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Abstract
Neuromyelitis optica (NMO) is an autoimmune disease that primarily targets astrocytes. 
Autoantibodies (NMO-IgG) against the water channel protein, aquaporin 4 (AQP4), 
are a serologic marker in NMO patients, and they are known to be responsible for the 
pathophysiology of the disease. In the brain, AQP4 is mainly expressed in astrocytes, 
especially at the end-feet, where they form the blood-brain barrier. Following the in-
teraction between NMO-IgG and AQP4 in astrocytes, rapid AQP4 endocytosis initiates 
pathogenesis. However, the cellular and molecular mechanisms of astrocyte destruction 
by autoantibodies remain largely elusive. We established an in vitro human astrocyte 
model system using induced pluripotent stem cells (iPSCs) technology in combina-
tion with NMO patient-derived serum and IgG to elucidate the cellular and functional 
changes caused by NMO-IgG. Herein, we observed that NMO-IgG induces structural  
alterations in mitochondria and their association with the endoplasmic reticulum 
(ER) and lysosomes at the ultrastructural level, which potentially leads to impaired 
mitochondrial functions and dynamics. Indeed, human astrocytes display impaired 
mitochondrial bioenergetics and autophagy activity in the presence of NMO-IgG. We 
further demonstrated NMO-IgG-driven ER membrane deformation into a multilamel-
lar structure in human astrocytes. Together, we show that NMO-IgG rearranges cellu-
lar organelles and alter their functions and that our in vitro system using human iPSCs 
offers previously unavailable experimental opportunities to study the pathophysiologi-
cal mechanisms of NMO in human astrocytes or conduct large-scale screening for 
potential therapeutic compounds targeting astrocytic abnormalities in patients with 
NMO.
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1   |   INTRODUCTION

Neuromyelitis optica (NMO) is a primary astrocytic 
disease associated with inflammation and secondary 
myelin loss in the central nervous system (CNS).1 The 
presence of autoantibodies (NMO-IgG) in patient sera 
targeting aquaporin 4 (AQP4), a water channel, is an im-
portant clinical biomarker that plays a central role in dis-
ease pathogenesis.2,3 In the CNS, AQP4 is predominantly 
expressed in astrocytes, especially on their end-foot pro-
cesses.4 Upon NMO-IgG binding to AQP4, endocytosis is 
initiated, which consequently reduces AQP4 membrane 
levels.5,6 The interaction between NMO-IgG and astro-
cytic AQP4 leads to the synthesis of components of the 
complement system and cytokines, which contribute 
to pathogenesis in other cell types such as microglia.7,8 
While NMO-IgG plays a central role in disease patho-
genesis, the cellular changes driven by NMO-IgG in as-
trocytes and their associated molecular mechanisms are 
largely unknown.

Astrocytes are key components of the CNS. They pro-
vide trophic support for synaptogenesis, maintain a ho-
meostatic environment, regulate synaptic activity, and 
sustain the metabolic needs of neurons.9–11 Dysfunctional 
astrocytes are associated with multiple CNS disorders, in-
cluding epilepsy, inflammatory demyelinating diseases, 
metabolic disorders, and neurodegenerative disorders.12 
Changes in astrocyte morphology, gene expression, and 
intracellular organelle networks are largely linked to their 
functions.13–16 Recent studies have suggested the impor-
tance of understanding the mechanisms of organelle 
remodeling and subsequent functional alterations in as-
trocytes under pathological conditions, such as neuroin-
flammation and neurodegeneration.16–19

Fundamental biology of astrocytes and pathogenic 
changes in NMO has been uncovered by rodent systems, 
which provide the groundwork for human studies.5–8,20–23 
To complement animal models and further our under-
standing of pathogenic mechanisms in a human con-
text, here we establish an in vitro human model system 
for NMO. Using human induced pluripotent stem cells 
(iPSCs) technology and NMO patient-derived serum and 
IgG, we sought to elucidate the effect of NMO-IgG on as-
trocyte biology.

Our observations provide evidence that patient-derived 
NMO-IgGs alter cellular organelle architecture, includ-
ing mitochondrial integrity, endoplasmic reticulum (ER) 
membranes, mitochondria-ER contact sites, and the ex-
tent of lysosomal interactions with both mitochondria 
and ER. In accordance with the structural modifications 
in organelles, the analysis of mitochondrial oxidative me-
tabolism showed impaired spare and maximum respira-
tory capacity in astrocytes under NMO-IgG treatment. 

Astrocytes also became disruptive in autophagic flux, par-
ticularly during the lysosomal degradation step after expo-
sure to NMO-IgG.

2   |   MATERIALS AND METHODS

2.1  |  Ethical considerations

This study was approved by the internal review boards of 
Korea Brain Research Institute (KBRI-201905-BR-001-01) 
and DGIST (DGIST-190828-BR-070-01).

2.2  |  Human sera and IgG purification

De-identified human sera were obtained from the 
Samsung hospital. Sera from 10 healthy individuals and 
11 NMO patients were pooled, and NMO-IgG positivity 
was confirmed in all patients. Sera were heat-inactivated 
for 30 min at 65°C. Control and NMO IgG were isolated 
from sera by using HiTrap Protein G HP columns (GE 
Healthcare) according to the manufacturer's protocols. 
Serum or IgG was applied on astrocytes at 10% or 1 mg/ml 
concentration respectively.

2.3  |  Human iPSC culture and astrocyte 
differentiation

Human iPSC lines from a healthy control were purchased 
from the Coriell Institute (#GM23720, female, Age 22) or 
obtained from Dr Bruce Yankner's laboratory,24 in which 
stemness, pluripotency, and normal karyotypes were cer-
tified. iPSCs were cultured in mTeSR1 media (STEMCELL 
Technologies) in six-well culture plates (Corning) coated 
with hESC-qualified matrigel (Corning) until they 
reached ~100% confluence. Then cells were differentiated 
into neural progenitor cells (NPCs) by following previous 
protocols.25 Once the neural rosette structures uniformly 
formed, NPCs were prepared for astrocyte differentiation 
as described previously.26 After 28 days of differentiation, 
cells were subjected to fluorescence-activated cell sort-
ing with an anti-GLAST antibody (Miltenyi Biotec) to in-
crease the purity.

2.4  |  Autophagy flux analysis

Tandem fluorescent-tagged LC3 from Addgene (mRFP-
GFP-MAP1LC3B, 21074, deposited by Tamotsu Yoshimori) 
was transfected with Lipofectamin Stem Transfection 
reagent (Invitrogen) by following the manufacturer's 
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protocol. After 24  h of transient transfection, cells were 
subjected to HC-IgG or NMO-IgG for 6 h and fixed with 
4% paraformaldehyde (PFA). Images were captured under 
a confocal microscope (Zeiss LSM800) and analyzed by 
quantifying numbers of RFP/GFP colocalization puncta 
and RFP puncta to monitor autophagy flux.

2.5  |  Immunocytochemistry

Astrocytes were cultured on glass coverslips and washed 
with Dulbecco's phosphate-buffered saline (DPBS) before 
fixation with 4% PFA. Following 10  min fixation, cells 
were washed with PBS and incubated with blocking buffer 
(0.1% Triton X-100, 10% normal donkey serum, 2% BSA, 
and 1 M glycine in PBS) for 1 h at room temperature. The 
primary antibody was diluted in blocking buffer. After 1 h 
incubation at room temperature, cells were washed with 
0.1% PBST (0.1% Triton X-100 in PBS) for 10  min three 
times. Following secondary antibody incubation and 
washing, coverslips were mounted with DAKO mounting 
media (Agilent). For surface labeling, cells were treated 
in non-permeabilizing conditions (without detergent) and 
follow the same procedure as described above.

2.6  |  Transmission electron microscopy

Astrocytes were treated with HC IgG or NMO IgG for 6 h 
followed by fixation with 2.5% glutaraldehyde and 2% 
PFA in a 0.15 M sodium cacodylate buffer for 2 h at room 
temperature. After washing three times with cacodylate 
buffer, post-fixation with 2% osmium tetroxide was per-
formed for 1 h at room temperature. Following washing 
three times with DH2O, samples were dehydrated with 
a series of graded ethanol. Samples were then embedded 
in Epon. Ultrathin sections (60  nm) were prepared and 
stained with lead citrate and uranyl acetate. The sections 
were imaged with FEI Tecnai G2 F20 TWIN TMP at 200 
Kv accelerating voltage using Gatan TEM CCD camera.

2.7  |  Correlative light and 
electron microscopy

Astrocytes were plated on gridded glass-bottom dishes 
(MatTek Corp. #P35G-2-14-CGRD) and stained with 
LysoTracker (LysoTracker Red DND-99, Thermofisher; 
250 nM) and ER-Tracker (ER-Tracker Blue-White DPX, 
Thermofisher; 500 nM) for 30 min after 6 h of IgG treat-
ment. Cells were fixed with 4% PFA and transferred to a 
confocal microscope (Zeiss LSM 800) to acquire overview 
images. Samples then were processed with a standard 

TEM sampling procedure as described above and the elec-
tron micrographs were fitted to fluorescence images to 
identify the multilamellar structure.

2.8  |  Morphological analysis of 
mitochondria

To work from large photomontages, we reconstructed 
the whole astrocyte for unbiased quantitative analysis 
of mitochondrial morphology in the cell body area. The  
mitochondrial structure was analyzed using Fiji software. 
After manually tracing mitochondria on electron micro-
graphs of astrocytes, mitochondrial perimeter, circularity 
((4π × area)/(perimeter2)), and form factor ((perimeter2)/
(4π × area)) were analyzed as to their shape descriptor. 
Using identical images used for the shape analysis, quan-
tification of mitochondrial ultrastructural defects was 
measured. Abnormal mitochondria were defined accord-
ing to one of the following criteria: mitochondria with 
swollen, irregular, or deficient cristae; mitochondria with 
the discontinuous or swollen outer membrane. To analyze 
mitochondria-ER contact, we defined the contact regions 
that are within a close apposition (within 20 nm) of the 
mitochondrial outer membrane and the ER membrane 
as described previously.27 At least 255 mitochondria were 
analyzed from two astrocytes per condition and the quan-
tification was performed blinded to conditions.

2.9  |  Lactate dehydrogenase assay

Cellular toxicity was measured as the release of Lactate 
dehydrogenase (LDH). The cells were cultured in the 
conditions described above, and cells were treated with 
or without human complement in the presence of IgG. 
LDH activity in the supernatant was spectrophotometri-
cally measured using sodium pyruvate (25 mmol/L) as 
a substrate in 50 mmol/L sodium phosphate buffer (pH 
7.5).

2.10  |  Western blot

Astrocytes were washed with cold DPBS then incubated 
with RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease, 
and phosphatase inhibitor cocktails) for 30 min on ice. 
The homogenates were centrifuged at 13  000× g for 
15  min at 4°C and protein concentrations were meas-
ured using the Bradford assay kit (Bio-Rad). The equal 
amount of protein from each sample was subjected to 
SDS-PAGE and transferred to nitrocellulose membranes. 
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The membranes were blocked with 5% non-fat dry milk 
in PBS with 0.1% Tween 20 for 1 h at RT and incubated 
overnight at 4°C with appropriate primary antibody di-
luted in 3% BSA and 0.1% Tween 20 in PBS. Following 
incubation with secondary antibody, protein bands were 
detected with FUSION FX7 and densitometric analysis 
was performed using Fiji.

2.11  |  Metabolic flux analysis

Astrocytes were cultured on a Seahorse XFe24 well plate 
(Seahorse BioSciences) at a density of 75 000 cells per well 
two days before analysis. On the day of analysis, cells were 
subjected to HC-IgG or NMO-IgG treatment for 6 h, and 
media was changed to fresh DMEM with 25 mM glucose, 
1 mM pyruvate, and 2 mM l-glutamine. After incubation 
in a non-CO2 incubator for 30 min, oxygen consumption 
rate (OCR) was measured in the Seahorse Extracellular 
Flux (XF) metabolic analyzer (Agilent). Following base-
line measurements for 20 min, OCR was continuously re-
corded with the sequential injection of oligomycin (1 μM), 
FCCP (carbonyl cyanide 4-(trifluoromethoxy)-phenylhyd
razone) (1 μM), and rotenone (1 μM).

2.12  |  Staining of 
fluorescent organelle dyes

Astrocytes were incubated with LysoTracker (LysoTracker 
Red DND-99, Thermofisher; 250  nM), MitoTracker 
(MitoTracker Green FM, Thermofisher; 250  nM), and 
ER-Tracker (ER-Tracker Blue-White DPX, Thermofisher; 
500  nM) for 30  min at 37°C. After washing with DPBS 
three times, samples were fixed with 4% PFA for 10 min. 
Samples were immediately imaged with a confocal micro-
scope (Zeiss LSM 800).

2.13  |  IL-6 ELISA

The supernatants were collected from astrocytes treated 
with 10% sera or 1 mg/ml IgG from control or NMO pa-
tients for 6  h The concentration of IL-6 was measured 
using a Human ELISA kit (R&D Systems) according to the 
manufacturer's protocol.

2.14  |  Statistical analysis

GraphPad Prism 9.0 software was used to perform statis-
tical analysis. Results are expressed as means with their 
standard errors. Differences among the means were tested 

for statistical significance by two-tailed Student's t-test or 
one-way ANOVA and differences were considered signifi-
cant at p < .05.

3   |   RESULTS

3.1  |  In vitro human model system to 
study astrocyte pathology in NMO

To establish an in vitro human model system for the 
pathophysiology of NMO, we first differentiated iPSCs 
originating from the fibroblasts of a healthy individual  
(female, age 22) into NPCs with SMAD inhibitors, as pre-
viously described.28 NPCs were then cultured with astro-
cyte media for >1  month, followed by GLAST-positive 
sorting to increase astrocyte purity (Figure  1A).26 The 
identity of human astrocytes was confirmed by the expres-
sion of astrocyte-specific markers, GFAP and S100β, and a 
distinct AQP4 expression level was observed in astrocytes 
compared to NPCs (Figure 1B,C). IgG was isolated from 
the sera of both NMO patients and healthy donors, and 
human iPSC-derived astrocytes were subjected to treat-
ment with NMO-IgG or control IgG to investigate NMO-
IgG-induced pathology (Figure 1A).

Consistent with previous studies using murine models 
and immortalized human astrocytes, we observed a signifi-
cant reduction in AQP4 surface expression after 6 h of NMO-
IgG treatment (Figure  1D). While there was no change 
in the total AQP4 levels with 6 h treatment (Figure 1E), a 
significant decrease was observed in astrocytes after 24 h 
NMO-IgG treatment (Figure 1E). We also found that NMO-
serum alone is sufficient to increase IL-6 secretion and that 
NMO-IgG facilitates complement-dependent cytotoxicity 
in human iPSC-derived astrocytes (Figure S1A,B), which 
was verified in an additional iPSC-derived astrocytes from 
an independent healthy individual (Figure S2A,B). By com-
bining human iPSC technologies with patient-derived IgG, 
we could recapitulate astrocyte pathologies defined by ani-
mal models and immortalized human astrocytes.

3.2  |  NMO-IgG induces alterations in 
cellular organelles and their interactions 
in human astrocytes

Astrocytes play a broad range of roles in brain homeosta-
sis and function. They metabolically cooperate with neu-
rons to maintain their energy demand, modulate synaptic 
activity via the Ca2+ signaling network, and eliminate 
unwanted synapses or proteins.9–11,25,29 Many of these 
functions are governed by cellular organelles, such as the 
mitochondria, ER, and lysosomes.
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While NMO-IgG has been shown to induce AQP4 in-
ternalization and complement-dependent cytotoxicity in 
astrocytes, its effects on cellular organelles in astrocytes 
have not been precisely investigated. Thus, we utilized 
our models and used organelle trackers for lysosomes, 
mitochondria, and ER to address this point. Although 
we did not observe the difference in the size of cells be-
tween HC and NMO groups (Figure S1C), we calculated 
the percentage of area stained by each tracker in cells to 
take into account the size factor. We found that NMO-
IgG significantly increased the areas of lysosomes and 
ER. There was a trend toward an increased mitochondrial 
area in NMO-IgG-treated astrocytes. Colocalized areas of 
lysosome-mitochondria, lysosome-ER, and mitochon-
dria-ER were also shown to be increased in NMO-IgG-
treated human astrocytes compared to those from control 
IgG-treated cells (Figure 2A,B). The effects of NMO-IgG 
on cellular organelles were verified in additional iPSC-
derived astrocytes from an independent healthy individ-
ual (Figure S2C). We observed the same phenomenon by 
treating human iPSC-derived astrocytes with sera from 
NMO patients (Figure S1C), suggesting that IgGs from 
NMO patients are sufficient to recapitulate the effects 
from the patient's sera. To further validate whether the 
NMO patient serum-derived changes in astrocytic organ-
elles are due to IgGs, we depleted the IgGs from serum 

and applied them to human astrocytes, finding that IgG 
elimination abolished the effect of NMO patient serum 
on intracellular organelles (Figure S1D). This observation 
that astrocytes remodel cellular organelles in response 
to NMO-IgG implicates possible alterations to cellular  
signaling and function.

3.3  |  Treatment with NMO-IgG alters 
mitochondrial integrity and metabolic 
profiles in human astrocytes

To complement the results of organelle tracker stain-
ing, we sought to analyze the structure and spatial rela-
tionships among organelles under electron microscopy, 
which provides powerful resolution with ultrastructural 
information. We took over 600-hundred microscopic im-
ages from each group to create large photomontages and 
reconstructed the whole astrocyte for unbiased quantita-
tive analysis of mitochondrial morphology. We analyzed 
mitochondrial structure by evaluating shape descrip-
tors and integrity. Increased mitochondrial perimeter 
and form factor along with decreased circularity were 
observed in NMO-IgG-treated astrocytes (Figure  3A,B). 
These results indicate that mitochondria became more 
elongated and increased branching in response to 

F I G U R E  1   In vitro human model system to study astrocyte pathology in NMO. (A) Schematics of in vitro human model system to study 
NMO pathogenesis. (B) Validation of the identity of astrocytes with GFAP and S100β. Scale bar = 10 μm (C) Western blot image to show 
enriched expression of AQP4 in astrocytes. (D) Representative images of AQP4 level on the surface of astrocytes and their quantifications 
after treatment of HC-IgG (1 mg/ml) or NMO-IgG (1 mg/ml) for 6 h Scale bar = 10 μm. Error bars represent SEM. n = 8 images from 3 
independent cultures. (E) Representative images of total AQP4 level in astrocytes and their quantifications after treatment of HC-IgG (1 mg/
ml) or NMO-IgG (1 mg/ml) for 6 h Scale bar = 10 μm. n = 7~8 images from 3 independent cultures. Error bars represent SEM. **p < .005; 
Unpaired t-test

(A)

(D) (E)

(B) (C)
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NMO-IgG. Further, mitochondrial population with dis-
turbed structure, including discontinuous or swollen 
outer membrane; swollen, irregular, or deficient cris-
tae was increased in the NMO group (2.42% in healthy 
controls and 17.58% in NMO patients; Figure S3A). To 
examine the functional consequences of the disturbed 
ultrastructural integrity of the mitochondrial architec-
ture, we evaluated the bioenergetic function of astro-
cytes after exposure to NMO-IgG. Cells were subjected to 
oxygen consumption rate measurements using Seahorse 
XF Analyzer (Figure  3C). While basal respiration and 
adenosine triphosphate (ATP) production remained un-
changed, spare and maximal respiration were markedly 
reduced in the NMO-IgG-treated group (Figure 3D). To 
validate this observation, we utilized additional iPSCs 
from a healthy individual, differentiated them into astro-
cytes, and treated them with either HC-IgG or NMO-IgG. 
We observed more severe impairment of oxidative phos-
phorylation as such both basal and maximal respiration 
rates were completely abolished by NMO-IgG (Figure 
S2D) without affecting cell morphology and viability 
(Figure S2E). These data suggest that NMO-IgG perturbs 
metabolic profiles in human astrocytes.

3.4  |  NMO-IgG treatment leads to 
alterations in organelle contacts

Mitochondria and ER are key organelles of cellular home-
ostasis, and physically and functionally form a network 
through dynamic contact sites known as mitochondria-
associated membranes (MAMs). MAMs are important 
platforms for calcium transport, and they regulate mi-
tochondrial energetics.30–32 The membranes of these 
two organelles are tethered by protein interactions. The 
voltage-dependent anion-selective channel protein1 
(VDAC1) of the outer mitochondrial membrane and the 
inositol 1,4,5-triphosphate receptor (IP3R) on the ER 
membrane play crucial roles in Ca2+ transfer from the 
ER to the mitochondria.7,21 To determine whether the in-
creased overlapping area between MitoTracker and ER-
Tracker staining upon NMO-IgG treatment represents 
changes to their physical interactions, we determined 
MAM's interface in a quantitative manner by utilizing 
an in situ proximity ligation assay. By detecting VDAC1 
and IP3R interactions, we demonstrated that astrocytes 
under NMO-IgG significantly upregulated mitochon-
dria-ER coupling (Figure 4A). In addition, we observed 

F I G U R E  2   NMO-IgG induces alterations in cellular organelles and their interactions in human iPSC-derived astrocytes. (A) 
Representative image of astrocytes stained with organelle trackers after 6 h treatment of HC-IgG (1 mg/ml) or NMO-IgG (1 mg/ml). Scale 
bar = 10 μm. (B) Quantifications of areas of each organelle trackers and colocalized areas of Lyso and MitoTracker, Lyso and ER-Tracker, 
and Mito and ER-Tracker in astrocytes with HC-IgG (1 mg/ml) or NMO-IgG (1 mg/ml) treatment. n = 24 images from 4 independent 
cultures. Error bars represent SEM. *p < .05, **p < .005, ***p < .001, ****p < .0001; Unpaired t-test
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that astrocytes treated with NMO-IgG exhibited an in-
creased mitochondrial population with ER associations 
under an electron microscope (Figure 4B,C). MAM prop-
erties were further examined at the ultrastructural level, 
finding that NMO-IgG increased the length of mitochon-
dria-ER contacts (Figure  4D). Taken together, these 
findings provide evidence that NMO-IgG treatment led 
to increased MAM interfaces through VDAC1 and IP3R 
interactions.

Interestingly, we observed that both NMO-serum and 
IgG treatment in human astrocytes led to the accumulation 

of a multilamellar structure (Figure S3B–E). To determine 
the origin of these structures, we performed correlative 
light and electron microscopy analysis. We first stained 
NMO-IgG-treated astrocytes with Lyso and ER-Tracker 
to fluorescently label organelles and observed them with 
confocal microscopy (Figure S3F). The cells were then 
subjected to electron microscopic analysis, and multila-
mellar structures were observed in Lyso and ER-Tracker 
positive puncta (Figure S3G,H). These results indicate that 
NMO-IgG induces ER membrane deformation into a mul-
tilamellar structure fused to lysosomes.

F I G U R E  3   Treatment with NMO-IgG alters mitochondrial integrity and metabolic profiles in human astrocytes. (A) Ultrastructure 
of astrocytes. Mitochondria are pseudocolored in green. (B) Quantifications of mitochondrial perimeter, circularity, and form factor. 522 
mitochondria in the HC-IgG-treated group and 675 mitochondria from the NMO-IgG-treated group were analyzed from two astrocytes each 
that were cultured independently. (C) Seahorse XF analysis trace measuring oxygen consumption rate in astrocytes. n = 4 independent 
cultures. (D) Quantifications of basal respiration, ATP production, maximal respiration, and spare respiration in astrocytes with HC-IgG 
(1 mg/ml) or NMO-IgG (1 mg/ml). Error bars represent SEM. **p < .005, ***p < .001, ****p < .0001; Unpaired t-test
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3.5  |  NMO-IgG impairs autophagic flux

Increased lysosomal associations with mitochondria and 
ER were observed in NMO-IgG-treated astrocytes both 
in staining of organelle trackers and ultrastructural stud-
ies (Figures 2A,B and 4E,F). To determine whether these 
changes implicate alterations in autophagy regulated by 
lysosomal degradation, we monitored autophagy fluxes 
by the tandem fluorescent protein mRFP-GFP-LC3. 
NMO-IgG significantly increased the percentage of au-
tophagosomes detected as RFP-GFP colocalized puncta, 
whereas the percentage of RFP-only puncta, representing 

autolysosomes, decreased in NMO-IgG-treated astrocytes, 
suggesting a decrease in autophagic flux by affecting lyso-
somal degradation (Figure  5A,B). Consistent with these 
findings, p62 accumulation, an autophagy substrate, was 
significantly induced in astrocytes by NMO-IgG and pa-
tient serum (Figures 5C and S4A,B). We further validated 
the accumulation of p62 and impaired autophagic flux by 
NMO-IgG in additional iPSC-derived astrocytes from an 
independent healthy individual (Figure S2F,G). Together, 
these results demonstrate that NMO-IgG application pro-
motes deregulation of autophagy flux by perturbing lyso-
somal degradation.

F I G U R E  4   NMO-IgG treatment leads to alterations in organelle contacts. (A) Representative images and quantifications of in situ 
proximity ligation assay in astrocytes with HC-IgG (1 mg/ml) or NMO-IgG (1 mg/ml) treatment. Scale bar = 10 μm. n = 15 images from 
3 independent cultures. (B–F) Ultrastructure of mitochondria-associated with ER or lysosome. Mitochondria, ER and lysosome are 
pseudocolored in green, violet and red, respectively. Scale bar = 500 nm. (C and D) Quantification of mitochondria and ER contacts on 
electron micrographs of astrocytes, and Mito-ER contact length. 133 mitochondria-ER contacts from two HC-IgG-treated astrocytes and 197 
mitochondria-ER contacts from two NMO-IgG-treated astrocytes were analyzed. (F) Quantifications of lysosome-associated mitochondria. 
Error bars represent SEM. *p < .05, **p < .005; Unpaired t-test
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4   |   DISCUSSION

NMO is distinct from multiple sclerosis due to the pres-
ence of circulating IgG autoantibodies against AQP4, 
which is predominantly expressed in astrocytes.7,22,23,33–35 
Brain lesions in NMO patients are frequently observed 
in regions where AQP4 expression is relatively high, in-
cluding the spinal cord and optic nerve.36,37 Consistently, 
NMO IgG-induced pathology was absent in AQP4 knock-
out mice.5,6,22,33,38,39 These studies suggest that AQP4 au-
toantibodies play an essential role in NMO pathogenesis.

Although AQP4 loss was observed in NMO patients, it 
is unclear whether NMO-IgG impairs AQP4 function as 
a water-permeable channel, or it is simply a consequence 
of astrocyte dysfunction and death. AQP4 internalization 
in NMO conditions, and whether it is the major mecha-
nism underlying NMO pathology, are controversial. While 
complement-dependent cytotoxicity is generally observed 
and accepted in various models, whether NMO-IgG is suf-
ficient or requires complement for pathogenesis is to be 
further elucidated.7,22,23,33–35

Our in vitro human model system recapitulates NMO-
related pathological features in human iPSC-derived astro-
cytes, including decreased surface AQP4 levels, increased 
IL-6 secretion, and complement-dependent cytotoxic-
ity.5,6,22,33,38,39 This preclinical experimental model system 
provides a platform to mine preventative components 
to halt further CNS damage or therapeutics to restore 

astrocyte abnormalities. Light and electron microscopic 
analysis revealed previously uncharacterized pathological 
changes in astrocytic organelles in response to NMO-IgG, 
including alterations in the extent of organelle interac-
tions, ER membrane deformation, and disturbed mi-
tochondrial structural integrity. Further, the metabolic 
profiles of mitochondria and autophagy flux were per-
turbed by NMO-IgG treatment. This work provides an 
understanding of astrocyte pathology at the cellular level 
and adds valuable new insights into the role of cellular 
organelles and their networks in NMO pathogenesis.

Although our study provides new insight into the 
disease pathogenesis by demonstrating NMO-IgG de-
pendent changes in astrocyte organelles, additional 
questions emerge to be answered. Further studies are 
required to determine whether NMO-IgG-induced al-
terations in organelle architecture such as abnormal mi-
tochondrial integrity are caused by loss of function for 
AQP4 or excessive NMO-IgG endocytosis. It is also im-
portant to address whether ER membrane deformation 
in NMO-IgG-treated astrocytes represents ER stress and 
affects protein synthesis, which might be responsible 
for the loss of AQP4 expression in NMO-affected brains. 
As women are most commonly affected, accounting for 
roughly 85% of cases,40 we used iPSCs originating from 
females to generate astrocytes. In the future, it will be of 
interest to compare differences in the effect of NMO-IgG 
between astrocytes differentiated from male and female 

F I G U R E  5   NMO-IgG impairs autophagic flux. (A) Representative images of autophagy flux assay with mRFP-GFP-MAP1LC3B 
transfected astrocytes. Scale bar = 10 μm. (B) Quantifications of % autolysosome, % autophagosome, and autophagy flux in astrocytes with 
HC-IgG (1 mg/ml) or NMO-IgG (1 mg/ml) treatment. n = 22 images from 3 independent cultures. (C) Representative blot images and a 
quantification of p62 expression in astrocytes. n = 5 independent cultures. Error bars represent SEM. *p < .05, **p < .005; Unpaired t-test
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iPSCs. Additional works also need to focus on unraveling 
the functional consequences of organellar changes in as-
trocytes in terms of brain homeostasis. To determine how 
changes in individual organelles and organelle networks 
shape astrocyte functions during NMO pathogenesis, fur-
ther studies with functional assays including neurotrans-
mitter uptake, calcium dynamics, and phagocytic activity 
will be crucial. It is also important to address whether 
NMO-IgG-experienced astrocytes would be more suscep-
tible to subsequent injury including immune challenges. 
Moreover, the potential translation of findings to the in-
teractions with other cell types in the CNS including neu-
rons, microglia, endothelial cells, and oligodendrocytes is 
to be determined in future studies.

ACKNOWLEDGEMENTS
We thank all members of the JS and JYM laboratories 
for helpful discussions; Dr Seong-Woon Yu for providing 
mRFP-GFP-MAP1LC3B construct; the Brain Research 
Core Facilities at Korea Brain Research Institute, espe-
cially Dr Sanghoon Lee, for technical assistance with TEM 
imaging. We also thank Dr Yankner at Harvard Medical 
School for providing us iPSCs derived from a healthy in-
dividual. This work was supported by grants from Basic 
Science Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of 
Education (2020R1A6A3A01099337) to SC, from R&D 
Programs of DGIST (20-CoE-BT-01) funded by the 
Ministry of Science and ICT of Korea to JS, and from the 
NRF (2019R1A2C1010634) and the KBRI basic research 
program (21-BR-01-11) to JYM.

DISCLOSURES
All authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Sukhee Cho conceived and designed the research. Sukhee 
Cho and Hyein Lee performed biochemical experiments 
and analyzed data. Sukhee Cho and Minkyo Jung per-
formed transmission electron microscopy experiments. 
Kirim Hong assisted with TEM analysis. Seung-Hwa Woo 
and Young-Sam Lee performed XF analysis and analyzed 
data. Byoung Joon Kim and Mi Young Jeon diagnosed 
NMO patients and collected sera. Jinsoo Seo supervised 
iPSC maintenance and astrocyte differentiation to estab-
lish an in vitro model system. Jinsoo Seo and Ji Young 
Mun provided reagents and funding and coordinated the 
project. Sukhee Cho and Jinsoo Seo wrote the manuscript.

ORCID
Sukhee Cho   https://orcid.org/0000-0002-2553-6296 
Hyein Lee   https://orcid.org/0000-0002-1525-2599 
Young-Sam Lee   https://orcid.org/0000-0002-4702-0127 

Jinsoo Seo   https://orcid.org/0000-0001-6432-6964 
Ji Young Mun   https://orcid.org/0000-0003-0820-6233 

REFERENCES
	 1.	 Jarius S, Wildemann B. The history of neuromyelitis optica. J 

Neuroinflammation. 2013;10:1.
	 2.	 Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. 

IgG marker of optic-spinal multiple sclerosis binds to the aqua-
porin-4 water channel. J Exp Med. 2005;202:473-477.

	 3.	 Ratelade J, Verkman AS. Neuromyelitis optica: aquaporin-4 
based pathogenesis mechanisms and new therapies. Int J 
Biochem Cell Biol. 2012;44:1519-1530.

	 4.	 Tait MJ, Saadoun S, Bell BA, Papadopoulos MC. Water move-
ments in the brain: role of aquaporins. Trends Neurosci. 
2008;31:37-43.

	 5.	 Hinson SR, Clift IC, Luo N, Kryzer TJ, Lennon VA. 
Autoantibody-induced internalization of CNS AQP4 water 
channel and EAAT2 glutamate transporter requires astrocytic 
Fc receptor. Proc Natl Acad Sci U S A. 2017;114:5491-5496.

	 6.	 Hinson SR, Romero MF, Popescu BFG, et al. Molecular outcomes 
of neuromyelitis optica (NMO)-IgG binding to aquaporin-4 in 
astrocytes. Proc Natl Acad Sci U S A. 2012;109:1245-1250.

	 7.	 Chen T, Lennon VA, Liu YU, et al. Astrocyte-microglia interac-
tion drives evolving neuromyelitis optica lesion. J Clin Invest. 
2020;130:4025-4038.

	 8.	 Howe CL, Kaptzan T, Magaña SM, Ayers-Ringler JR, LaFrance-
Corey RG, Lucchinetti CF. Neuromyelitis optica IgG stimulates 
an immunological response in rat astrocyte cultures. Glia. 
2014;62:692-708.

	 9.	 Kimelberg HK, Nedergaard M. Functions of astrocytes and 
their potential as therapeutic targets. Neurotherapeutics. 
2010;7:338-353.

	10.	 Khakh BS, McCarthy KD. Astrocyte calcium signaling: from 
observations to functions and the challenges therein. Cold 
Spring Harb Perspect Biol. 2015;7:a020404.

	11.	 Ma Z, Stork T, Bergles DE, Freeman MR. Neuromodulators sig-
nal through astrocytes to alter neural circuit activity and be-
haviour. Nature. 2016;539:428-432.

	12.	 De Keyser J, Mostert JP, Koch MW. Dysfunctional astrocytes as 
key players in the pathogenesis of central nervous system disor-
ders. J Neurol Sci. 2008;267:3-16.

	13.	 Liddelow SA, Barres BA. Reactive astrocytes: production, func-
tion, and therapeutic potential. Immunity. 2017;46:957-967.

	14.	 Cho S, Muthukumar AK, Stork T, Coutinho-Budd JC, Freeman 
MR. Focal adhesion molecules regulate astrocyte morphology 
and glutamate transporters to suppress seizure-like behavior. 
Proc Natl Acad Sci U S A. 2018;115:11316-11321.

	15.	 Zamanian JL, Xu L, Foo LC, et al. Genomic analysis of reactive 
astrogliosis. J Neurosci. 2012;32:6391-6410.

	16.	 Jones JR, Kong L, Hanna MG IV, et al. Mutations in GFAP dis-
rupt the distribution and function of organelles in human as-
trocytes. Cell Rep. 2018;25:947-958.e4.

	17.	 Motori E, Puyal J, Toni N, et al. Inflammation-induced alter-
ation of astrocyte mitochondrial dynamics requires auto-
phagy for mitochondrial network maintenance. Cell Metab. 
2013;18:844-859.

	18.	 Bantle CM, Hirst WD, Weihofen A, Shlevkov E. Mitochondrial 
dysfunction in astrocytes: a role in Parkinson's disease? Front 
Cell Dev Biol. 2020;8:608026.

https://orcid.org/0000-0002-2553-6296
https://orcid.org/0000-0002-2553-6296
https://orcid.org/0000-0002-1525-2599
https://orcid.org/0000-0002-1525-2599
https://orcid.org/0000-0002-4702-0127
https://orcid.org/0000-0002-4702-0127
https://orcid.org/0000-0001-6432-6964
https://orcid.org/0000-0001-6432-6964
https://orcid.org/0000-0003-0820-6233
https://orcid.org/0000-0003-0820-6233


      |  11 of 11CHO et al.

	19.	 Gӧbel J, Engelhardt E, Pelzer P, et al. Mitochondria-endoplasmic 
reticulum contacts in reactive astrocytes promote vascular re-
modeling. Cell Metab. 2020;31:791-808.e798.

	20.	 Hinson SR, Roemer SF, Lucchinetti CF, et al. Aquaporin-4-
binding autoantibodies in patients with neuromyelitis optica 
impair glutamate transport by down-regulating EAAT2. J Exp 
Med. 2008;205:2473-2481.

	21.	 Asavapanumas N, Ratelade J, Papadopoulos MC, Bennett 
JL, Levin MH, Verkman AS. Experimental mouse model of 
optic neuritis with inflammatory demyelination produced by 
passive transfer of neuromyelitis optica-immunoglobulin G.  
J Neuroinflammation. 2014;11:16.

	22.	 Sabater L, Giralt A, Boronat A, et al. Cytotoxic effect of neuro-
myelitis optica antibody (NMO-IgG) to astrocytes: an in vitro 
study. J Neuroimmunol. 2009;215:31-35.

	23.	 Saadoun S, Waters P, Bell BA, Vincent A, Verkman AS, 
Papadopoulos MC. Intra-cerebral injection of neuromyelitis 
optica immunoglobulin G and human complement produces 
neuromyelitis optica lesions in mice. Brain. 2010;133:349-361.

	24.	 Meyer K, Feldman HM, Lu T, et al. REST and neural gene net-
work dysregulation in iPSC models of Alzheimer's disease. Cell 
Rep. 2019;26:1112-1127.e9.

	25.	 Lin Y-T, Seo J, Gao F, et al. APOE4 causes widespread molecu-
lar and cellular alterations associated with Alzheimer's disease 
phenotypes in human iPSC-derived brain cell types. Neuron. 
2018;98:1141-1154.e1147.

	26.	 Tcw J, Wang M, Pimenova AA, et al. An efficient platform for 
astrocyte differentiation from human induced pluripotent stem 
cells. Stem Cell Reports. 2017;9:600-614.

	27.	 Naon D, Zaninello M, Giacomello M, et al. Critical reappraisal con-
firms that Mitofusin 2 is an endoplasmic reticulum-mitochondria 
tether. Proc Natl Acad Sci U S A. 2016;113:11249-11254.

	28.	 Shi Y, Kirwan P, Livesey FJ. Directed differentiation of human 
pluripotent stem cells to cerebral cortex neurons and neural 
networks. Nat Protoc. 2012;7:1836-1846.

	29.	 Chung W-S, Clarke LE, Wang GX, et al. Astrocytes mediate 
synapse elimination through MEGF10 and MERTK pathways. 
Nature. 2013;504:394-400.

	30.	 Betz C, Stracka D, Prescianotto-Baschong C, Frieden M, 
Demaurex N, Hall MN. Feature Article: mTOR complex 2-Akt 
signaling at mitochondria-associated endoplasmic reticulum 
membranes (MAM) regulates mitochondrial physiology. Proc 
Natl Acad Sci U S A. 2013;110:12526-12534.

	31.	 Arruda AP, Pers BM, Parlakgül G, Güney E, Inouye K, 
Hotamisligil GS. Chronic enrichment of hepatic endoplasmic 

reticulum-mitochondria contact leads to mitochondrial dys-
function in obesity. Nat Med. 2014;20:1427-1435.

	32.	 Thoudam T, Jeon J-H, Ha C-M, Lee I-K. Role of mitochondria-
associated endoplasmic reticulum membrane in inflammation-
mediated metabolic diseases. Mediators Inflamm. 
2016;2016:1851420.

	33.	 Phuan P-W, Ratelade J, Rossi A, Tradtrantip L, Verkman AS. 
Complement-dependent cytotoxicity in neuromyelitis optica 
requires aquaporin-4 protein assembly in orthogonal arrays.  
J Biol Chem. 2012;287:13829-13839.

	34.	 Haruki H, Sano Y, Shimizu F, et al. NMO sera down-regulate 
AQP4 in human astrocyte and induce cytotoxicity independent 
of complement. J Neurol Sci. 2013;331:136-144.

	35.	 Nishiyama S, Misu T, Nuriya M, et al. Complement-dependent 
and -independent aquaporin 4-antibody-mediated cytotoxicity 
in human astrocytes: pathogenetic implications in neuromyeli-
tis optica. Biochem Biophys Rep. 2016;7:45-51.

	36.	 Pittock SJ, Weinshenker BG, Lucchinetti CF, Wingerchuk DM, 
Corboy JR, Lennon VA. Neuromyelitis optica brain lesions lo-
calized at sites of high aquaporin 4 expression. Arch Neurol. 
2006;63:964-968.

	37.	 Wingerchuk DM, Lennon VA, Lucchinetti CF, Pittock SJ, 
Weinshenker BG. The spectrum of neuromyelitis optica. Lancet 
Neurol. 2007;6:805-815.

	38.	 Du L, Chang H, Xu W, et al. Effect of NMO-IgG on the inter-
leukin-6 cascade in astrocytes via activation of the JAK/STAT3 
signaling pathway. Life Sci. 2020;258:118217.

	39.	 Fujihara K, Bennett JL, de Seze J, et al. Interleukin-6 in neu-
romyelitis optica spectrum disorder pathophysiology. Neurol 
Neuroimmunol Neuroinflamm. 2020;7(5):e841.

	40.	 Papadopoulos MC, Verkman AS. Aquaporin 4 and neuromyeli-
tis optica. Lancet Neurol. 2012;11:535-544.

SUPPORTING INFORMATION
Additional Supporting Information may be found online 
in the Supporting Information section.

How to cite this article: Cho S, Lee H, Jung M, et al.  
Neuromyelitis optica (NMO)-IgG-driven organelle 
reorganization in human iPSC-derived astrocytes. 
FASEB J. 2021;35:e21894. https://doi.org/10.1096/
fj.20210​0637R

https://doi.org/10.1096/fj.202100637R
https://doi.org/10.1096/fj.202100637R

