6 is X-VIVO-10 (Lonza #04-380Q, Basel, Switzerland), a serum-free cell medium for
hematopoietic cells, with proprietary formulation. The only known components were obtained via
phone conversation with Lonza — glucose (25mM) and glutamine (2mM). Complete media
formulations with molarity of reported components are detailed in Supp. Table 2.

Transepithelial electrical resistance (TER)

TER was measured using EVOM2 (World Precision Instruments, Sarasota, FL, USA) after leaving
cells on bench for 10 min to equilibrate to room temperature. Two readings were taken from each
well, and adjusted TER (Q-cm?) was calculated by first subtracting values of empty filters then
multiplying by surface area of transwells (0.33 cm?).

Western blot and ELISA

RPE were cultured in 12 well plates for protein assessment. Conditioned media were collected 48
hours after media change for ELISA, and cells were scraped in MPER with Halt protease inhibitor
(Thermo Fisher Scientific) for Western blot. To assess polarity of RPE on Transwells, apical and
basal media were collected 24 hours after media change. VEGF, CFH (R&D Systems, Minneapolis,
MN, USA) and ApoE (Abcam, Cambridge, MA, USA) ELISA were performed according to
manufacturer’s instructions. For VEGF ELISA, apical and basal media were diluted 10- and 4-fold
respectively. Conditioned media from 12 well dishes was diluted 5-fold for VEGF ELISA, 4-fold for

Immunostaining

RPE in 8 well chambers were fixed either with 4% PFA or chilled methanol for 10 min, and
chambers in the former were permeabilized with 0.1% Triton X-100. Blocking was done with 5%
incubated overnight at 4°C. Cells were counterstained with DAPI (MilliporeSigma) and mounted
with Fluoromount-G (SouthernBiotech, Birmingham, AL, USA). Imaging was performed on the
Leica DM6000 (Leica Microsystems Inc., Deerfield, IL, USA). For REShAPE analysis, six images at
20X magnification were taken per well. Images with ZO-1 and F-actin only staining were exported
as 16-bit greyscale TIF files for RPE segmentation.(44) To identify lipid droplets, live cell staining
was performed where Lipi-Deep Red (Lipi-DR) with BODIPY-493/503 and Hoechst were co-
incubated in iPSC RPE for 2h at 37°C. Six images at 63X magnification were automatically selected
per well using a predefined acquisition pattern. In FIJI (RRID:SCR_002285 2) software (Image],
National Institutes of Health, Bethesda, MD, USA), BODIPY and Lipi-DR images were adjusted to
remove background, converted to 16-bit, then auto thresholding performed with RenyiEntropy
white method, followed by analyze particles, and summary data with %Area were plotted.

Transmission electron microscopy

RPE on Transwells were processed for electron microscopy as described.(23, 24) Images taken at

20,000X on the JEM 1200EXII transmission electron microscope (JEOL USA, Inc., Peabody, MA, USA)
were manually montaged into a panoramic view of the RPE monolayer. Three sections were
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imaged per filter, and sub-RPE deposits were quantified by tracing in FIJI software. Every image
was analyzed with converted pixel to micrometer to obtain the exact area of deposits. Deposits
were identified and individually outlined using the polygon tool by a masked observer.

Mitochondria and glycolysis stress test

On the day of assay, two wells were stained with Hoechst-33258 (Thermo Fisher Scientific) and two
representative areas per well were imaged on the EVOS microscope (Thermo Fisher Scientific) for
nuclei counting. Subsequently, the same wells were collected in MPER lysis buffer for protein
estimation. Mitochondria stress test and glycolysis stress test (n=5-6 per media group) were
performed on the Seahorse XF Pro Analyzer (Agilent) in the University of Washington Diabetes
Research Center - Metabolic and Cellular Phenotyping Core (NIDDK P30 DK017047). In brief, RPE
were washed with XF DMEM + L-glutamine (2 mM) +/- glucose (5 mM) three times and placed in a
CO, null incubator for 1 hour. To assess mitochondria respiration, oligomycin (2 pM), FCCP (1 uM)
and rotenone/antimycin A (2 uM) were added sequentially, with six readings taken between each
drug. To assess glycolysis, RPE were incubated in media without glucose in the CO, null incubator,
followed sequential addition of glucose (5 mM), oligomycin (2 uM), and 2-deoxyglucose (50 mM) in
the Seahorse Analyzer. Nuclei count from Hoechst images were extrapolated to the entire well
with 0.114 cm? area, and protein estimation was performed using Bradford assay and averaged
for each well.

Liquid chromatography with tandem mass spectrometry (LC-
MS/MS)

Target metabolomics were performed on media and cell lysate from the same wells. Media were
collected 24 and 48 hours after media change, and RPE were scraped into chilled 80% methanol as
described.(20, 21) Blank media were run in parallel to obtain nutrient profile at 0 hours. LC-MS/MS
was performed using a Shimadzu LC Nexera X2 UHPLC paired alongside a Sciex triple quadrupole
QTRAP 5500 MS, as described previously.(45) Each metabolite was identified using mass and

media, intensity values (obtained from the Sciex Multiquant 3.0.3 software) for the blank media
were subtracted from the spent media values. To visualize intracellular metabolic changes on a
heatmap, intensity values of each metabolite were normalized to that of media 1, then sorted left
to right from highest and lowest fold change in each nutrient category.

Statistical analysis

To compare amongst the six media groups, one-way ANOVA followed by Tukey’s post-hoc test was
performed on GraphPad Prism 10 (RRID:SCR_002798 %) (GraphPad Software, Inc., La Jolla, CA,
USA). When needed, pairwise comparison was done using T-test. A p-value of < 0.05 was
considered statistically significant. All data are presented as mean + SEM. Targeted metabolomics
data were analyzed using multivariate analysis by MetaboAnalyst 6.0 (RRID:SCR_015539 @) to
obtain principal component distribution.

Data availability

All data needed to evaluate and reproduce the results in the paper are present in the paper and/or
the Supplementary Materials. This study did not generate any new materials.
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Peer reviews
Reviewer #1 (Public review):

Summary:

The authors utilize both human iPSC-derived RPE and human fetal RPE cultures to
interrogate the effect of various types of commonly used cell culture media on several key
biological- and disease-relevant RPE properties. These include a comparison of RPE
morphology, polarity, transepithelial electrical potential, lipid metabolism, autophagy, and
targeted metabolomic profiles across 6 different media compositions.

Strengths:

This manuscript is very well written, and data are presented in a well-organized manner. The
authors address media composition as a fundamental variable that will influence the
interpretation of assays performed in RPE cell cultures, particularly metabolic studies. Figure
6 provides a useful summary of the study's findings across commonly used media types, and
the manuscript's discussion offers insight into which media may be best suited to address
specific experimental questions. Overall, this manuscript will not only serve as an important
resource for vision scientists utilizing RPE culture models, but it also serves to remind the
broader cell biology community of the importance of considering the potential (confounding)
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experimental effect(s) of various culture media and to consider tailoring the selection of
culture media types to the specific experimental question.

Weaknesses:

(1) While the authors report that iPSCs were obtained from several healthy patients and that
at least two clones were generated from each individual, it is not clear to this reviewer
whether the experiments with each culture media type were performed on the same set of
iPSC-RPE in each case. The authors mentioned iPSC differentiation variability as a limitation,
but it would be helpful to understand (and quantify) the experimental variability that may
exist with the same culture media using iPSCs from different patients and/or separate iPSC
clones from the same patient.

(2) Since a major purpose of the manuscript is to highlight how cell culture conditions
influence RPE biology and metabolism, it would be helpful to also report whether
Mycoplasma testing was performed and confirmed to be negative across all cell lines.

(3) The effect of culture media on mean RPE area and hexagonality was compared in this
study. Interestingly, Figure 1E demonstrates higher mean RPE cell area but also substantial
variability in cell area for media 2 (MEM-alpha and B27) and media 4 (HPLM and B27). It
would be helpful to include a discussion of the potential biological implications of variable
cell area across these 2 media types.

(4) The authors speculate that FBS-containing media may encourage a more mesenchymal or
de-differentiated state. This could be experimentally determined by interrogating
mesenchymal markers (alpha-SMA, fibronectin, etc) by immunoblot and/or
immunofluorescence microscopy, similar to how the RPE markers were evaluated in Figure 1.

(5) It would be helpful for the discussion section to include a comparison of key differences
(where they exist) between iPSC-RPE and fetal RPE across culture media types.

https://doi.org/10.7554/eLife.112489.1.sa3

Reviewer #2 (Public review):

Summary:

In this study, Lim et al. provide a comprehensive analysis of the metabolic and physiologic
effects of different media compositions on iPSC-RPE. This analysis includes commonly used
iPSC-RPE media bases (MEMa, DMEM-HG/F12 basal media) as well as human plasma-like
medium (HPLM) in attempts to establish a more physiologically relevant culture
environment.

Strengths:

The analyses in this study provide a very thorough survey of metabolic function as well as an
RPE-relevant physiologic characterization. This will be a great resource for optimizing assay
conditions for disease-based studies using iPSC-RPE.

Weaknesses:

In the Seahorse studies provided in Figure 3. basal readings for OCR are abnormally low
compared to Oligomycin treatment and background, suggesting difficulties with the assay.
Findings should be taken with caution.

https://doi.org/10.7554/eLife.112489.1.sa2
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Reviewer #3 (Public review):

Summary:

The authors systematically compare six culture-media formulations using induced
pluripotent stem cell-derived retinal pigment epithelium and fetal retinal pigment
epithelium. They examine cell morphology, marker expression, barrier function, polarized
secretion, lipid accumulation, ultrastructure, mitochondrial respiration, glycolytic function,
and intracellular and extracellular metabolites. The results demonstrate that culture-medium
composition and the choice of serum or B27 supplementation substantially influence retinal
pigment epithelium phenotype and metabolism. Rather than identifying a single optimal
medium, the study provides a comparative framework to guide medium selection according
to the biological question being investigated.

Strengths:

The head-to-head comparison of six media under otherwise similar culture conditions
addresses an important source of variability in retinal pigment epithelium research. The
study uses a broad range of complementary approaches, including imaging, transepithelial
resistance, electron microscopy, extracellular flux analysis, and targeted metabolomics. The
inclusion of both induced pluripotent stem cell-derived and fetal retinal pigment epithelium
increases the potential relevance of the findings across different cell sources. The matched
comparisons of serum and B27 supplementation within MEMa and human plasma-like
medium are particularly informative because they help distinguish supplement-associated
effects from those caused by the basal medium. Overall, the dataset has the potential to serve
as a valuable resource for selecting culture conditions and interpreting findings across
retinal pigment epithelium studies.

Weaknesses:

The most important limitation is that the experimental unit and degree of biological
replication are not clearly defined. It is unclear whether individual observations represent
independent donors, clones, differentiated lines, culture preparations, wells, images, or
sections. This makes it difficult to determine the independence, robustness, and
generalizability of several comparisons.

The metabolic analyses also require additional methodological clarification. For intracellular
metabolomics, the culture format, cellular biomass, extraction volume, pooling strategy, and
normalization method are not reported sufficiently. Normalization of extracellular
measurements to unspent medium accounts for differences in starting metabolite abundance
but not for differences in cell number or biomass. Similarly, normalization of intracellular
signals to medium 1 does not correct for differences in the amount of cellular material
extracted.

For the Seahorse experiments, the main figures present unnormalized values even though
the media produce differences in cell number, size, and protein content. These raw
measurements represent total metabolic activity per well and may not reflect activity per cell.
It is also unclear how normalization was performed because the Methods describe cell-count
and protein measurements from two wells, whereas the stress tests included five to six wells
per condition. In addition, measurements obtained after transfer into a common assay
medium reflect metabolic adaptations retained from the preceding culture conditions rather
than real-time metabolism within the original media.

Other limitations include insufficient information about the biological replication underlying
the sub-RPE deposit analysis and the inability to fully interpret the effects of X-VIVO 10
because its composition is proprietary. Finally, public availability of the underlying
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metabolomics data would be important for a study intended to serve as a community
resource.

https://doi.org/10.7554/eLife.112489.1.sa1

Author response:

We thank the editors and reviewers for their thoughtful feedback on our manuscript. We are
encouraged that they recognized the importance accounting for media consideration when
modeling in vitro disease phenotypes, as well as the value of this dataset as a resource for the
field. We appreciate the points raised regarding biological replicates and data normalization
methods, and we plan to address these fully in our formal response and in revisions to the
manuscript. Below, we provide preliminary responses to several comments and indicate how
we anticipate addressing them in the revised manuscript.

| (1) Reviewer 1 & 3: Unclear definition of iPSC lines/clones used in data generation.

We thank the reviewers for pointing out this ambiguity in the Methods. The project was
completed with multiple donor iPSC lines, with at least 2 clones generated from each line, and
each experiment was performed using at least three independent iPSC RPE lines. To minimize
confounding variability, we took several precautions where possible: each experiment was
performed within the same culture plate (coated with Matrigel from the same lot number),
using RPE seeded at the same time to ensure comparable maturity, and RPE of the same
passage number were used across multiple experiments to reduce de-differentiation or
senescence effects. We agree that RPE derived from different iPSC differentiation batches can
vary. For this reason, all iPSC RPE used in this study were generated from a single
differentiation attempt. Because the goal of this project was to isolate the impact of nutrient
composition on RPE phenotype, rather than to characterize variability arising from clonal or
donor differences, we did not stratify our analysis by clone or donor. For imaging-based
assays, multiple fields were selected at random from each well to ensure representative
sampling. TEM analysis of sub-RPE deposits was performed with n=3 independent filters per
medium condition, with three panoramic sections imaged per filter. We will add these details,
including the number of clones used per iPSC line, to the revised Methods to clarify
experimental unit and level of replication for each assay and will include sample number in
legends.

(2) Reviewer 2: In the Seahorse studies provided in Figure 3. basal readings for OCR are
abnormally low compared to Oligomycin treatment and background, suggesting
difficulties with the assay. Findings should be taken with caution.

We thank the reviewer for this careful reading. The apparent discrepancy likely arises from
comparing the raw OCR trace (left) versus the background-subtracted “Basal respiration” bar
graph (right) in Figure 3A. In the raw trace, basal OCR (~45-65 pmol/min) is appropriately
higher than both the oligomycin-treated (~35-45 pmol/min) and background (~30-45
pmol/min) rates, as expected. The bar-graph value is smaller (~7-25 pmol/min) only because
the non-mitochondrial rate has been subtracted out, whereas the oligomycin plateau in the
raw trace has not. These raw basal values fall within Agilent's recommended starting range
for the XFe96 platform (~20-160 pmol/min), consistent with the modest basal energy demand
of quiescent, differentiated RPE rather than an assay problem. A recent survey of 530
published Cell Mito Stress Tests [1] found that 17% report the implausible result of maximal
OCR below basal OCR, and higher basal rate can compromise the FCCP-stimulated maximal
rate. We titrated our cell numbers before this assay to ensure a clear FCCP response. The
substantially increased maximal rates in all six media conditions indicate a technically sound
assay. We will clarify this calculation in the revised Methods.
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(3) Reviewer 3: The metabolic analyses also require additional methodological
clarification. For intracellular metabolomics, the culture format, cellular biomass,
extraction volume, pooling strategy, and normalization method are not reported
sufficiently. Normalization of extracellular measurements to unspent medium accounts
for differences in starting metabolite abundance but not for differences in cell number or
biomass. Similarly, normalization of intracellular signals to medium 1 does not correct
for differences in the amount of cellular material extracted.

We agree that these methodological details require clarification. Intracellular metabolomics
was performed on RPE lysates collected from 12-well plates (n=3 independent wells/RPE lines
per medium), each extracted separately without pooling. RPE were scraped directly into a
fixed volume of 300 yL chilled 80% methanol per well, regardless of the medium condition;
10 uL of the resulting lysate was dried together with an internal standard (nicotinamide-D4),
reconstituted in 100 uL of mobile phase, and 5 uL was injected for LC-MS/MS analysis. Media
were processed in parallel using an identical workflow: 50 pL of conditioned media was
collected at 24 and 48 hours, of which 10 pL was mixed with 40 pL cold methanol, and 10 yL
of the resulting supernatant was dried with internal standard, reconstituted in 100 uL mobile
phase, and 5 pL injected for analysis.

Biomass data, including average nuclei count and total protein content reported in Supp. Fig.
2D, were obtained from RPE cultured in parallel under identical conditions. Because nuclei
count and protein content did not consistently agree with one another across the six media,
metabolite intensities were not normalized to either protein content or cell number. Instead,
the intensity of each metabolite was instead normalized to Medium 1 to allow relative
comparison across conditions, avoiding an additional, potentially skewed layer of correction
from an imperfect biomass metric. We acknowledge this as a limitation of the method: since
RPE size and biomass differ across media, our fold-changes reflect metabolite pool per well
rather than per cell, which could over- or under-represent true per-cell differences in media
that yield especially large or small RPE. We will clarify these details in the Methods and
Discussion.

(4) Reviewer 1: Since a major purpose of the manuscript is to highlight how cell culture
conditions influence RPE biology and metabolism, it would be helpful to also report
whether Mycoplasma testing was performed and confirmed to be negative across all cell
lines.

We thank the reviewer for the suggestion to include this information. To confirm,
Mycoplasma testing was performed on all cell lines used in this study with negative results.
We will add this information in the revised Methods.

(5) Reviewer 3: public availability of the underlying metabolomics data would be
important for a study intended to serve as a community resource.

The metabolomics data has been deposited to UCSD Center for Computational Mass
Spectrometry (CCMS) repository (Dataset: MSV000095024) and will be made publicly
accessible upon publication.
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