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Abstract

Muller glial cells (MGCs) are responsible for the homeostatic and metabolic support of

the retina. Despite the importance of MGCs in retinal disorders, reliable and accessible

human cell sources to be used to model MGC-associated diseases are lacking. Although

primary human MGCs (pMGCs) can be purified from post-mortem retinal tissues, the

donor scarcity limits their use. To overcome this problem, we developed a protocol to

generate and bank human induced pluripotent stem cell-derived MGCs (hiMGCs). Using

a transcriptome analysis, we showed that the three genetically independent hiMGCs

generated were homogeneous and showed phenotypic characteristics and transcriptomic

profile of pMGCs. These cells expressed key MGC markers, including Vimentin, CLU,

DKK3, SOX9, SOX2, S100A16, ITGB1, and CD44 and could be cultured up to passage

8. Under our culture conditions, hiMGCs and pMGCs expressed low transcript levels of

RLPB1, AQP4, KCNJ1, KCJN10, and SLC1A3. Using a disease modeling approach, we

showed that hiMGCs could be used to model the features of diabetic retinopathy (DR)-

associated dyslipidemia. Indeed, palmitate, a major free fatty acid with elevated plasma

levels in diabetic patients, induced the expression of inflammatory cytokines found in the

ocular fluid of DR patients such as CXCL8 (IL-8) and ANGPTL4. Moreover, the analysis

of palmitate-treated hiMGC secretome showed an upregulation of proangiogenic factors

Aude Couturier and Guillaume Blot contributed equally as first authors.

Xavier Guillonneau and Sacha Reichman contributed equally as last authors.

Received: 28 August 2020 Revised: 8 February 2021 Accepted: 9 February 2021

DOI: 10.1002/glia.23983

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. GLIA published by Wiley Periodicals LLC.

Glia. 2021;1–15. wileyonlinelibrary.com/journal/glia 1

https://orcid.org/0000-0001-8549-7455
https://orcid.org/0000-0002-8955-6704
https://orcid.org/0000-0002-3401-8079
https://orcid.org/0000-0003-4412-1341
https://orcid.org/0000-0001-7730-9143
https://orcid.org/0000-0001-7379-3935
https://orcid.org/0000-0003-1776-6339
mailto:sacha.reichman@inserm.fr
mailto:xavier.guillonneau@inserm.fr
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/glia
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fglia.23983&domain=pdf&date_stamp=2021-03-08


strongly related to DR, including ANG2, Endoglin, IL-1β, CXCL8, MMP-9, PDGF-AA, and

VEGF. Thus, hiMGCs could be an alternative to pMGCs and an extremely valuable tool

to help to understand and model glial cell involvement in retinal disorders, including DR.
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1 | INTRODUCTION

Diabetic retinopathy (DR) remains a major cause of visual loss in the

working-age population in industrialized countries, and current treatments

are not fully satisfactory (Hernandez, Simo-Servat, Bogdanov, &

Simo, 2017). DR is classically considered a microangiopathy. The most sig-

nificant sign in the early stages of the disease is the breakdown of the

blood–retinal barrier (BRB) leading to plasma leakage in the retina and

microvascular abnormalities. In addition to these clinically characterizable

signs, neurodegenerative processes and the release of pro-inflammatory

cytokines have also been described in early DR (Rubsam, Parikh, &

Fort, 2018). Accordingly, treatments targeting inflammation reduce

diabetes-induced neurodegeneration and vascular remodeling (Semeraro

et al., 2019). Although it has often been considered that DR pathogenesis

was the consequence of a cell exposure to high glucose concentrations,

two large clinical studies (FIELD and ACCORD) assessing lipid-lowering

drugs have shown a reduction in DR progression, independently of the

glycemic control (Group et al., 2010; Keech et al., 2007). Thus, although

often underestimated compared to glucose-focused studies, the role of

dyslipidemia is now widely investigated in DR (Chang & Wu, 2013; Eid

et al., 2019; Hammer & Busik, 2017; Zhou, Wang, Shi, & Yin, 2018).

Müller glial cells (MGCs) are responsible for the homeostatic and

metabolic support of the retina. MGCs are intercalated between the vas-

culature and the neurons so that they contribute to the BRB and play a

critical role in response to plasma leakage and vascular changes (Rungger-

Brandle, Dosso, & Leuenberger, 2000; Tout, Chan-Ling, Holländer, &

Stone, 1993). Cross-talks between MGCs and the microglia further drive

neuroinflammation that contributes to DR development

(Abcouwer, 2017). Free fatty acids (FFAs) found in the plasma induce an

inflammatory response in retinal cells (Capozzi, Hammer, McCollum, &

Penn, 2016; Capozzi, McCollum, Cousins, & Penn, 2016; Chen, Jump,

Grant, Esselman, & Busik, 2003; Mohamed et al., 2014). Primary MGCs

(pMGCs) exposed to linoleic and oleic acids overexpress inflammatory

mediators involved in DR (Capozzi, McCollum, et al., 2016). More

recently, the analysis of pMGC transcriptome has highlighted the changes

induced by palmitic acid (PA), the plasma levels of which being the highest

in diabetic patients, in multiple pathways activated in DR such as inflam-

mation and angiogenesis (Capozzi, Giblin, & Penn, 2018).

Despite the importance of MGCs in retinal pathologies, reliable and

easily expandable human cell sources to be used to model retinal disor-

ders are lacking. Although, pMGCs can be selected and amplified from

post-mortem retinal tissues (Hicks & Courtois, 1990), the generation of

large numbers of cells is limited by the scarcity of human donors and

their limited replication capacities. To overcome this limitation, Limb

et al have immortalized retinal cells from post-mortem eye donors and

characterized the spontaneously immortalized MIO-M1 Muller cell line

(Limb, Salt, Munro, Moss, & Khaw, 2002). They have shown that MIO-

M1 expressed markers of immature neurons and maintained a capacity to

differentiate into more mature neurons when engrafted in a host retina

(Lawrence et al., 2007). Recently, human embryonic stem cells have been

used to generate retinal glial cells positive for GFAP, a marker expressed

by astrocytes and gliotic MGCs (Chung et al., 2019; Dahl, 1979; Sarthy,

Fu, & Huang, 1991). Human induced-pluripotent stem cell (hiPSC)-derived

retinal organoids (ROs) can be used to produce MGCs (Eastlake

et al., 2019; Reichman, Terray, et al., 2014). The generation of hiPSC-

derived MGCs (hiMGCs) could help to develop cells that can be used in

cell therapy or in drug development for multifactorial diseases such as

glaucoma, age-related macular degeneration or DR. During the retinal

development, all retinal cell types are generated sequentially and MGCs

are the last cells to be born (Turner & Cepko, 1987). Similarly, among

ROs, retinal progenitors give rise to post-mitotic retinal neurons (retinal

ganglion cells, amacrine cells, horizontal cells, bipolar cells, cone, and rod

photoreceptors) and MGCs (Reichman, Terray, et al., 2014; Slembrouck-

Brec, Nanteau, Sahel, Goureau, & Reichman, 2018). Recently, an improve-

ment in retinal ganglion cell function has been shown after transplanta-

tion of fresh hiMGCs isolated from ROs (Eastlake et al., 2019), but no

hiMGC-based model has been described so far.

In this study, we described an innovative and scalable process to

generate MGCs from hiPSCs in order to model DR in vitro. The trans-

criptome analysis of three hiMGCs derived from iPSCs from three dif-

ferent donors showed that they had phenotypic and transcriptomic

characteristics of human pMGCs. We found an induction of inflamma-

tory and angiogenic responses in hiMGCs and pMGCs cultured in the

presence of PA rather than glucose. This new cell-based model could

be used to develop in vitro models of multifactorial diseases such as

DR to identify innovative treatments.

2 | RESULTS

2.1 | Generation of hiPSC-derived MGCs

The aim was to select and amplify iPSC-derived MGCs from ROs

based on the isolation of glial cells from post-mitotic retinal tissues

(Hicks & Courtois, 1990). ROs were obtained using our previously

described method for adherent hiPSC culture (Figure 1a) from hiPSCs

of three genetically independent donors (Table 1) (Reichman

et al., 2017; Slembrouck-Brec et al., 2019). After more than 100 days

in culture, ROs contained cells positive for key MGC markers such as

Glutamine synthetase (GS)/Sry-box transcription factor 9 (SOX9) and
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Sry-box transcription factor 2 (SOX2)/Vimentin (VIM) and the positiv-

ity persisted until D245 (Figure 1b) (Eastlake et al., 2019; Reichman,

Terray, et al., 2014; Roesch et al., 2008). To select MGCs, ROs

between D160 and D210 were dissociated using a papain-based pro-

tocol and seeded in culture flasks noted as passage 0 (P0) (Figure 1c).

Dissociated cells were cultured in MGC medium as previously

described for adult MGC isolation from post-mortem human retinas

to positively select mitotically active hiMGCs from post-mitotic neu-

rons (Hicks & Courtois, 1990). After two runs of expansion (P0 and

P1), 10 dissociated ROs generated up to 6 million hiMGCs at P1

within 14 days that could be cryopreserved in 15 cryovials of 375,000

cells before use. One thawed vial could be expanded 12 times to

obtain 4.5 million hiMGCs at P3 within 2 weeks. To ensure that cryo-

preservation did not modify hiMGC phenotype, fresh or thawed

hiMGCs at P2 were stained to confirm the presence of markers spe-

cific of MGCs. The immunostaining analysis revealed that both fresh

and thawed hiMGC-1 at P2 similarly expressed VIM, GS and SOX9

(Figure S1). To analyze hiMGC phenotype stability after serial pas-

sages, hiMGC-1 were grown as a non-confluent monolayer from P2

to P8 and analyzed by immunofluorescence using the same panel of

MGC-specific markers (Figure S2). Between P2 and P8, hiMGCs

remained positive for VIM, GS, and SOX9. From P4, the shape of

hiMGCs progressively elongated and their appearance was very simi-

lar to that of pMGCs (Figure 1d and Figure S2). Remarkably, GFAP, a

marker only expressed by retinal astrocytes under physiological condi-

tions and by MGCs in pathological situations was absent in hiMGCs

from P4 to P8 (Figure 1d and Figure S2a–g) while pMGCs expressed it

from P2 to P8 (Figure S2h–n). Thus, from P2 to P6, hiMGCs showed

phenotypical features of MGCs found in vivo. The absence of detect-

able GFAP expression in hiMGCs suggested that these cells could be

an interesting alternative to pMGCs for in vitro studies (Figure 1c).

2.2 | Transcriptome analysis of hiPSC-
derived MGCs

A transcriptome analysis was then performed to compare the three

independent hiPSCs to their derivative hiMGCs and to the three

F IGURE 1 Generation and characterization of hiMGCs. (a) Schematic representation of RO generation and maturation. (b) Representative

micrographs of the immunohistochemical detection of the following MGC makers: GS, SOX9 SOX2, and VIM in cryostated ROs at D245 (hiPSC
clone AHF1pi2) showing the presence of MGCs in ROs. (c) Schematic representation of hiMGC selection, banking, and amplification. hiMGCs at
P4 were used for palmitate-based assays. (d) Representative micrographs of the immunohistochemical detection of the following MGC markers:
SOX9 and VIM (left), SOX9 and GS (middle), and GFAP and VIM (right) P4 hiMGCs (top panels) and pMGCs (bottom panels) showing that the
immunohistochemical labeling of MGC markers was similar between hiMGCs at P4 and pMGCs. Nuclei were stained with DAPI. GS, glutamine
synthetase; hiMGCs, human iPSC-derived MGCs; hiPSC, human induced-pluripotent stem cell; MGC, Muller glial cell; pMGCs, primary MGCs; P,
passage; PA, palmitate; RO, retinal organoid; VIM, vimentin. Scale bar = 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
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human pMGCs (Table 1). The first two principal components (PC1 and

PC2) of the PC analysis (PCA) revealed that iPSCs, hiMGCs and

pMGCs were separated into three cell population clusters (Figure 2a).

PC1 represented 83% of the observed variance between the samples

and allowed differentiating hiPSCs from pMGCs and hiMGCs. PC2

represented 8% of the variance and allowed differentiating pMGCs

from hiMGCs. The expression level of 5,841 transcripts was above a

selected cutoff of 40 transcripts per kilobase million (TPM) in at least

one of the three cell populations. To compare the expression of indi-

vidual transcripts between the three cell populations, we plotted the

log2 TPM expression level of each transcript in hiMGCs and hiPSC

relative to its expression level in pMGCs (Figure 2b). The overall pro-

file of log2 TPM expression in hiMGCs was similar to that found in

pMGCs while the log2 TPM expression profile in hiPSCs strongly dif-

fered from that found in pMGCs (Figure 2b). The PCA and the

RNAseq analysis thus showed that hiMGCs had lost the pluripotent

stemness features of hiPSCs and were very similar to pMGCs.

To further identify MGC transcript profile, we then investigated

the expression of commonly used neuronal, MGC and microglial

markers (Figure 3c) (Hu et al., 2019; Lukowski et al., 2019; Menon

et al., 2019; Peng et al., 2019; A. P. Voigt et al., 2019; Yan et al., 2020)

and compared it to the expression levels of recently published trans-

criptomes: a human single macroglial cell (hMacroglia, including MGCs

and astrocytes) transcriptome performed by Menon et al on human

retina and the bulk RNA-seq transcriptome of cell-sorted mouse

MGCs (mMGCs) performed by Hoang et al (Figure S3) (Hoang et al.,

2020; Menon et al., 2019).

MGC markers such as CLU, GLUL and DKK3 were expressed in

hiMGCs and pMGCs. Surprisingly, RLBP1 was not detected in hiMGCs

and pMGCs (Figure 1c), faintly expressed in hMacroglia while it has been

previously detected in mMGCs by bulk RNAseq analysis (Figure S3). As

expected, all other retinal neuronal and microglial markers were not

detected in hiMGCs, and pMGCs (Figure 2c) at the exception of TRNP1.

Indeed, TRNP1, a marker of bipolar cells, was expressed in hiMGCs and

pMGCs while it was not expressed in hMacroglia or mMGCs (Figure S3).

Thus, the transcriptome analysis showed a very similar transcriptome pro-

file between hiMGCs and pMGCs.

To analyze the expression of a higher number of MGC makers,

we selected 50 genes from the hMacroglia scRNAseq analysis show-

ing the highest area under the curve (AUC) scores in the hMacroglia

cluster and we determined the expression of these 50 transcripts in

hiMGCs and pMGCs (Figure 2d) and in hMacroglia and mMGCs

(Figure S4). This gene list included the 50 best transcripts allowing dif-

ferentiating hMacroglia from other retinal cells and unsurprisingly, it

included six classical MGC markers (APOPE, VIM, CLU, GLUL, RLBP1,

DKK3; Grosche et al., 2016; Roesch et al., 2008; Shinoe et al., 2010).

The heatmap analysis showed that hiMGCs and pMGCs had close

transcript profiles (Figure 2d). However, hiMGCs, pMGCs, hMacroglia,

and mMGCs expressed different transcript profiles, showing the limi-

tation of data comparison from different studies (Figure S4). Con-

versely, we analyzed the expression of the 50 genes with the lowest

AUC scores. The expression level of these genes was low, except for

HSP90AA1, MFGE8, and GNB1 that were expressed in hiMGCs,

pMGCs and in mMGCs (Figure S5).

To further identify genes preferentially expressed in MGCs, we

analyzed the expression level of seven classical MGC markers not

found in Figure 2d: KCNJ2, AQP4, KCNJ10, S100A16, ITGB1,

and CD44. All these transcripts were similarly expressed in hiMGCs

and pMGCs (Figure 2e). The expression level of S100A16, ITGB1, and

CD44 was similar between hiMGCs, pMGCs and mMGCs. The expres-

sion level of AQP4, KCNJ10, and SLC1A3 was below our detection

threshold of 40 TPM in hiMGCs and pMGCs while these transcripts

were detected in mMGCs. Finally, the expression level of KCNJ2 was

low in all studied MGCs (Figure S4).

2.3 | Differential transcript expression between
hiMGCs and pMGCs

To comprehensively analyze differences in transcriptome profiles

between hiMGCs and pMGC, a differential expression analysis using

DESeq2 was performed (Love, Huber, & Anders, 2014). In both

hiMGCs and pMGCs, the expression level of 4,267 transcripts was

above the selected cutoff of 40 TPM. In hiMGCs and in pMGCs, the

TABLE 1 Tissue and cell origin of hiMGCs and pMGCs

MGCs

Name

Origin

Tissues/cells hiPSC clones Comments/references

pMGC-1 65 yo male retina – 16 hr post mortem

pMGC-2 82 yo male retina – 12 hr post mortem

pMGC-3 83 yo female retina – 30 hr post mortem

hiMGC-1 Adult dermal fibroblasts AHF1pi2 Reichman, Terray, et al. (2014) and Reichman

et al. (2017)

hiMGC-2 Neonatal foreskin FS2pi3 Reichman et al. (2017)

hiMGC-3 pMGC-3 5f Slembrouck-Brec et al. (2019)

Abbreviations: hiMGCs, human iPSC-derived MGCs; hiPSC, human induced-pluripotent stem cell; MGC, Muller Glial Cell; pMGCs, primary MGCs; yo,

years old.
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mean expression level of respectively 3,873 and 3,713 transcripts was

above the threshold (Figure 3a). The analysis showed that 89.9% of

the expressed transcripts (3,836 out of the 4,267 transcripts) were

not differentially expressed between hiMGCs and pMGCs (Figure 3b)

and Supplementary Table S1). Only 10.1% of transcripts (431 out of

the 4,267) were significantly differentially expressed with a p-adj

value ≤.05 (Figure 3b and Table S2). Then, an enrichment analysis of

these 431 differentially expressed genes (DEGs) using pathway classi-

fications from the Reactome database was performed (Fabregat

et al., 2017) and showed that the differences in the expression of

these transcripts between hiMGCs and pMGCs were not restricted to

a particular class of pathways (Figure S6a). To limit our analysis to the

most relevant changes, we selected only the 2.3% of DEGs with a

log2 FC > 2 (100 out of the 4,267 transcripts). Among them, 25 and

65 transcripts were only expressed in hiMGCs and in pMGCs, respec-

tively (Figure 3b, bottom panel). The Reactome pathway analysis of

these 100 transcripts suggested that proteins involved in extracellular

matrix organization could be particularly represented in transcripts

with a log2 FC >2 (Figure S6b). Then we identified enriched GO terms

in these 100 transcripts. A DAVID v6.8 analysis (Huang da, Sherman, &

Lempicki, 2009) did not show any statistically significant enrichment

in the GO annotation class of molecular processes. In contrast extra-

cellular components were highly represented in the cellular compo-

nent analysis (Figure 3c). This over-representation was further

confirmed with the identification of the GO term of extracellular

matrix organization associated with the highest fold enrichment and

the lowest Benjamini p-values among all the biological processes

(Figure 3c). The expression of 11 DEGs related to the GO term of

extracellular matrix organization (DCN, TNC, COL9A2, ICAM1,

COL9A3, CRISPLD2, KDR, ITGB4, EMILIN1, ABI3BP, and BCN) was fur-

ther analyzed. EMILIN1 was the gene the most differentially expressed

(FC = 6.6; Figure 3d). To confirm this observation, we obtained inde-

pendent cDNA from unrelated cultures of pMGCs and hiMGCs at P4

and quantified the expression of EMILIN1, collagens (COL9A3 and

COL9A2), integrin (ITGB4) and cellular adhesion molecules (ICAM1) by

RT-qPCR. The selected genes were similarly expressed in independent

culture batches (Figure S7).

The immunostaining analysis showed that from P2 to P8,

pMGC-2 were positive for GFAP while the transcript was not

F IGURE 2 The gene expression profile of hiMGCs is very close to
that of pMGCs. (a) PCA of normalized counts of three iPSCs (blue
dots), three pMGCs (red dots), and three hiMGCs (green dots). The
first two PC revealed that iPSCs, pMGCs, and hiMGCs clustered in
three highly homogeneous cell populations. PC1 allowed
differentiating hiPSCs from pMGCs and hiMGCs and PC2 allowed
differentiating pMGCs from hiMGCs. (b) Heatmap representation of
TPM values of the 5,841 genes with an expression level >40 TPM in
pMGCs, hiMGCs and hiPSCs. Genes were ranked according to their
expression level in pMGCs. In line with the PCA, the overall log2
(TPM + 1) expression profile of hiMGCs was similar to that of pMGCs
while the log2 (TPM + 1) expression profile of hiPSCs highly differed.
(c) Heatmap representation of the expression level of neuronal, glial
and microglial markers in pMGCs and hiMGCs. MGC markers,
including CLU, GLUL, DKK3, and RLBP1 were similarly expressed in
hiMGCs and pMGCs. (d) Heatmap representation of the expression
levels in pMGCs and hiMGCs of the 50 genes with the highest AUC
enrichment score in hMacroglia. The AUC scores have been
determined by Menon et al for the cluster of hMacroglia from a
human retina and downloaded from a public repository (GSE137537,
GSE137847). All genes were similarly expressed in hiMGCs and

pMGCs. (e) Heatmap representation of the expression level of
7 classical MGC markers not found in the 50 genes with the highest
AUC in hMacroglia. All genes were similarly expressed in hiMGCs and
pMGCs. The expression levels in pMGCs and hiMGCs are expressed
in FPKM (to allow comparison with Hoang et al study). AUC, area
under the curve; FPKM, fragment per kilobase million; hiPSCs, human
induced pluripotent stem cells; hiMGCs, human iPSC-derived MGCs;
hMacroglia, human macroglial cell cluster determined by Menon and
al and containing Muller cells and astrocytes; PC, principal
component; PCA, principal component analysis; pMGCs, primary
MGCs; TPM, transcripts per kilobase million. TPM and FPKM are
represented in b, c d and e as their log2 (value +1) to have positive
values [Color figure can be viewed at wileyonlinelibrary.com]
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expressed by hiMGC-1 (Figure 1 and Figure S2h–n). Accordingly GFAP

expression was also elevated in pMGC-2 and pMGC-3 while our three

hiMGCs did not express the protein (Figure 3e), suggesting that these

cells could be gliotic. To further characterize hiMGCs, the expression

level of transcripts recently identified by scRNAseq as differentially

expressed between peripheral MGCs from healthy subjects (six

F IGURE 3 Genes differentially expressed between hiMGCs and pMGCs. (a) Scatter plot of all the transcripts detected in hiMGCs (Y axis) or pMGCs
(X axis) with a mean TPM value >40. Grey dots represent genes that were not differentially expressed (DESeq2, p-value >.05). Colored dots represent

genes differentially expressed with a log2 FC ≥2. Green and red dots represent genes only expressed in hiMGCs and pMGCs, respectively. Blue dots
represent genes differentially expressed in both groups of cells. (b) Schematic representation of the distribution of the 4,267 genes not differentially
expressed (grey dots) or differentially expressed (colored dots) between hiMGCs and pMGCs. Red and hatched red dots represent the 75 and 65 genes
differentially expressed (p < .05) found only in pMGCs (Log2 FC ≥2 or <2, respectively). Blue and hatched blue dots represent the 183 and 10 genes
differentially expressed (p < .05) found in pMGCs and hiMGCs (log2 FC ≥2 or <2, respectively). Green and hatched green dots represent the 73 and
25 genes differentially expressed (p < .05) found only in hiMGCs (log2 FC ≥2 or <2, respectively). (c) GO enrichment analysis (upper panel, cellular
components; lower panel, biological components) of the 100 genes differentially expressed between hiMGCs and pMGCs with a log2 FC ≥2. Left panels
represent the Benjamini statistical p-values for the enrichment test; right panel represents the fold enrichment. Extracellular components were highly
represented in the cellular component analysis and the GO term of “extracellular matrix organization”was associated with the highest fold enrichment
and the lowest Benjamini p-values among the biological processes. (Numbers) indicate the total number of transcripts identified for each GO term
(d) Heatmap representation of the log2 VST DESeq2 values for the 11 genes differentially expressed involved in the “extracellular matrix organization” in
the three pMGCs and the three hiMGCs. (e) Heatmap representation of the log2 TPM expression of four genes differentially expressed found in MGCs
from AIR retinas in the three pMGCs and the three hiMGCs. AIR, autoimmune retinitis; hiMGCs, human induced-pluripotent stem cell-derived MGCs;
pMGCs, primary Müller glial cells; TPM, transcripts per kilobase million; VST, variance stabilizing transformation [Color figure can be viewed at
wileyonlinelibrary.com]
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transcripts) and peripheral MGCs from patients with auto-immune ret-

initis (AIR) (nine transcripts) was analyzed (Andrew P. Voigt

et al., 2020). In line with GFAP expression in pMGCs, the expression

level of two AIR-specific genes (ANXA1 and SERPING1) was signifi-

cantly higher in pMGCs compared to hiMGCs (log2 FC of 1.22 and

2.97, respectively; Figure 3e). Surprisingly, the expression level of

NDUFA4L2, a transcript specifically expressed in MGCs from healthy

retinas, was higher in pMGCs compared to hiMGCs (log2 FC of 3.85;

Figure 3e). The 12 remaining transcripts were similarly expressed in

pMGCs and hiMGCs (Table S3).

Thus, the immunofluorescence and transcriptome analyses

showed that hiMGCs derived from various somatic cell types formed

a very homogeneous group of cells that were transcriptionally and

phenotypically very close to pMGCs.

2.4 | Disease Modeling

Given the involvement of MGCs in retinal disorders and in particular

in early DR and diabetic macular edema pathogenesis, the response of

hiMGCs to a DR-related stress and their use to model DR features

were assessed. Human pMGCs have recently been shown to

upregulate the expression of genes involved in the inflammatory and

angiogenic pathways (ATF3, CXCL8 (IL-8), CXCL2, and ANGPTL4) after

PA exposure (Capozzi et al., 2018). PA is the most studied and abun-

dant saturated FFA in the blood. Its concentration in the blood of

healthy subjects is around 350 μM and increases up to 600 μM in the

plasma of diabetic patients (Liu et al., 2010; P. S. Patel et al., 2010). At

P4, hiMGC-1 were treated for 24 hr with normal glucose concentra-

tions (NG, 5.6 mM) and exposed to increasing concentrations of

PA. The relative expression level of these DR-related genes was then

assessed by RT-qPCR and normalized to that of each gene in

hiMGC-1 cultured with NG in the absence of PA (Figure 4a). Low PA

concentration (5 μM) did not induced any significant changes in the

expression of ATF3, CXCL8, CXCL2, and ANGPTL4 while high PA con-

centrations (250 and 500 μM) upregulated the expression of these

genes (Figure 4a). To assess the response of hiMGCs and pMGCs to

different glycemic and lipid conditions, hiMGCs and pMGCs were cul-

tured with NG or high glucose concentrations (HG, 25 mM) in the

absence or in the presence of 500 μM of PA. The relative expression

of the selected genes in the six cell lines is represented as a heatmap

in Figure 4b according to the culture conditions. The expression of

ATF3, CXCL8, CXCL2, and ANGPTL4 was strongly upregulated in all

hiMGCs and pMGCs in response to PA with NG and HG (Figure 4b

and Figure S8). HG alone did not change the regulation of these genes

in hiMGCs and pMGCs (Figure 4b and Figure S8). Our results showed

a similar physiological response between hiMGCs and pMGCs.

To further support the potential use of these new hiMGCs to

model DR, their capacity to release cytokines involved in vessel remo-

deling was investigated. The PA-induced regulation of hiMGC was

independent of glucose stimulation. Therefore, we only compared

cells cultured with NG versus NG + PA thereafter. In the subsequent

experiments, hiMGC-1 was chosen as a prototypic cell line. The

release of 55 proteins with vascular remodeling properties was quan-

tified in the supernatant of PA-treated hiMGCs using an angiogenic

blot assay (Figure 5a). After 24 hr of culture with NG + PA, the

expression of 41 angiogenic proteins was detectable in hiMGC super-

natant, suggesting potential vascular remodeling capacities

(Figure 5b). PA regulated 46% (19) of the released angiogenic proteins

tested and among them, 84% (16) were proangiogenic and 16%

(3) were anti-angiogenic. The 16 pro-angiogenic factors, including

growth factors (EG-VEGF, FGF1, and VEGF), cytokines (CXCL8,

CXCL16, IL-1β, and MIP1α), and proteins involved in mural-cell main-

tenance (ANG1, ANG2) and matrix remodeling (MMP-9, and PDGF-

AA) were all up-regulated (Figure 5c) and only the anti-angiogenic pro-

teins ADAMTS1 and CXCL4 were up-regulated (Figure 5d). DPP-IV

(adenosine deaminase complexing protein 2) was the only protein

down-regulated by PA (Figure 5d). DPP-IV is an exopeptidase with

known activities on various substrates, including incretins but also

cytokines such as CCL2 and IL-1ß. DPP-IV inhibitors are primarily

used as glucose-lowering drugs due to their effect on GLP-1, however

they also promote angiogenesis in a model of ischemia (Lei

et al., 2017). Our results indicated that all hiMGCs responded to a

DR-related stress by upregulating the expression of pro-inflammatory

genes and by releasing factors with vascular remodeling properties.

3 | DISCUSSION

In this study, we developed for the first time an in vitro model of DR

based on hiMGCs cultured under a defined condition in order to

achieve the dyslipidemia features of the disease. We described an

easy method to generate hiMGCs from ROs and culture conditions to

expand and bank these glial cells. Thawed hiMGCs could be expanded

up to P8 without losing their glial phenotype (Figure 1, S1 and S2) and

transcriptome profiling revealed the high degree of similarity between

hiMGCs and pMGCs (Figures 2 and 3). We showed that hiMGCs

acquired functional features of MGCs and responded to a DR-related

stress by upregulating the expression of genes involved in inflamma-

tory and angiogenic pathways (Figure 4) and by releasing DR-related

angiogenic factors such as VEGF, CXCL8, IL-1β, and ANGPTL4

(Figure 5).

To thoroughly characterize these newly developed hiMGCs, we

analyzed hiMGCs and pMGCs obtained from post-mortem human

samples by immunofluorescence and RNA sequencing. Our data indi-

cated that hiMGCs were phenotypically close to pMGCs. First,

hiMGCs expressed key markers of MGCs including VIM, GS, and

SOX9. Using a combination of transcriptome analysis and data mining,

we showed that hiMGCs had lost hiPSC features during the differenti-

ation process and that their expression profile of 23 retinal markers

unambiguously corresponded to a glial phenotype. Surprisingly, under

our culture conditions, we found that hiMGCs did not express MGC-

specific proteins involved in transmembrane exchange such as APQ4,

KCNJ 2 and 10, SLC1A3, and RLBP1. Nevertheless, these genes were

similarly expressed in hiMGCs and pMGCs, suggesting that hiMGCs

could be used as efficiently as pMGCs for in vitro models of MGCs.
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Furthermore, a single cell analysis has revealed that the expression of

MGC markers could be restricted to subsets of glial cells with spatial

differences. For instance, a subset of MGCs has been shown to

express very low RLBP1 levels (Voigt et al., 2020) while differences in

SLC1A3 and CD44 levels have been reported between the central ret-

ina and the periphery (Menon et al., 2019). These findings suggest

that our protocol could favor the differentiation of a particular subset

of MGCs at the expense of others. Further experiments are needed to

determine if a global deregulation of these markers is due to a bias in

the differentiation toward a specific subset of MGCs or to a global

downregulation of these markers. Second, genes differentially

expressed between hiMGCs and pMGCs (431 with a FC ranging from

0.33 to 7.65) were not limited to specific biological functions and only

2.3% of them were differentially expressed with a high FC (log2 FC

≥2). A GO annotation study of these 100 regulated transcripts rev-

ealed that the changes occurred in the organization of the extracellu-

lar matrix, and they could explain the small differences in cellular

shapes observed in early passages (from P2 to P4). Interestingly,

F IGURE 4 Response of hiMGCs and pMGCs to a DR-related stress. Gene expression level analyzed by RT-qPCR after 18 hr of cell
incubation with normal or high glucose concentrations ± palmitic acid. (a) Graph bar representation of the mean (± SEM) relative expression level
of ATF3, CXCL8 (IL-8), CXCL2, and ANGPTL4 in hiMGC-1 cultured with NG in the presence of increasing PA concentration (0, 5, 250, or 500 μM).
Low concentration of PA (5 μM) did not induce any significant changes in the expression level of ATF3, CXCL8, CXCL2, and ANGPTL4 while high
concentrations (250 and 500 μM) induced an increase in the expression level of these genes. The expression level represented is the mean of
n = 3 independent points. Two tailed Kruskal-Wallis non-parametric test (4 groups, 12 values), with p = .0064; p = .0014; p = .0020; p = .0064
followed by Dunn's multiple comparisons tests, * p = .0382; p = .0197; p = .0382; p = .0064, respectively (b) Heatmap representation of the Log2
relative expression level of ATF3, CXCL8 (IL-8), CXCL2, and ANGPTL4 transcripts in the three pMGCs and the three hiMGCs incubated with NG,
HG, NG + PA and HG + PA. The expression of ATF3, CXCL8, CXCL2, and ANGPTL4 was strongly induced in all hiMGCs and pMGCs in response to

PA with NG and HG. HG alone did not induce the regulation of these genes in hiMGCs and pMGCs. DR, diabetic retinopathy; HG, high glucose
concentration (25 mM); hiMGCs: human iPSC-derived Müller glial cells; NG, normal glucose concentration (5 mM); pMGCS, primary Müller glial
cells; PA, palmitate [Color figure can be viewed at wileyonlinelibrary.com]
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hiMGCs did not express GFAP. GFAP is not expressed by MGCs

under physiological conditions but its expression is increased in Muller

cells in response to injury (Dahl, 1979; Sarthy et al., 1991). GFAP

expression has also been reported in pMGCs under basal culture con-

ditions (Capozzi et al., 2018). Accordingly, we found a sustained

expression of GFAP in pMGC-2 and -3 but the expression of AIR

F IGURE 5 Elevated levels of potent angiogenic factors in the supernatant of hiMGCs treated with palmitate. Semi-quantitative analysis of
the expression level of 55 angiogenic proteins in the supernatant of hiMGCs (hiMGC-1) treated for 24 hr using an angiogenic blot assay.
(a) Representative photography of a blot using the supernatant of hiMGCs treated with NG (left) and NG + PA (right) as a probe. (b) Raw pixel
intensity quantification of the 55 proteins found in the supernatant of hiMGCs treated with in NG + PA. Values are expressed in RDU versus
membrane background (red bars represent upregulated proteins, blue bars represent downregulated proteins and grey bars represent unregulated
proteins compared to the supernatant of hiMGCs cultured with NG). The supernatant of hiMGC-1 treated for 24 hr with NG + PA contained
detectable amounts of 41 angiogenic proteins. (c and d) Graph bar representation of the 20 regulated proteins. Values are expressed in RDU as a
percent variation between hiMGCs treated with NG and NG + PA. (c) Regulated pro-angiogenic proteins (red bars represent the proteins

upregulated in the supernatant of hiMGCs treated with NG + PA). (d) Regulated anti-angiogenic proteins (red bars represent the proteins
upregulated in the supernatant of hiMGCs treated with NG + PA, the blue bar represents the protein upregulated in the supernatant of hiMGCs
treated with NG). PA regulated 19 angiogenic proteins tested: 16 were proangiogenic and 3 were anti-angiogenic. Error bars represent the SEM
of the duplicate spots, each membrane was incubated with a pool of three independent supernatant. hiMGCs, human iPSC-derived Müller glial
cells; NG, normal glucose concentration (5 mM); PA, palmitate; RDU, relative density units [Color figure can be viewed at wileyonlinelibrary.com]
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specific transcripts remains surprisingly low in both pMGCs and

hiMGCs indicating that both cell lines where closest to MGCs in phys-

iological conditions rather than MGCs in pathological conditions.

Thus, hiMGCs could be generated from donors and easily selected,

expanded and stored. Our phenotypic analysis strongly suggested that

hiMGCs were very close to pMGCs and that they could be an attrac-

tive alternative to the rare pMGCs.

To assess the potential use of hiMGCs in disease modeling, we

determined a defined culture condition and developed a hiMGC-

based model of DR to test their response to stimuli involved in DR

progression (HG and PA exposure). HiMGCs and pMGCs were cul-

tured in the presence of HG and PA, a FFA with elevated plasma

levels in T2D patients (Korani et al., 2012; P. S. Patel et al., 2010) and

the expression of ATF3, CXCL8, CXCL2, and ANGPTL4, that play a key

role in DR pathogenesis, was determined (Capozzi et al., 2018). We

showed that PA, but not HG, similarly upregulated the expression of

these genes in hiMGCs and pMGCs. Interestingly under our defined

culture conditions, the response of hiMGCs and pMGCs to PA was

independent of the glucose stimulation while a previous study has

reported a slight potentiation in pMGCs (Capozzi et al., 2018). The

absence of response of hiMGCs is in line with other in vitro studies

on human retinal endothelial cells showing no effect of HG on the

inflammatory and angiogenic responses (Chen et al., 2003; Mohamed

et al., 2014). Similarly, RNAseq analysis has recently been performed

on pMGCs by Capozzi et al, and they have concluded that HG alone

did not significantly affect diabetes-related pathways (Capozzi

et al., 2018). Remarkably, hiMGC response to PA was very similar

between hiMGC from the different donors, suggesting that hiMGCs

could be reprogrammed from cells of different origins without affect-

ing their potential response to injury.

Therefore, hiMGCs could be a valuable tool for future studies

investigating DR-related molecular pathways in human retinas or

assessing new therapeutic drugs.

DR-associated angiogenesis and edema are not solely related to

VEGF (Semeraro et al., 2019). Cytokines released by activated glial

cells are found in the vitreous of DR patients and are likely to partic-

ipate in vascular remodeling (Abcouwer, 2017; McAuley

et al., 2014). Since DR-related transcripts involved in angiogenic

and inflammatory pathways were regulated in response to PA, we

assessed the use of hiMGCs as an adequate model to decipher

VEGF-independent vascular remodeling. We thus compared the

expression of 55 angiogenic factors in the supernatant of control

and PA-treated hiMGCs. Among the proteins upregulated by PA, we

only found two anti-angiogenic factors while pro-angiogenic factors

strongly related to DR such as ANG2, endoglin, IL-1β, CXCL8,

MMP-9, PDGF-AA and VEGF were all upregulated. Among them,

the expression levels of CXCL8 (IL-8) and ANGPTL-4 were high in

hiMGCs and strongly induced by PA (228.9- and 5.0-folds, respec-

tively). CXCL8 induces vascular leakage and is involved in central

nervous system edema (Semple, Kossmann, & Morganti-

Kossmann, 2010). Hypoxia upregulates its expression in glial cells

(Yoshida, Yoshida, Khalil, Ishibashi, & Inomata, 1998) and its levels is

increased in the vitreous of DR patients (Funatsu, Noma, Mimura,

Eguchi, & Hori, 2009; Patel, Tombran-Tink, Hykin, Gregor, &

Cree, 2006; Yoshida et al., 1998; Yoshimura et al., 2009). Its

upregulation has been shown to be independent of VEGF

(Bromberg-White et al., 2013). In patients resistant to anti-VEGF

therapy, CXCL8 levels correlate with therapy success (Jeon &

Lee, 2014). Thus, under pathological conditions, CXCL8 could play a

central role in the pathogenesis of DR by promoting vascular perme-

ability and angiogenesis. ANGPTL4 is a well-characterized transcrip-

tional target of PPAR-β/δ and it also plays an important role in

angiogenesis in proliferative DR (Babapoor-Farrokhran et al., 2015;

Xin et al., 2013). Therapies directed against ANGPTL4 are now

emerging to control endothelial cell proliferation in DR (Yang,

Cheng, & Su, 2018). We showed that hiMGCs could be used as an

appropriate model to test the effects of DR-related pathological

stimuli on MGCs. HiMGCs expressed canonical pro-angiogenic mol-

ecules such as VEGF under pathological conditions as well as other

valuable targets that have been associated with DR such as CXCL8

or ANGPTL4.

The role of dyslipidemia in the pathogenesis of DR is now widely

accepted and supported by the results of the FIELD and ACCORD

studies (Accord Study group et al., 2010; Keech et al., 2007). How-

ever, the relationship between dyslipidemia and DR is still poorly

understood, and discrepancies in the association between the class of

plasma lipids and DR progression suggest that subtle changes in lipid

composition, that remains to be determined, may be responsible for

DR worsening (Chang & Wu, 2013). Clinically, a poor response to

anti-VEGF treatment has been associated with the presence of lip-

oproteinaceous debris and cholesterol crystals that compose the fluid

of hyperreflective cystoid spaces found in DME patients (Ahn, Han,

Ahn, Kim, & Oh, 2020; Horii et al., 2012; Kashani et al., 2018).

HiMGCs that strongly respond to plasma lipids such as PA will be a

valuable tool to help to understand the biology of lipids associated

with DR progression.

4 | MATERIALS AND METHODS

4.1 | Human iPSC maintenance

Human iPSC clone AHF1pi2 (Reichman, Terray, et al., 2014), FS2pi3

(Reichman et al., 2017) and 5f (Slembrouck-Brec et al., 2019) were

derived respectively from adult dermal fibroblasts, foreskin fibroblasts

and post-mortem MGCs (pMGC-3). Briefly, cells were cultured on

truncated recombinant human vitronectin (rhVTN-N; ThermoFisher

Scientific, Waltham, MA, Cat. #A14700) coated dishes with Essential

8™ medium (ThermoFisher Scientific, Cat. #SMC-100B) as previously

described (Slembrouck-Brec et al., 2018) (Supplementary Table S4).

HiPSCs were passaged with the enzyme-free Gentle Cell Dissociation

Reagent (StemCell Technologies, Vancouver, BC, Canada, Cat.

#07174) every week. Detached cell aggregates were collected in

Essential 8™ medium and carefully pipetted up and down to obtain

uniform suspension of cell aggregates and re-seeded at ratio of 1/10

to 1/60 depending on the confluence.
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4.2 | Retinal differentiation

For retinal differentiation, our xeno-, feeder-, and embryoid body-

free protocol was used as previously described (Slembrouck-Brec

et al., 2018). HiPSCs were expanded to 70–80% confluence in dis-

hes coated with rhVTN-N in Essential 8™ medium. At this time,

defined as Day 0 (D0), hiPSCs were cultured in chemical defined

Essential 6™ medium (ThermoFischer Scientific, Cat. #A1516401).

After 2 days, the medium was replaced by E6N2 medium [Essential

6™ medium, N2 supplement (ThermoFischer Scientific, Cat.

#17502048), 10 units/ml Penicillin and 10 μg/ml Streptomycin

(ThermoFisher Scientific, Cat. #15140148]. The medium was chan-

ged every 2–3 days. On D28, identified self-formed ROs were iso-

lated, using a needle and cultured as floating structures in the

ProB27 medium [DMEM/Nutrient Mixture F-12 (DMEM/F12;

ThermoFisher Scientific, Cat. # 11320074), 1X MEM non-essential

amino acids (ThermoFisher Scientific, Cat. #11140050), 2% B27™

supplement (Thermo Fischer Scientific, Cat. #17504044),

10 units/ml Penicillin and 10 μg/ml Streptomycin] supplemented

with 10 ng/ml of recombinant human fibroblast growth factor-2

(FGF2; PeproTech, Cranbury, NJ, Cat. #100-18B). Half of the

medium was changed every 2–3 days. At D35, FGF2 was removed

of the ProB27 medium and ROs were cultured in floating condition

for the next several weeks to follow retinal differentiation and

maturation (Supplementary Table S5).

4.3 | Human post-mortem and hiPSC-derived
Müller glia cell isolation and amplification

Human post-mortem retinal tissue or ROs were dissociated

accordingly to the previously described protocol (Slembrouck-

Brec et al., 2018). All generated cell batches were found negative

for Mycoplasma contamination. For hiMGCs, floating ROs were

collected between D150 and D200. Distal RPE was discarded

from the organoids under a stereomicroscope and neuro-retinal

structures were washed 3 times in Ringer solution (NaCl 155 mM;

KCl 5 mM; CaCl2 2 mM; MgCl2 1 mM; NaH2PO4 2 mM; HEPES

10 mM; and Glucose 10 mM). RPE-free ROs were dissociated

with two units of pre-activated papain at 28.7 μ/mg

(Worthington Biochemical Corp., Lakewood, NJ, Cat. #LS003124)

in Ringer solution during 25 min at 37�C. When a homogenous

cell suspension is obtained, papain was inactivated by adding 1 ml

of MGC medium [DMEM, high glucose −25 mM-, pyruvate

(ThermoFisher Scientific, Cat. #41966052), fetal bovine serum

(FBS; ThermoFisher Scientific, Cat. #26140079) 10%,

100 units/ml Penicillin and 100 μg/ml Streptomycin). Cells were

centrifuged at 110g and resuspended in pre-warmed MGC

medium. Retinal cells were plated at 50000 cell/cm2 in T-25 cm2

flask previously coated with Geltrex matrix (ThermoFischer Sci-

entific, Cat. #A1413302) and incubated at 37�C in a standard 5%

CO2/95% air incubator (Supplementary Table S4). Medium was

changed every 2–3 days.

4.4 | Cryopreservation of MGCs

HiMGCs or pMGCs at passage 1 were cryopreserved in 10% DMSO,

90% FBS solution (4 × 105 Cells / 500 μl/cryotube) and placed in

isopropanol-based freezing container at −80�C for a minimum of 4 hr.

Frozen tubes were kept in a −150�C freezer for long-term storage.

Frozen MGCs were thawed quickly at 37�C in a water bath and

resuspended in prewarmed dedicated media for downstream

investigations.

4.5 | Immunostaining and imaging of MGCs

HiMGCs, pMGCs, and RO sections were fixed with 4% PFA in phos-

phate-buffered saline solution (PBS; ThermoFisher Scientific, Cat.

#10010023) for 5 min before immunostaining. After washes with

PBS, nonspecific binding sites were blocked for 1 hr at room tempera-

ture with blocking buffer [PBS solution containing 0.2% gelatin

(Merck, Darmstadt, Germany) and 0.25% Triton X-100 (ThermoFisher

Scientific, Cat. #28314)] and then overnight at 4�C with the primary

antibody against human Vimentin (VIM, 1:100; Merck, clone VIM

3B4, Cat. #CBL 202), Glial fibrillary acidic protein (GFAP, 1:200, Cell

Signaling Technology, Danvers, MA, clone D1F4Q, Cat. #12389), Glu-

tamine synthetase (GS, 1:500, Merck, clone GS-6, Cat. #MAB302),

SRT-BOX 9 (SOX9, 1:1000; Merck, Cat. #AB5535), SRT-BOX

2 (SOX2, 1:400; Cell Signaling, clone D6D9, Cat. #3579) diluted in

blocking buffer. Slides were washed three times in PBS with 0.1%

Tween®20 (Merck, Cat. #P1379) and then incubated for 1 hr at room

temperature with appropriate secondary antibodies conjugated with

either AlexaFluor 488, 594 or 647 (Interchim) diluted at 1:600 in

blocking buffer with 40 ,6-diamidino-2-phenylindole (DAPI) diluted at

1:1000 to counterstain nuclei. Fluorescent staining signals were cap-

tured with an Olympus FV1000 confocal microscope equipped with

405, 488, 543, and 633 nm lasers. Confocal images were acquired

using a 1.55 or 0.46 μm step size and corresponded to the projection

of 20–40 optical sections.

4.6 | RNAseq analysis

Total RNA were extracted from P2 hiMGCs, pMGC-1 and -2 or P3

pMGC-3 using the Nucleospin RNA II kit (Macherey-Nagel, Düren,

Germany, Cat. #740955) according to the manufacturer's protocol,

RNA quality and quantity were evaluated using BioAnalyzer 2100

(Agilent Technologies, Santa Clara, CA) with the RNA 6000 Nano Kit

(Agilent Technologies, Cat. #5067-1511). RNA sequencing libraries

were constructed from 1 μg of total RNA using a modified TruSeq

RNA Sample preparation kit protocol. Pass-filtered reads (using

Trimmomatic) were mapped using HiSAT2 and aligned to human ref-

erence genome GRCh38.95 (Kim, Langmead, & Salzberg, 2015). The

count table of the gene features was obtained using HTSeq. Normali-

zation and differential expression analysis values were computed with

DESeq2 (Love et al., 2014). TPM were determined using Libinorm
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using htseq mode (Dyer, Shahrezaei, & Hebenstreit, 2019). All gener-

ated data that supports the findings of this study are available in the

Data S1 of this article and all raw data have been deposited in NCBI’s
Gene Expression Omnibus GSE166565.

Average expression in hMacroglia and AUC were determined

by Menon et al for the macroglial cell cluster of a human retina and

downloaded from public repository (GSE137537, GSE137847;

Menon et al., 2019). Expression level in FPKM for cell-sorted

MGCs from control mice were determined by Hoang et al and

downloaded from public repository (GSE 135406; Hoang

et al., 2020).

4.7 | Palmitate solubilization in culture medium

PA as other FFA is a hydrophobic molecule. To allow its solubilization

in culture medium, PA (Merck, Cat. #P0500) was bound to bovine

serum albumin FFA-free (BSA, Merck, Cat. #A8806). To obtain the

working concentration of PA-culture medium (500 μM PA, 0.5%

vol/vol EtOH), corresponding to a molar ratio PA/BSA = 3.8, we

diluted at 1:200 an absolute EtOH solution of 0.1 M of PA in a BSA-

culture medium (0.88% wt/vol of BSA). As described in Supplemen-

tary Table S4, BSA-culture medium is either prepared from 5.6 or

25 mM glucose DMEM.

4.8 | Defined culture condition modeling DR

The hiMGCs and pMGCs were thawed and grow in MGC medium in a

standard 5% CO2/95% air incubator until P3. Twenty-four hours

before passage, P3 MGCs were serum-starved medium and changed

in normo glucose (NG −5.6 mM-) medium without BSA and EtOH

[DMEM low glucose −5.6 mM-, pyruvate (ThermoFisher Scientific,

Cat. #31885) supplemented with 19.4 mM mannitol (Merck, Cat.

#240184) and 50 units/ml Penicillin and 50 μg/ml Streptomycin]

(Supplementary Table S4). Mannitol was added to keep osmotic con-

dition similar to DMEM High glucose (25 mM glucose). P3 cells were

then passed in Geltrex-coated dishes (35,000 cells/cm2) in NG

medium without BSA. After 4 hr, attached P4 hiMGCs and pMGCs

were cultured for 18 hr (transcriptome analysis) or 24 hr (proteomic

analysis) in different conditions using. First, a dose response to PA

was performed using a NG medium [DMEM low glucose −5.6 mM-,

pyruvate supplemented with 19.4 mM mannitol, 50 units/ml Penicillin

and 50 μg/ml Streptomycin, BSA 0.88 wt/vol, EtOH 0.5% vol/vol)]

and increasing concentration of PA (0, 5, 250, and 500 μM). Then,

four different media were used: NG [DMEM low glucose −5.6 mM-,

pyruvate supplemented with 19.4 mM mannitol, 50 units/ml Penicillin

and 50 μg/ml Streptomycin, BSA 0.88 wt/vol, EtOH 0.5% vol/vol)],

HG [DMEM high glucose −25 mM-, pyruvate supplemented with

50 units/ml Penicillin and 50 μg/ml Streptomycin, BSA 0.88 wt/vol,

EtOH 0.5% vol/vol], NG + PA (DMEM low glucose −5.6 mM-, pyru-

vate supplemented with 19.4 mM mannitol, 50 units/ml Penicillin,

and 50 μg/ml Streptomycin BSA 0.88 wt/vol, EtOH 0.5 vol/vol) or

HG + PA (DMEM high glucose −25 mM-, BSA 0.88 wt/vol, PA

500 μM, EtOH 0.5% vol/vol) (Table S4).

4.9 | RNA isolation, reverse transcription and real-
time quantitative polymerase chain reaction
(RT-qPCR)

After 18 hr of treatment hiMGCs and pMGCs were lysed and RNA

purified using the RNA XS kit (Macherey-Nagel, Cat. #740902)

according to the manufacturer's protocol. Total RNA was isolated and

converted to cDNA using QuantiTect Reverse Transcription Kit

(Qiagen, Hilden, Germany Cat. #205314). Each reverse transcription

assay was performed in a 20 μl reaction. Subsequent real-time qPCR

was performed using cDNA, Sybr Green PCR Master Mix

(ThermoFisher Scientific, Cat. #4367659) in StepOne Plus real-time

PCR system (ThermoFisher Scientific, Applied Biosystems™) with the

following profile: 10 min at 95�C, followed by a total of 40 two-

temperature cycles (15 s at 95�C and 1 min at 60�C). To verify the

purity of the products, a melting curve was produced after each run

according to the manufacturer's instructions. Results were expressed

as fold induction after normalization by RPS26 gene expression.

Primers for RT-qPCR were purchased from IDT technology (Table S5).

4.10 | Profiling of angiogenesis related protein in
DR-modeled hiMGC secretome

The relative expression profile of 55 human angiogenesis-related

proteins was performed using Proteome Profiler Human Angiogene-

sis Array kit (Bio-Technee, Minneapolis, MNCat. #ARY007) follow-

ing the manufacturer's instructions. Briefly, hiMGCs were cultured

under NG or NG + PA conditions, 700 μl of 24 hr-conditioned

medium were mixed with a cocktail of biotinylated detection anti-

bodies and incubated with the array membrane. Captured proteins

are visualized using chemiluminescent detection reagents supplied

and each duplicate spot represent the detection of one specific anti-

gen. The signal detected is proportional to the amount of bound

analyte and the images were acquired on a Fusion FX7 (Vilber,

Marne-la-Vallée, France) with an exposure time of 10 min. Relative

level of proteins was measured with the open source image

processing program Fiji (Rueden et al., 2017) using pixel intensity

after subtraction of local background level with MicroArray_Profile

plugin (OptiNav, Bellevue, WA). Three duplicate reference spots

(positive controls) placed at 3 corners are used to normalize pixel

intensity for each membrane.

4.11 | Statistical analysis

Graph Pad Prism 8 (GraphPad Software) was used for data analysis

and graphic representation. All values are reported as a mean ± SEM.

In RT-qPCR experiments, statistical differences between groups were
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evaluated using a two-tailed Kruskal–Wallis non-parametric test,

followed by Dunn's multiple comparisons.
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