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SUMMARY
Although the degeneration of retinal ganglion cells (RGCs) is a primary characteristic of glaucoma, astrocytes also contribute to their neu-

rodegeneration in disease states. Although studies often explore cell-autonomous aspects of RGCneurodegeneration, amore comprehen-

sive model of glaucoma should take into consideration interactions between astrocytes and RGCs. To explore this concept, RGCs and

astrocytes were differentiated from human pluripotent stem cells (hPSCs) with a glaucoma-associated OPTN(E50K) mutation along

with corresponding isogenic controls. Initial results indicated significant changes in OPTN(E50K) astrocytes, including evidence of auto-

phagy dysfunction. Subsequently, co-culture experiments demonstrated thatOPTN(E50K) astrocytes led to neurodegenerative properties

in otherwise healthy RGCs,while healthy astrocytes rescued someneurodegenerative features inOPTN(E50K) RGCs. These results are the

first to identify disease phenotypes in OPTN(E50K) astrocytes, including how their modulation of RGCs is affected. Moreover, these re-

sults support the concept that astrocytes could offer a promising target for therapeutic intervention in glaucoma.
INTRODUCTION

Astrocytes are the most prevalent cell type in the CNS,

providing essential support for neurons through a variety

of mechanisms, including neurotrophic support, mainte-

nance of the blood-brain barrier, reuptake of neurotrans-

mitter, and synapse modulation, among many other func-

tions (Paixao and Klein, 2010; Sofroniew and Vinters,

2010). Astrocyte support for neurons is essential for the

maintenance of homeostasis within the CNS, yet a number

of neurodegenerative disorders are associated with astro-

cyte dysfunction in which astrocytes either fail to provide

support for neurons or actively contribute to the neurode-

generative process through the production of neurotoxic

compounds (Escartin et al., 2021; Liddelow and Barres,

2017; Phatnani and Maniatis, 2015). As such, astrocytes

can also play pivotal roles in the degenerative process.

Glaucoma is a neurodegenerative disease of the retina

and optic nerve in which retinal ganglion cells (RGCs) are

damaged and subsequently degenerate, resulting in the

loss of vision or blindness (Hartwick, 2001; Quigley,

2011). Although cell-autonomous mechanisms result in

the degeneration of RGCs (Buckingham et al., 2008; Chi-

transhi et al., 2018), astrocytes also contribute to the

degenerative processes observed in glaucoma in a non-

cell-autonomous manner (Cooper et al., 2020; Guttenplan
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et al., 2020; Shinozaki and Koizumi, 2021). However,

although much of what we know about astrocyte modula-

tion of RGCs in glaucoma is due to studies using rodent

models, important differences exist between rodents and

humans, including a low degree of conservation of both

RGCs as well as astrocytes (Hodge et al., 2019; Oberheim

et al., 2009; Peng et al., 2019; Zhang et al., 2016b). Human

pluripotent stem cells (hPSCs) provide an advantageous

model system to better reflect the interactions between as-

trocytes and RGCs in the human system. Although previ-

ous studies have demonstrated the in vitro modeling of

neurodegenerative features of glaucoma using hPSCs in a

cell-autonomous fashion (Ohlemacher et al., 2016; Sharma

et al., 2017; Teotia et al., 2017; VanderWall et al., 2020), and

astrocytes have been shown to enhance the growth and

maturation of hPSC-derived RGCs (VanderWall et al.,

2019), studies have not explored the interactions between

hPSC-derived astrocytes and RGCs from a glaucoma pa-

tient background to examine how astrocytes contribute

to the neurodegenerative state.

To address this shortcoming, in the present study we

focused upon the differentiation of astrocytes derived from

glaucoma OPTN(E50K) hPSCs or isogenic control lines, as

well as how astrocytes derived from these populations

modulated RGC phenotypes. Significant differences were

observed in glaucoma hPSC-derived astrocytes compared
uthor(s).
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Figure 1. Astrocyte differentiation from isogenic control and OPTN(E50K) hPSCs
(A–F) Astrocytes were differentiated from both cell sources in high purity, and resulting astrocytes expressed a variety of associated
markers.
(G–I) Compared with isogenic control astrocytes, a smaller percentage of OPTN(E50K) astrocytes expressed GFAP.
(J) Western blot analyses confirmed a significant decrease in GFAP expression, as well as increased expression of S100b and SOX9.
n = 4 separate differentiation experiments each using H7 and H7(E50K) hPSCs. Scale bars, 100 mm. Error bars represent SEM. *p < 0.05,
***p < 0.001, and ****p < 0.0001.
with isogeniccontrols, includingalterations incharacteristic

astrocyte-associated protein expression and deficits in the

autophagy pathway. The co-culture of hPSC-derived astro-

cytes resulted in profound effects upon RGCs, with glau-

coma astrocytes inducing neurodegenerative phenotypes

in RGCs including phenotypic changes and increased excit-

ability. Conversely, the co-culture with healthy astrocytes

rescued degenerative phenotypes from glaucoma RGCs. At

least some of these astrocyte-derived effects were due to

astrocyte-derived secreted factors, as glaucoma astrocyte-

conditioned medium conferred degenerative phenotypes

upon RGCs. The present study is the first of its kind to iden-

tify disease-related phenotypes in glaucoma hPSC-derived

astrocytes, as well as to study the interactions of these cells

with RGCs in an in vitro co-culture paradigm, providing evi-
dence that astrocytes could offer a promising opportunity

for neuroprotection in glaucoma.

RESULTS

Neurodegenerative features of OPTN(E50K) astrocytes

Although astrocytes play critical roles in the support of

neurons in homeostatic conditions (Sofroniew and

Vinters, 2010), various disease states result in profound

changes to astrocyte features (Escartin et al., 2021; Phat-

nani and Maniatis, 2015). Thus, initial efforts focused

upon the identification of disease-related changes to astro-

cytes with a glaucoma OPTN(E50K) mutation compared

with isogenic control astrocytes (Figures 1 and S1). To pur-

sue these studies, we used multiple independent cell lines
Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022 1637



Figure 2. Disease-related features of
OPTN(E50K) astrocytes
(A–C) Isogenic control astrocytes demon-
strated widespread expression of LC3, while
OPTN(E50K) astrocytes displayed significant
aggregation of LC3 within the soma.
(D–F) Mitochondria identified by TOM20 im-
munostaining were observed to be wide-
spread and elongated in isogenic control as-
trocytes, while OPTN(E50K) astrocytes
displayed condensed mitochondria aggre-
gated within the perinuclear region.
(G–I) OPTN(E50K) astrocytes displayed
significantly less co-localization of LC3 and
LAMP1, suggesting an inability of the auto-
phagosome to fuse with the lysosome.
(J) OPTN(E50K) astrocytes also expressed
significantly higher levels of the autophagy-
related p62 protein, suggesting autophagy
impairment.
n = 3 separate differentiation experiments
each using H7 and H7(E50K) hPSCs. A mini-
mum of 5 individual cells from each of at least
3 separate differentiation experiments were
used for analysis in (A)–(I). Scale bars,
25 mm (A, B, D, and E) and 10 mm (G and
H). Error bars represent SEM. *p < 0.05,
**p < 0.01, and ****p < 0.0001.
either with or without the OPTN(E50K) glaucoma-associ-

ated mutation, including both patient-derived and

CRISPR-Cas9-introduced mutations, along with relevant

isogenic controls, as previously described (VanderWall

et al., 2020). Astrocytes were efficiently derived from both

OPTN(E50K) and isogenic control sources and expressed

characteristic markers (Figures 1A–1H). As previous studies

have demonstrated changes in the expression of GFAP in

disease states (Diaz-Amarilla et al., 2011; Gomes et al.,

2019; Yoshii et al., 2011), an analysis of OPTN(E50K) glau-

coma astrocytes indicated a decrease in GFAP expression

(Figure 1J), with significantly fewer S100b-positive astro-

cytes co-expressing GFAP (Figures 1G–1J). Full gel images

demonstrated the specificity of antibodies used, as well as

the absence of other splice variants (Figure S2). Interest-

ingly, this decrease in GFAP expression among

OPTN(E50K) astrocytes was also associated with a decrease
1638 Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022
in proliferation identified by the expression of Ki-67 (Fig-

ure S3). Additionally, increased expression of S100b and

SOX9 was observed in OPTN(E50K) astrocytes (Figure 1J),

similar to previous descriptions for other disease-associated

astrocytes (Michetti et al., 2019; Sun et al., 2017).

As the OPTN protein serves a primary role as an auto-

phagy receptor, and deficits in the autophagy and mito-

chondrial pathways have been previously associated with

the OPTN(E50K) mutation (Inagaki et al., 2018; Minegishi

et al., 2013; Shim et al., 2016), additional analyses focused

on autophagy-related phenotypes (Figures 2 and S1).

Although the localization of the autophagy-associated pro-

tein LC3 was diffuse within isogenic control astrocytes, a

profound aggregation of LC3 protein was observed associ-

ated with glaucoma OPTN(E50K) astrocytes (Figures 2A–

2C). Additionally, an analysis of mitochondria within as-

trocytes revealed a compaction of mitochondria in a



Figure 3. RNA-seq analyses of OPTN(E50K) and isogenic control astrocytes
(A) Heatmap representation of differentially expressed genes between OPTN(E50K) and isogenic control astrocytes. Each row represents
one sample, and each column represents one gene. The up- and down-regulated genes are yellow and blue colored, respectively.
(B and C) Venn diagram (B) and (C) scatterplot of differentially expressed genes.
(D) Gene Ontology (GO) and pathway terms from differential gene expression analysis of OPTN(E50K) and isogenic control astrocytes. Sta-
tistical significance (�log[p] value on the x axis) was assessed using hypergeometric test.
n = 4 separate differentiation experiments each using H7 and H7(E50K) hPSCs.
perinuclear fashion within OPTN(E50K) astrocytes, result-

ing in a significantly decreased mitochondrial footprint

within these cells (Figures 2D–2F). The localization of

LC3 protein indicative of autophagosomes was then

compared with the lysosomal protein LAMP1. Compared

with isogenic control astrocytes, co-localization of these

proteins was significantly decreased in OPTN(E50K) astro-

cytes (Figures 2G–2I), suggesting dysfunctional autophagy

processing. Further dysfunction of the autophagy pathway

was observed as a significant increase in the expression of

p62 in glaucoma OPTN(E50K) astrocytes (Figure 2J).

Given the numerous phenotypic differences due to the

glaucoma OPTN(E50K) mutation, RNA sequencing (RNA-

seq) analyses revealed numerous genes differentially ex-

pressed in astrocytes from OPTN(E50K) or isogenic control

sources, including astrocyte-associated markers HEPACAM

and Aquaporin-4, as well as genes that are associated with

neurodegeneration, including MAPT and the glaucoma-

associated CYP1B1 (Sena et al., 2004; Zhang et al., 2016a)

(Figures 3A–3C). Pathway enrichment analyses identified

numerous cellular pathways that were differentially modu-
lated because of the OPTN(E50K) glaucoma mutation

(p < 0.05, hypergeometric test), with OPTN(E50K) astro-

cytes downregulating genes associated with the cell cycle

and DNA replication (p < 1e-6), while upregulating genes

associatedwith pathways including thematrisome, inflam-

matory pathway, and gap junctions, among others (p < 1e-

4, Figure 3D).

Astrocytes modulate RGC structure and function

Although astrocytes provide critical support to RGCs to

maintain homeostasis (VanderWall et al., 2019; Vecino

et al., 2016), they can also be toxic to RGCs and signifi-

cantly contribute to the degeneration of these cells (Cooper

et al., 2020; Guttenplan et al., 2020). Thus, to explore the

possibility that astrocytes with the OPTN(E50K) mutation

contribute to neurodegeneration, co-cultures were estab-

lished to identify morphological changes to RGCs due to

either glaucoma OPTN(E50K) or healthy isogenic control

astrocytes. Both isogenic control and OPTN(E50K) cell

lines effectively differentiated into RGCs expressing char-

acteristic morphologies and molecular markers (Figure S4),
Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022 1639



Figure 4. Astrocytes modulate RGC phenotypes
(A–F) Compared with isogenic control RGCs grown alone, those grown in the presence of healthy isogenic control astrocytes exhibit
enhanced neurite outgrowth, while those grown in the presence of OPTN(E50K) astrocytes exhibit a reduction of primary neurites as well as
soma size.
(G–L) OPTN(E50K) RGCs exhibit degenerative phenotypes that can be rescued in the presence of healthy isogenic control astrocytes,
whereas OPTN(E50K) astrocytes did not have an observable effect.
(M–O) Quantification of results from these co-culture assays.
nR 3 separate differentiation experiments each using H7 and H7(E50K) hPSCs. A range of 10–15 RGCs were analyzed per condition. Scale
bars, 50 mm (white bars refer to A, C, E, G, I, and K) and 100 mm (black bars refer to B, D, F, H, J, and L). Error bars represent SEM. *p < 0.05,
***p < 0.001, ****p < 0.0001.
as we have previously described (Ohlemacher et al., 2016;

VanderWall et al., 2019, 2020). After 4 weeks of co-culture,

a time point atwhichwehave previously demonstrated sig-

nificant differences between OPTN(E50K) and isogenic

control RGCs grown alone (VanderWall et al., 2020),

healthy isogenic control RGCs grown in the presence of

healthy astrocytes exhibited increased neurite outgrowth

(Figures 4A–4D), similar to previous studies (VanderWall

et al., 2019). Conversely, astrocytes with the glaucoma

OPTN(E50K) mutation conferred neurodegenerative phe-

notypes upon otherwise healthy RGCs (Figures 4E and
1640 Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022
4F), suggesting an active role for astrocytes in RGC neuro-

degeneration. Furthermore, although RGCs with the glau-

comaOPTN(E50K)mutation grown alone exhibited degen-

erative phenotypes including reduced neurite length and

number (Figures 4G and 4H), their co-culture with healthy

isogenic control astrocytes rescued these phenotypes

(Figures 4I and 4J), while co-culture with OPTN(E50K) as-

trocytes did not affect morphological features of

OPTN(E50K) RGCs (Figures 4K and 4L).

Next, to determine if the presence of healthy or glau-

coma astrocytes affected functional properties of RGCs,



whole-cell patch-clamp analyses were performed on either

healthy or glaucoma OPTN(E50K) RGCs grown in culture

with either healthy or glaucoma OPTN(E50K) astrocytes.

RGCs in all conditions could conduct ionic currents (Fig-

ure 5A). However, upon the stimulation of RGCs in cur-

rent-clamp experiments, elicited action potentials were

more frequent when either astrocytes or RGCs possessed

the OPTN(E50K) mutation, which was even more pro-

nounced when both RGCs and astrocytes harbored the

OPTN(E50K) mutation (Figures 5B and 5C). When the

OPTN(E50K) glaucoma mutation was present in one or

both cell types in co-culture, significant differences were

observed in the RGC sodium current density, input resis-

tance, cellular capacitance, and action potential current

threshold (Figures 5D–5G). Furthermore, when co-cultures

were established with glaucoma OPTN(E50K) astrocytes,

nearly all RGCs were capable of firing evoked action poten-

tials in response to a 1 ms stimulation (Figure 5H). Collec-

tively, these results demonstrate the ability for healthy

isogenic control astrocytes to regulate OPTN(E50K) RGC

excitability, while RGCs grown with OPTN(E50K) astro-

cytes exhibited hyperexcitable properties, suggesting that

astrocytic regulation of excitotoxic mechanisms may

contribute to glaucoma neurodegeneration.

Analysis of astrocyte-derived secreted factors

contributing to RGC neurodegenerative phenotypes

Astrocytes modulate neuronal function through either

contact-dependent or paracrinemechanisms, and previous

studies have demonstrated that diseased astrocytes secrete

factors contributing to neuronal degeneration (Ramirez-

Jarquin et al., 2017; Tripathi et al., 2017). To examine if

secreted factors from isogenic control and OPTN(E50K) as-

trocytes modulated RGC phenotypes, Transwell co-cul-

tures were established to identify secreted factors that

contribute to RGC degenerative phenotypes (Figure 6). Sig-

nificant differences were observed in the average number

of primary neurites as well as the soma size for both

isogenic control and OPTN(E50K) RGCs when grown in

conditioned medium from OPTN(E50K) astrocytes, sug-

gesting that astrocytes exert at least some effects through

the release of soluble factors (Figures 6A–6F). Interestingly,

the growth of glaucoma OPTN(E50K) RGCs with condi-

tioned medium from healthy isogenic control astrocytes

significantly improved the number of primary neurites,

demonstrating the importance of maintaining healthy as-

trocytes for RGC homeostasis.

Next, to determine if differences were caused by specific

secreted factors, a Meso Scale Discovery (MSD) analysis

tested for differences in the relative abundance of candi-

date secreted factors from OPTN(E50K) and isogenic con-

trol astrocytes (Figure 6G). Among this panel, healthy

isogenic control astrocytes secreted elevated levels of IL-6
and IL-8. Conversely, glaucoma OPTN(E50K) astrocytes

did not secrete any of these factors above control levels

found in basal medium, suggesting a reduced capacity for

these cells to provide trophic support for RGCs. Although

RNA-seq analyses demonstrated that isogenic control and

OPTN(E50K) cells did not differ in the transcriptional levels

of IL-6, subsequent MSD analyses of astrocyte cell lysates

demonstrated a decreased production of this protein by

OPTN(E50K) astrocytes (relative fold change 9.516 ±

2.154, p < 0.005). To test the ability of candidate factors

to rescue degenerative phenotypes, IL-6 was exogenously

added (50 ng/mL) to OPTN(E50K) RGCs, resulting in a

rescue of soma size and a partial recovery of the number

of primary neurites (Figures 6H and 6I), with control exper-

iments demonstrating that the exogenous application of

IL-6 did not significantly affect healthy isogenic control

RGCs (Figure S5). Additionally, the application of exoge-

nous TNF-a, which did not exhibit differential expression,

did not result in any discernable effects upon OPTN(E50K)

or isogenic control RGCs (Figure S6), supporting the speci-

ficity of effects observed due to IL-6. To further confirm that

the replacement of missing secreted factors could improve

the overall health of OPTN(E50K) RGCs, western blot ana-

lyses demonstrated that exogenous IL-6 treatment also

increased the expression of synaptic proteins (Figures 6M

and 6N).
DISCUSSION

Astrocytes play essential roles in the maintenance of

homeostatic conditions for neurons, including RGCs (So-

froniew and Vinters, 2010), yet this support is often

compromised in disease states such as glaucoma (Formi-

chella et al., 2014; Guttenplan et al., 2020). Diseased astro-

cytes can lead to the degeneration of neurons through

either neurotoxic mechanisms in which astrocytes secrete

toxic substances, or by a lack of support in which neurons

are deprived of essential pro-survival factors (Liddelow and

Barres, 2017; Phatnani and Maniatis, 2015; Syc-Mazurek

and Libby, 2019). In either case, altered interactions be-

tween neurons and astrocytes lead to neurodegenerative

features. However, the precise mechanisms underlying

these changes are varied and remain unclear.

In the present study, profound differences were observed

in astrocytes with the OPTN(E50K) mutation when

compared with healthy isogenic control astrocytes,

including changes in the expression of GFAP, S100b, and

SOX9 (Figure 1). Importantly, these differences were

consistently observed across multiple cell lines, including

paired isogenic lines, ensuring that these differences were

due to the OPTN(E50K) mutation rather than variability

between cell lines. Interestingly, previous studies have
Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022 1641



Figure 5. OPTN(E50K) astrocytes confer hyperexcitable profiles to RGCs
(A) Ionic currents recorded from RGCs in the presence of astrocytes in each experimental condition.
(B and C) OPTN(E50K) RGCs grown with OPTN(E50K) astrocytes fired significantly more action potentials upon current injection compared
with RGCs in other conditions.
(D–G) RGCs grown with OPTN(E50K) astrocytes resulted in increased sodium current density, increased input resistance, decreased cell
capacitance, and decreased action potential threshold.
(H) Following 1 ms current injections, a higher percentage of RGCs on OPTN(E50K) astrocytes fired action potentials compared with RGCs
on isogenic control astrocytes.
n = 4 separate differentiation experiments each using H7 and H7(E50K) hPSCs. Error bars represent SEM. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.
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associated disease phenotypes in astrocytes with an in-

crease in GFAP expression, particularly in classically reac-

tive astrocytes (Escartin et al., 2021; Hol and Pekny,

2015), rather than a decrease. However, the possibility ex-

ists that decreased GFAP expression is indicative of a dis-

ease state in which astrocytes fail to provide neuroprotec-

tive support. Indeed, previous studies in other systems

have similarly demonstrated the decreased expression of

GFAP associated with a disease state (Diaz-Amarilla et al.,

2011; Gomes et al., 2019; Yoshii et al., 2011), as well as dif-

ferences in the expression of other astrocyte-associated

proteins including SOX9 and S100b (Michetti et al., 2019;

Sun et al., 2017).

The OPTN protein plays a primary role as an autophagy

receptor (Slowicka et al., 2016), and autophagy dysfunc-

tion can be strongly associated with a variety of neurode-

generative diseases (Chu, 2019). Interestingly, an accumu-

lation of the autophagy-related LC3 protein was found

withinOPTN(E50K) astrocytes, correlatedwith a condensa-

tion of mitochondria within the soma as well as a signifi-

cantly decreased co-expression of LC3 and LAMP1 (Fig-

ure 2), suggesting a decreased ability for the

autophagosome to fuse with the lysosome (De Leo et al.,

2016). Taken together, these results strongly suggested

the potential for astrocyte autophagy dysfunction to be

associated with a disease phenotype.

To further assess the functional consequences of the

OPTN(E50K) mutation in astrocytes, RNA-seq analysis

identified many differentially expressed genes and path-

ways. Among them,many upregulated genes had been pre-

viously associated with neurodegenerative diseases and ret-

inopathies, including SORL1 (Verheijen et al., 2016; Yin

et al., 2015), MAPT (Zhang et al., 2016a), and NDP (Ohl-

mann et al., 2005), further suggesting that an upregulation

of these genes in OPTN(E50K) astrocytes could be associ-

ated with degenerative phenotypes. Conversely, many

downregulated genes in OPTN(E50K) astrocytes have

been associated with the cell cycle and proliferation. Inter-

estingly, it was observed that OPTN(E50K) astrocytes grew
Figure 6. Analysis of factors secreted by OPTN(E50K) astrocytes
(A–D) Isogenic control and OPTN(E50K) RGCs expressing BRN3b:tdTom
conditioned medium.
(E and F) Quantification of results demonstrated significant effects of
cyte-conditioned medium resulting in degenerative phenotypes comp
(G) Meso Scale Discovery analysis revealed a reduced secretion of IL-6
trol astrocytes. Values are fold change compared with basal medium
(H–L) Representative inverted fluorescent images of BRN3b:tdTomato
OPTN(E50K) mutation, which could be partially rescued following tre
(M and N) In response to exogenous treatment with IL-6, OPTN(E50K
measure of RGC health and maturation state.
nR 3 separate differentiation experiments with at least 15 individua
Scale bars, 30 mm (A–D) and 20 mm (H–J). Error bars represent SEM.
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slower than astrocytes derived from isogenic control cell

lines, correlated with a decrease in proliferation on the ba-

sis of the expression of Ki-67 (Figure S3). Decreased prolif-

eration is characteristic of cellular senescence (Cohen and

Torres, 2019; Gruber et al., 2009), which has been associ-

ated with a number of neurodegenerative diseases (Cap-

rioli, 2013; Martinez-Cue and Rueda, 2020), and could

thus be a mechanism underlying the neurodegenerative

phenotypes observed in this study.

Previous studies in other neurodegenerative diseases

such as amyotrophic lateral sclerosis (ALS) have demon-

strated that astrocytes can tightly regulate neurodegenera-

tive features in other types of neurons such as motor neu-

rons (Das and Svendsen, 2015; Marchetto et al., 2008;

Meyer et al., 2014), yet studies had not previously shown

similar features in glaucoma. Interestingly, in the present

study, the co-culture of OPTN(E50K) RGCs with healthy

isogenic control astrocytes resulted in a significant increase

in the number of primary neurites, total neurite length,

and soma size. Conversely, the significant reduction in

RGC neurite length, branching, and soma size for healthy

control RGCs grown in the presence of OPTN(E50K) astro-

cytes demonstrated that astrocytes could confer disease-

related features upon otherwise healthy RGCs. Indeed,

neurodegenerative phenotypes were also associated with

a ‘‘fragmented’’ appearance of neurites, particularly in

OPTN(E50K) RGCs, similar to the fragmentation previ-

ously described in other neurodegenerative diseases (Ko

et al., 2020). Additionally, as the neurodegenerative effects

of astrocytes upon neurons are typically achieved through

either contact-dependent mechanisms or via the release of

soluble factors that act upon neurons (Phatnani andMani-

atis, 2015), significant differences were observed depend-

ing on whether RGCs were grown in either control or

OPTN(E50K) astrocyte-conditioned medium (ACM). These

effects were not as robust as those observed when RGCs

were grown in direct contact with astrocytes, suggesting

that both contact-dependent and soluble factors are

involved in astrocyte-induced neurodegeneration.
upon RGCs
ato in the presence of isogenic control and OPTN(E50K) astrocyte-

astrocyte-conditioned medium upon RGCs, with OPTN(E50K) astro-
ared to isogenic control conditioned medium.
and IL-8 from OPTN(E50K) astrocytes compared with isogenic con-
alone.
RGCs demonstrating a reduction of neuronal complexity due to the
atment with exogenous IL-6.
) RGCs expressed significantly higher levels of synaptic proteins, a

l RGCs analyzed for each experiment using H7 and H7(E50K) hPSCs.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Further analyses sought to identify candidate secreted

factors that could underly at least some neurodegenerative

phenotypes caused by OPTN(E50K) astrocytes, with IL-6

and IL-8 differentially observed within conditioned

medium. Although an overproduction of these factors is

typically associated with a pro-inflammatory response (Fo-

minykh et al., 2018; Phuagkhaopong et al., 2017), it was

interesting that the expression of these factors was signifi-

cantly decreased fromOPTN(E50K) astrocytes. In fact, of all

the factors assayed, OPTN(E50K) astrocytes did not secrete

any above baseline levels. This lack of secreted factors

further supports the concept that OPTN(E50K) astrocytes

have not adopted a reactive phenotype, but rather have

lost their neurosupportive role for RGCs, similarly leading

to neurodegeneration. Supporting the concept of a reduced

neurosupportive role, the application of exogenous IL-6 to

OPTN(E50K) RGCs resulted in the partial rescue of some

neurodegenerative phenotypes. Additionally, these results

also demonstrate the diverse roles of secreted factors and

the importance of their concentrations. Whereas IL-6 is

often discussed as a neurotoxic compound produced by

reactive astrocytes (Phuagkhaopong et al., 2017), basal

levels of IL-6 are actually essential for neuronal support,

with lack of IL-6 leading to RGC apoptosis (Perigolo-Vice-

nte et al., 2013; Sappington et al., 2006). Indeed, the role

of IL-6 as either protective or destructive varies depending

upon the study and/or conditions analyzed, and the cur-

rent study suggests a protective role for IL-6. Additionally,

it is likely that other factors are also involved in the

observed phenotypes beyond the simple role of IL-6.

Indeed, the effects of secreted factors upon RGCs in the

conditioned medium experiments were not as large as

those observed when astrocytes were grown in direct con-

tact with RGCs, suggesting that some contact-dependent

mechanisms are involved. Furthermore, although a lack

of IL-6 may be responsible for some observed phenotypes,

and this may represent a mechanism by which healthy as-

trocytes confer some degree of neuroprotection upon

OPTN(E50K) RGCs, the lack of IL-6 does not necessary

explain why OPTN(E50K) astrocytes were capable of

conferring disease phenotypes upon otherwise healthy

RGCs. In this study, the decreased expression of IL-6 was

likely due to changes in the production of the IL-6 protein,

rather than transcription of the gene or processes by which

the protein is secreted by the cells. Thus, although other

factors are clearly involved, the involvement of IL-6 repre-

sents an intriguing avenue for further discovery.

Although neurodegeneration can be thought of as a state

in which neurons begin to lose their functionality, many

studies have demonstrated that degenerating neurons

exhibit hyperexcitable properties as an early indicator of

dysfunction (Cueva Vargas et al., 2015; Netzahualcoyotzi

and Tapia, 2015). Indeed, our previous studies demon-
strated that RGCs with the OPTN(E50K) mutation ex-

hibited hyperexcitable properties (VanderWall et al.,

2020). In the present study, the presence of the

OPTN(E50K)mutation in astrocytes led to an enhanced de-

gree of hyperexcitability, particularly when this gene

variant was found within both RGCs and astrocytes. Addi-

tionally, when the OPTN(E50K) mutation was present in

only one cell type, it appeared to be more consequential

when it was present in astrocytes rather than RGCs, with

the OPTN(E50K) astrocyte/control RGC condition more

similar to the paired OPTN(E50K) astrocytes and RGCs.

Finally, although the OPTN(E50K) mutation is a leading

cause of inherited forms of glaucoma (Fan and Wiggs,

2010; Minegishi et al., 2013; Sears et al., 2019), and studies

using hPSCs with this mutation are highly informative for

a greater understanding of the disease state (VanderWall

et al., 2020), current in vitro models do not completely

reflect the glaucomatous condition within the eye, particu-

larly as it relates to the interactions between astrocytes and

RGCs. Although astrocytes are foundwithin the nerve fiber

layer of the retina and throughout the optic nerve head and

optic nerve (Bussow, 1980), it is typically the astrocytes

within the optic nerve head that are associated with an in-

duction of disease-related features within RGC axons as

they exit the eye through the lamina cribrosa (Conforti

et al., 2007; Mac Nair and Nickells, 2015; Syc-Mazurek

and Libby, 2019; Whitmore et al., 2005). In that context,

astrocytes typically act in a focal manner upon the axonal

compartment of RGCs. Although the present study pro-

vides an accurate representation of astrocyte and RGC in-

teractions, particularly how astrocytes can modulate RGC

health and induce neurodegenerative properties, it will

also be important in future studies to take into consider-

ation the highly compartmentalized nature of RGCs and

how glial cells can modulate RGCs in a precise and focal

manner.
EXPERIMENTAL PROCEDURES

Maintenance of hPSCs
hPSCs were maintained according to previously described proto-

cols (Fligor et al., 2020; Ohlemacher et al., 2015). Briefly, hPSC col-

onies were grown on Matrigel-coated 6-well plates in mTeSR1 and

passaged using dispase (2 mg/mL) at a 1:6 ratio. Detailed protocols

are available in supplemental experimental procedures.
Differentiation of astrocytes and RGCs
hPSCs were differentiated following established protocols to yield

either astrocytes (Krencik and Zhang, 2011; VanderWall et al.,

2019) or RGCs (Ohlemacher et al., 2016; VanderWall et al.,

2020). For RGC differentiation, RGCswere isolated from retinal or-

ganoids following enzymatic dissociation and enrichment by
Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022 1645



MACS sorting (VanderWall et al., 2019). Detailed protocols are

available in supplemental experimental procedures.

Co-culture of hPSC-derived RGCs and astrocytes
Co-cultures of hPSC-derived astrocytes and RGCs were established

as previously described (VanderWall et al., 2019), using direct con-

tact or astrocyte-conditioned media. To test astrocyte-derived

secreted factors, astrocytes were grown on Transwell culture inserts

and placed in the same wells as purified RGCs to create a contin-

uous astrocyte-conditioned media environment. Both direct co-

culture and Transwell systems were maintained for 4 weeks before

experimental analysis.

Immunocytochemistry
Cells grown on coverslips were fixed in 4% paraformaldehyde for

30 min at room temperature (RT) and then immunostained as pre-

viously described (VanderWall et al., 2020). Detailed procedures

are provided in supplemental experimental procedures, with a

list of primary antibodies used found in Table S1.

Western blot
Protein samples of astrocytes and RGCs were collected in 2% SDS

or lysis buffer (M-PER Mammalian Protein Extraction Reagent;

Thermo Fisher Scientific), and western blot was performed as

described before (VanderWall et al., 2020). Detailed procedures

are provided in supplemental experimental procedures, as well as

a list of primary antibodies used found in Table S1.

Meso Scale Discovery assay
Astrocyte-conditioned media or cell lysates from isogenic control

and OPTN(E50K) astrocytes were collected and analyzed using

the Meso Scale Discovery V-Plex Proinflammatory Panel 1 accord-

ing to the manufacturer’s protocol. Following addition of calibra-

tors and samples, the plate was sealed and incubated on a plate

shaker for 2 h at RT. Following 3 washes, a prepared antibody solu-

tion containing all 10 detection antibodies was added, and the

plate was incubated for 2 h at RT. The plate was then washed 3

times withwash buffer, and following the last wash, 23 read buffer

was added and the plate was analyzed using theMeso Scale Discov-

ery plate reader.

Quantification and statistical analyses
Isogenic control andOPTN(E50K) astrocytes from aminimumof 3

biological replicates were used in each study. The number of GFAP-

and S100b-expressing cells, as well as the percentage of cells con-

taining LC3 puncta, were quantified using the ImageJ cell counter

plugin. To quantify the number of LC3 and/or LAMP1 puncta,

these features were analyzed with the ‘‘analyze particles’’ option

in Fiji, while the mitochondrial footprint within astrocytes was

measured using the Mitochondrial Network Analysis (MiNA) tool

in Fiji. The co-localization plugin of ImageJ was used to determine

the percentage of co-localization between LC3 and LAMP1. Stu-

dent’s t test was used to determine significance at a p value < 0.05.

For astrocyte-conditioned medium and direct co-culture experi-

ments, BRN3b:tdTomato was imaged to determine morphological

properties of RGCs. tdTomato fluorescent images were converted
1646 Stem Cell Reports j Vol. 17 j 1636–1649 j July 12, 2022
into 8-bit image files using ImageJ (Fiji) software, followed by anal-

ysis using the NeuroAnatomy plugin and Simple Neurite Tracer to

quantify soma size area, the number of primary neurites, and neu-

rite length. Statistical significance was determined using one-way

ANOVA followed by Tukey’s post hoc analysis on the basis of a p

value < 0.05. Following the Meso Scale Discovery assay, statistical

differences in signal averages were determined using one-way

ANOVA followed by Tukey’s post hoc analysis on the basis of a p

value < 0.05. Western blot results were normalized to loading con-

trols and represented as fold change versus isogenic control astro-

cytes, or untreated RGCs, and Student’s t test was used to deter-

mine statistical differences. In those experiments in which data

points were obtained from individual RGCs, data were represented

by showing each individual data point. In contrast, when experi-

ments were performed upon entire cell populations, an average

from each experiment was taken, and the data represent the

average of experimental averages.

RNA sequencing
RNA was collected from astrocytes differentiated as described

above using the RNeasy Mini Kit (74104; Qiagen), and total RNA

was evaluated for its quantity and quality using an Agilent Bio-

analyzer 2100 before preparation for RNA sequencing analysis, as

previously described (VanderWall et al., 2020). Detailed protocols

are available in supplemental experimental procedures.

Electrophysiological recordings
Whole-cell patch-clamp recordings were performed on RGCs

following methods as previously described (VanderWall et al.,

2020). Detailed protocols are available in supplemental experi-

mental procedures.

Data and code availability
The RNA-seq experiments reported in this paper have been depos-

ited in the Gene Expression Omnibus database (http://www.ncbi.

nlm.nih.gov/geo; GSE173129).
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