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Purroske. Microglia-like cells derived from stem cells (iMG) provide a plentiful cell source
for studying the functions of microglia in both normal and pathological conditions. Our
goal is to establish a simplified and effective method for generating iMG in a precisely
defined system. Additionally, we aim to achieve functional maturation of iMG through
coculture with retinal organoids.

MetHoDs. In this study, iMG were produced under precisely defined conditions. They
were subjected to LPS and poly IC stimulation. Additionally, we examined distinct
phenotypic and functional variances between iMG and HMC3, a commonly used
human microglia cell line. To investigate how the retinal cell interaction enhances
microglial properties, iMG were cocultured with retinal organoids, producing CC-iMG.
We performed RNA sequencing, electrophysiological analysis, and transmission electron
microscope (TEM) to examine the maturation of CC-iMG compared to iMG.

Resurrs. Our results demonstrated that iMG performed immune-responsive profiles
closely resembling those of primary human microglia. Compared to HMC3, iMG
expressed a higher level of typical microglial markers and exhibited enhanced phago-
cytic activity. The transcriptomic analysis uncovered notable alterations in the ion channel
profile of CC-iMG compared to iMG. Electrophysiological examination demonstrated a
heightened intensity of inward- and outward-rectifying K+ currents in CC-iMG. Further-
more, CC-iMG displayed elevated numbers of lysosomes and mitochondria, coupled with
increased phagocytic activity.

Concrusions. These findings contribute to advancing our understanding of human
microglial biology, specifically in characterizing and elucidating the functions of CC-iMG,
thereby offering an in vitro microglial model for future scientific research and potential
clinical applications in cell therapy.

Keywords: hiPSC-derived microglia, electrophysiology, K* channel, proinflammatory
response, lysosome and mitochondrion
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icroglia, the resident immune cells of the central
M nervous system (CNS), play crucial roles in neuronal
development, immune defense, and maintaining homeosta-
sis, as well as contributing to neurological disorders.! They
have been prominently implicated in the initiation and
progression of neurodegenerative diseases. Recent advance-
ments in molecular biology have unveiled alterations in
microglial functions and their roles in aging and various
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neural disorders.? Microglia express numerous genes iden-
tified in human genome-wide association studies related to
neurological disorders, such as Alzheimer’s disease (AD)?
and age-related macular degeneration (AMD).* They also
play a pivotal role in the pathogenesis of various retinal
diseases, including glaucoma, uveitis, diabetic retinopathy,
and optic nerve damage.’® Consequently, the impact of
microglia on neural function is evident, because both abla-
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tion and overactivation of microglia can initiate neural dys-
function.!®!! Efficient replacement of retinal microglia holds
promise as a therapeutic approach for AMD,~® positioning
them as emerging therapeutic targets for retinal disorders.

Microglial activation and function have been extensively
studied in rodent experimental models; however, these
models often fail to mirror human microglial properties
accurately.!> As the primary immune cells in the CNS,
microglia continuously survey the local microenvironmen-
tal changes, and microglial activation can be rapidly evoked
by various noxious stimuli. This underscores the need for
robust cell-culture models to understand their functioning
and role in disease progression. HMC3, the most acceptable
immortalized human microglial cell line, retains most prop-
erties of primary microglia but still has certain shortcom-
ings.!> However, isolating primary human microglia is chal-
lenging, and the microglial transcriptional profile is quite
sensitive to enzymatic digestion procedures.'* Additionally,
the limited availability of postmortem human tissue hampers
pathological research related to microglia. Thus there is an
urgent demand for a progressive source of human microglia
for both basic and clinical research.

Recently, several protocols have been established
to differentiate human pluripotent stem cells (hPSC)
into microglia-like cells (iMG) through yolk-sac-derived
hematopoietic progenitor cells’>!8 or forced expression of
transcription factors crucial for microglia development.'?-2°
These approaches enable the production of substantial
quantities of human-derived cells exhibiting a typical fetal
microglial signature. Consequently, it allows for the gener-
ation of patient-specific microglia carrying gene muta-
tion and enables the modification of microglial pheno-
type using CRISPR gene editing.?!** Considering environ-
mental discrepancies, scientists use experimental models
with different microglial features, such as in vitro neuron-
or astrocyte- and iMG coculture, three-dimensional (3D)
organoids coculture, and in vivo chimeric mouse brain and
retina.?>27 Notably, these studies have suggested that the
biology of iMG is highly dependent on their environment.
The extent to which iMG can mimic primary microglia
biology in immune response and the difference between
microglial cell line and iMG are still unclear. Additionally,
it is critical to investigate the influence of neuronal interac-
tion on microglial biology.

In the present study, we used a chemically defined system
to generate iMG and evaluate their immune-responsive func-
tion by analyzing transcriptional and functional profiling
after LPS and poly IC stimulation. A comparative study
between iMG and HMC3 was conducted, demonstrating
that iMG exhibited higher expression of microglial mark-
ers and phagocytic activity than HMC3. To further enhance
their properties, iMG were cocultured with stem cell-derived
retinal organoids, yielding CC-iMG under an in vivo-like
microenvironment. RNA-sequencing results indicated poten-
tial changes in the ion channel properties and organelles
of CC-iMG. Consequently, we performed electrophysiolog-
ical analysis and transition transmission electron micro-
scope (TEM), revealing enhanced K' channel expression
and organelle maturation in CC-iMG compared to iMG.
To our knowledge, this is the first study to compare iMG
and a microglial cell line. Additionally, our findings indi-
cate that coculturing with retinal organoids can significantly
enhance the function and organelle maturation of iMG,
thereby bolstering its credibility as an in vitro model and a
dependable cell source for cell transplantation replacement.
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MATERIAL AND METHODS
Maintenance of Human IPSC

The human iPSC cell lines with or without nuclear green
fluorescent reporter used in this study were purchased
from Nuwacell (RC01010, RC01001-A; Hefei, China). Briefly,
iPSCs were maintained in chemical-defined Nuwacell ncEpic
hPSC medium (RP01001; Nuwacell) on Vitronectin-coated
(RP01002; Nuwacell) plates at 37°C and 5% CO, in a humid-
ified incubator. Cells were passaged with 0.5 pM EDTA
(AM9260G, Invitrogen) at a ratio of 1:10 and the medium was
changed daily. Cells were regularly tested for mycoplasma
contamination every three months.

Human Microglia Cell Culture

Human microglial cell line HMC3 (ATCC) was maintained
in RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS). Cells were detached with 0.25% Trypsin-EDTA
(25200-056, Gibco) and passaged with a ratio of 1:6.

Generation of HiPSC-Derived iMG

The protocol for generating iMG from GFP-expressing
human-induced pluripotent stem cells (HiPSCs) involved
several key steps with minor modifications from previous
methods.!® Briefly, HiPSCs colonies were detached with
0.5 mM EDTA in calcium/magnesium-free PBS containing
0.9% (V/V) sodium chloride, and then transferred into a
six-well suspension culture plate (657185; Greiner Bio-One,
Monroe, NC, USA) in embryonic body formation medium
(DMEM/F12 medium supplemented with 20% [V/V] CTS
KnockOut SR XenoFree [12618012; ThermoFisher, St. Louis,
MO, USA], 1% [V/V] penicillin/streptomycin, and 10 uM Y-
27632 [HY-10071; MedChemExpress, Monmouth Junction,
NJ, USAD. Embryonic bodies were formed automatically after
incubation overnight in a humidified incubator containing
5% CO, at 37°C. Fresh medium with the removal of Y-
27632 was changed. Until the fourth day, the embryonic
bodies were transferred into a gelatin-coated (G7041; Sigma-
Aldrich Corp., St. Louis, MO, USA) cell culture dish with
myeloid differentiation medium (X-vivo 15 plus medium
[04-418Q; Lonza Group, Basel, Switzerland] supplied with
25ng/mL IL-3 [CX90; Novoprotein, Beijing, China] and 25
ng/mL M-CSF [C417; Novoprotein]). The embryonic bodies
gradually attached after about seven to 10 days, and the
myeloid differentiation medium was changed every week
until hematopoietic progenitor cells (HPs) appeared in the
suspension. HPs were collected and subjected to microglial
induction medium (DMEM/F12 medium supplemented with
0.5% chemically defined N-2 supplement [17502048; Ther-
moFisher], 1% B-27 supplement XenoFree [A5047501, Ther-
moFisher], 100 ng/mL IL-34 [200-34; PeproTech, Cranbury,
NJ, USA) and 50 ng/mL M-CSF. HPs were plated in six-
well plates at a density of 2.5 x 10* cells/cm?. Generated
iMG showed ramified morphology after seven to 14 days of
induction.

HiPSC-Derived Retinal Organoids

For retinal organoid (RO) generation, HiPSCs of 80% to 90%
confluency were first digested with Dispase (07923; Stemcell
Technologies, Vancouver, BC, Canada), and then separated
into small pieces with a syringe needle followed by detach-
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ment with a cell scraper. Cell aggregates were collected
and wrapped with Matrigel (354234; Corning Inc., Corning,
NY, USA) within N2B27 medium. After five days of suspen-
sion culture, cell aggregates transformed into attachment
culture for six more days. Then the colonies were elevated
with dispase and transferred into B27 medium, containing
DMEM/F-12 medium supplemented with 2% B-27 supple-
ment. One week after culture in B27 medium, the medium
was changed to serum medium, containing DMEM/F-12
medium supplemented with 2% B-27 supplement, 8% fetal
bovine serum (10270106; Thermo Fisher Scientific, Waltham,
MA, USA), 0.5 uM retinal acid (R2625; Sigma-Aldrich Corp.,
St. Louis, MO, USA) and 100 mM Taurine (T8691; Sigma-
Aldrich Corp.). Retinal organoids were cultured in the serum
medium and the medium was changed weekly. Neural
epithelial layer appears around differentiation day 25-30,
and retinal cell types can be identified around day 40.

Coculture of IMG and ROs

Fourteen days after iMG induction, attached ramified iMG
were transferred into serum medium supplemented with 100
ng/mL IL-34 and 50 ng/mL M-CSF. ROs at differentiation days
of 40-80 were added into the plates with attached iMG at
a density of 2857 iMG/organoids. After five days of cocul-
ture, the attached iMG was used for subsequent analysis.
Occasionally, ROs might attach to the surface of the plate,
which could be lifted with a gentle shake or blow with a
pipette. Undirect contact coculture was based on the tran-
swell culture system using Millicell cell culture inserts (pore
size 0.4 pm) (PIHP01250; Merck Millipore, Burlington, MA,
USA).

Electrophysiological Recordings

Passive membrane properties and K current of iMG on
glass slices were measured using the patch-clamp tech-
nique in whole-cell configuration following a previously
published method.?® For pulse application, a patch-clamp
amplifier 700B (Molecular Devices, San Jose, CA, USA) was
connected to a computer, and data were recorded using
the program 1550B (Molecular Devices) analog-to-digital
converter. Borosilicate glass (BF150-86-10; Sutter Instrument
Company, Novato, CA, USA) was used for patch electrode
fabrication on a two-stage puller P97 (Sutter Instrument
Company). The K' current blockade was achieved using 20
mM TEA-CI in a nonspecific manner.

Immunofluorescence

Cells or ROs were fixed with 4% paraformaldehyde (P0099;
Beyotime Institute of Biotechnology, Jiangsu, China) in PBS
buffer. Cryo-sections of ROs (25 pum in thickness) were
prepared with a cryostat (CM1950; Leica, Wetzlar, Germany).
The cells or sections were blocked with AB solution contain-
ing 5% donkey serum and 0.1 or 0.3% Triton X-100 in
PBS for cells or sections for one hour at room tempera-
ture (RT). Primary antibodies, including anti-Ibal (1:400,
019-19741; Wako Chemicals USA, Richmond, VA, USA),
anti-hIBA1 (1:400, MAB7308-sp; R&D Systems, Minneapolis,
MN, USA), anti-hP2RY12 (1:500, HPA014518; Sigma-Aldrich
Corp.), anti-Calretinin (1:1000, CR7697; Swant, Bellinzona,
Switzerland), anti-Cone-arrestin (1:500, AB15282; Merck
Millipore), anti-Ku80 (1:1000; Cell Signaling Technology,
Danvers, MA, USA) and anti-RHO (1:10000, MABN15; Merck
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Millipore), were diluted with indicated ratio in AB solution
and incubated overnight at 4°C. Then the samples were
incubated with secondary antibodies, such as AlexaFluor
donkey anti-rabbit 1gG 488 (1:1000, 711-585-152; Jackson
Laboratories, Bar Harbor, ME, USA), Donkey anti-rabbit- IgG
Cy5 (711175152, Jackson lab), and AlexaFluor donkey anti-
mouse IgG 594 (715-585-151; Jackson Laboratories), for two
hours at RT. The samples were observed under a confocal
microscope (LSM900; Carl Zeiss, Inc., White Plains, NY, USA).

Lysosome Labeling and Quantification

For lysosome staining, Lysotracker Deep Red (L12492; Ther-
moFisher) was used to study lysosomal formation according
to the manufacturer’s instructions. Lysotracker labeled cells
were mounted with ProLong Diamond Antifade Mountant
(P36971; Invitrogen, Carlsbad, CA, USA). The signal of lyso-
some in each cell of iMG and CC-iMG were compared to
assess the effect of ROs coculture.

To quantify functional lysosomes, cells were stained with
Lysotracker Deep Red and then treated with 50 uM glycyl-
L-phenylalanine-b-naphthylamide (GPN) for 15 minutes, or
DMSO as control. GPN can be degraded by lysosomal
protease cathepsin C resulting lysis of lysosomes. Thus the
degree of fluorescence reduction of Lysotracker Deep Red
signal before and after GPN treatment is proportional to the
amount of lysosome. Note that the degree of fluorescence
reduction of Lysotracker Deep Red signal before and after
DMSO treatment was used as background.

Mitochondrial Staining and Quantification

The mitochondria of iMG were labeled with MitoTracker Red
FM (M22425; ThermoFisher) following the manufacturer’s
instructions. To evaluate the influence of ROs coculture, cells
were observed under confocal microscopy (LSM900; Carl
Zeiss, Inc.) using iMG in serum medium without ROs as
control. To quantify the mitochondrial signal, eight to 10
images were acquired.

Measurement of Cell Viability

For cell viability measurement, iMG were plated in 96-well
plates for seven days and then transferred the RO into
each well for five more days in serum medium. The cells
in serum medium without ROs were set as control. The
ATP-based method, CellTiter-Glo Luminescent Cell Viability
Assay (G7571; Promega Corporation, Madison, WI, USA) was
used to detect the cell viability of iMG after coculture with
ROs. Relative cell viability was normalized to iMG control.

For poly IC treatment, iMG were cultured in 96-well plates
for seven days, and then 1 ug/mL poly IC was added in the
medium. After 24 hours’ stimulation, cell survival rates were
measured using CCK-8 assay (C6005; New Cell & Molecular
Biotech, Newcastle upon Tyne, UK).

RNA Isolation and Quantitative Real-Time PCR

Cells were lysed in 1 mL of TRIzol reagent (15596026CN;
ThermoFisher), and total RNA was isolated according to the
manufacturer’s instructions. The purity and quantity of the
isolated RNAs were measured with nanodrop NanoDrop,
1000 (ThermoFisher). For quantitative real-time PCR, 1 pg
RNA was reverse transcribed into cDNA using HiScript III
RT SuperMix for qPCR (+gDNA wiper) (R323-01; Vazyme
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TaBLe. Primer Sets for qCPR

Gene name Forward
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Reverse

RPL13A CAA GCG GAT GAA CAC CAA C
CDG68 CCT CAG CTT TGG ATT CAT GC
MPO CGT CAA CTG CGA GAC CAG

TNF-« CAG CCT CTIT CTC CTT CCT GAT
TMEM119 AGT CCT GTA CGC CAA GGA AC
P2RY12 TGA CAA AAA TCC AGG GTA GTG A
CX3CR1 CCC TGG AAG GTG CTG TTA TC
CYCT1 TCC AGA ACT TCC AGT GTT GC

TGT GGG GCA GCA TAC CTC

GAG CCG AGA ATG TCC ACT GT
GTC ATT GGG CGG GAT CTIT

GCC AGA GGG CTG ATT AGA GA
AGG AGC AGC AAC AGA AGG AT
CGTCAG TAA AGTCTTGAGTGC TCT T
TCC ATG AGA TTG GAC TGG AA
TGC TTC TGG GAA ATA AAT GC

Biotech Co., Ltd., Nanjing, China). Prepared cDNA was
subjected to quantitative real-time PCR using Taq Pro Univer-
sal SYBR qPCR Master Mix (Q712-03; Vazyme Biotech
Co., Ltd.) with Real-Time PCR Instrument (A28132; Ther-
moFisher). Primer sets for qPCR are listed in the Table.

RNA Sequencing and Data Analysis

Bulk RNA sequencing was performed by BioMarker (Beijing,
China) as described previously. RNA sequencing was
performed on the Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) as PE150. A minimum of 6 G clean
data yield was guaranteed for each sample. Part of the data
analysis was completed by R software version 4.2.0. Differ-
entially expressed genes were analyzed using the R pack-
age “DESeq2.” Gene oncology (GO) enrichment analysis was
performed by the R package “clusterProfiler.” Data visual-
ization was achieved with R packages “heatmap,” “ggplot2,”
and “ggnewscale.”

Phagocytosis Assays

IMG were grown on glass slides and poly(methy
Imethacrylate) fluorescent nano-beads were added in the
medium for one or two hours in a humidified incubator
containing 5% CO2 at 37°C. Then cells were fixed with 4%
paraformaldehyde for 10 minutes at RT and stained with
anti-Ibal as described previously. Images were captured
using a Carl Zeiss, Inc. confocal microscopy (LSM900). To
calculate the phagocytic activity, the intensity of embedded
beads was measured using ZEN software within each cell.
Cell outline was identified with IBA1 staining.

Preparation of TEM

TEM were performed following a previously published
method.”® Briefly, iMG grown on a 12-well plate were
fixed in fixative containing 2% paraformaldehyde (157-8;
Electron Microscopy Sciences, Hatfield, PA, USA) and 2%
glutaraldehyde (16020; Electron Microscopy Sciences) in
0.1 M PB, pH 7.4, incubated overnight at 4°C. After being
thoroughly washed with PBS, cells were post-fixated in
1% osmic acid anhydride (20816-12-0; Electron Microscopy
Sciences) for one hour at RT and stained with uranyl
acetate solution. After dehydrating in a graded series of
acetone, cells were embedded in freshly prepared Epon-
812. Because the samples were monolayer cells, ultrathin
sections of 80 nm were prepared carefully for TEM and then
collected on formvar-coated grids. Images were acquired
with a Hitachi-7500 electron microscope (Hitachi, Tokyo,
Japan).

Graphics and Statistical Analysis

Schematic figures were generated with BioRender
(https://biorender.com/). Quantitative analysis of confocal
microscopy images was performed using the Histo model
of ZEN software from Carl Zeiss, Inc. Data visualization
and statistical analysis were performed using GraphPad
Prism software version 9.0. Unpaired Student’s f-test was
performed for comparisons of two groups, and two-way
ANOVA was used for multiple comparisons. For all analyses,
a P value < 0.05 was considered statistically significant,
and error bars represent standard deviation (SD) or stan-
dard error of the mean (SEM). The number of biological
replicates (n) is indicated in each figure.

REsuLTS

Generation of Immune-Responsive IMG Under
Well-Defined Conditions

To generate iMG under well-defined conditions, HiPSCs
were cultured on vitronectin-coated plates using a chem-
ically defined medium. Modified from our previously
described method,'® we generated iMG with a differentia-
tion medium containing DMEM/F12, N-2, B27 supplement,
IL-3, M-CSF, and IL-34, excluding FBS previously used. Vali-
dation of iMG was performed by assessing the expression of
microglial markers IBA1 and P2RY12 (Supplementary Figs.
S1A, S1B). Additionally, we evaluated the phagocytic capa-
bility of iMG through fluorescent bead engraftment (Supple-
mentary Fig. S1C). Co-localization analysis indicated that
the fluorescent nano-beads were indeed incorporated into
the iMG cytoplasm (Supplementary Fig. S1D). These results
confirm the successful generation of iMG from HiPSCs under
chemically defined conditions.

To investigate the responses of iMG to pro-inflammatory
stimuli, we exposed them to bacterial endotoxin LPS or
dsRNA poly IC (Figs. 1A, 2A). To simulate chronic inflam-
mation, we opted for a relatively low concentration of LPS
(1 ng/mL) and treated iMG for six and 24 hours (Fig. 1A).
Initially, we assessed the expression of homeostatic and
activated microglial markers, including TMEM119, P2RY12,
CX3CR1, CD68, MPO, and TNFa by qPCR. The results
revealed that the expression of activated microglia genes
(CD68, MPO, and TNF«) significantly increased after six and
24 hours of LPS treatment, indicating that this low concen-
tration of LPS induces iMG activation within six hours,
sustaining for 24 hours (Fig. 1B). Notably, mRNA expres-
sion of TNFa peaked at a significantly higher level and
declined after 24 hours of stimulation yet remained signif-
icantly upregulated compared with untreated iMG. Regard-
ing homeostatic microglial markers, TMEM119, P2RY12, and
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FiGure 1.

CX3CR1 showed downregulation after six hours of LPS treat-
ment, although the differences were not statistically signifi-
cant for TMEM119 and P2RY12. Importantly, after 24 hours
of treatment, the mRNA levels of TMEM119 and CX3CR1
were significantly higher in LPS-treated iMG compared with
untreated iMG (Fig. 10).

To analyze transcriptomic changes after LPS treatment,
bulk RNA-seq was performed on both untreated iMG and
iMG exposed to LPS for 24 hours. LPS treatment induced
differential expression in 102 genes compared to untreated
iMG, with 71 genes upregulated and 31 genes downregu-
lated. Notably, secreted cytokines CCL20, IL1A, IL1B, and
CXCL8 (IL8) were induced by LPS in iMG (Fig. 1D). Addi-
tionally, the expression of ITGA1 (CD49a), a key player in
cell adhesion, significantly increased after LPS exposure.
Enhanced expression of CC-chemokine receptor 7 (CCR7),

LPS-triggered transcriptional response in iMG. (A) Schematic of LPS treatment and sample collection for subsequent analysis.
Created with www.biorender.com. Quantitative PCR analysis for the expression of activated (B) and homeostasis (C) microglial markers.
Data are represented as means £+ SD; n = 3. (D) Volcano plot shows DEGs in iMG after low concentration of LPS treatment. (E) Heatmap
visualization of the normalized gene expression levels for DEGs after LPS treatment for 24 hours. (F-H) Representative TEM images of iMG
and LPS-treated iMG after 24 hours treatment. Nuc, nuclear, Vac, vacuole, Mito, mitochondria. Scale bar: 2 nm (F-i, G-i, H). Scale bar: 1 pm
(G-ii). Scale bar: 0.5 pm (F-ii).

which may impact cell migration, was also observed in LPS-
treated iMG (Fig. 1E). Furthermore, TEM analysis revealed
the ultrastructural of iMG and LPS-treated iMG (Figs. 1F-H).
LPS stimulation did not induce obvious alterations in mito-
chondria after 24 hours of treatment, with occasional obser-
vation of cell debris within the vacuoles (Fig. 1F).

To simulate viral infection in iMG, we investigated the
effects of poly IC (a synthetic double-stranded RNA), a
TLR3 agonist (Fig. 2A). Poly IC treatment induced notice-
able changes in microglial morphology and reduced cell
viability (Figs. 2B-D). Bulk RNA-seq analysis revealed that
high concentrations of poly IC (1 pg/mL) treatment induced
differential expression in 1923 genes, including 465 upregu-
lated genes and 1458 downregulated genes (Fig. 2E). Among
these, cytokines (CXCL10 and CCL5) and pro-inflammatory
factors (IL-6 and TNF) were significantly upregulated, while
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Ficure 2. Poly IC treatment evoked viral infectious-like transcriptional response in iMG. (A) Schematic of cell culture and sample collection
for subsequent analysis. Created with www.biorender.com. (B) The phage contact photograph of iMG treated with or without poly IC. Scale
bar: 200 pm. (C) Quantitative analysis of the length of cell process of iMG. Data are represented as means & SD. (D) Cell viability were
measured after poly IC treatment using CCK-8 kit. Data are represented as means + SD; 7 = 4. (E) Volcano plot shows DEGs in comparison
of poly IC treatment versus untreated iMG control. (F) Heatmap visualization of the normalized gene expression levels for DEGs after poly
IC treatment for 24 hours. (G) The most significantly enriched Gene ontology of DEG.

homeostatic markers were markedly downregulated, such
as P2RY12, P2RY13 and CX3CR1 (Fig. 3F). GO analysis indi-
cated enrichment in response to virus and defense response
to virus, suggesting that poly IC treatment triggered a
robust proinflammatory response in human iPSC-derived
iMG (Fig. 2G). These findings underscore iMG as a reliable
cellular model, offering a platform for in vitro inflammatory
studies of human microglia.

Advantages of IMG Compared to HMC3

The iMG generated in this study exhibits superior bioactiv-
ities and immunological characteristics compared to HMC3,
as supported by several key observations. Firstly, morpho-
logical differences between iMG and HMC3 were evident,
with iMG displaying a ramified form indicative of matu-

ration and resting states (Fig. 3A). Furthermore, RNA-seq
analysis revealed distinct transcriptome profiles between
iMG and HMCS3 (Fig. 3B). Specifically, genes associated with
cell proliferation, such as ADAMTS6, PVR, and FANCD?2,
were significantly upregulated in HMC3, whereas microglial
homeostatic genes including P2RY12, CR3CR1, TREM2,
TMEM119, and SPI1, showed notable downregulation in
HMC3 compared to iMG. Moreover, the expression levels
of genes involved in immune activation were significantly
lower in HMC3 than iMG (Fig. 3C). GO analysis further high-
lighted enrichment in differentially expressed genes asso-
ciated with DNA replication and mitotic nuclear division
in HMC3 (Fig. 3D). Additionally, the phagocytic activity of
HMC3 was significantly lower than that of iMG (Figs. 3E, 3F).
Neither LPS nor poly IC treatment significantly affected
HMC3 cell viability (Fig. 3G). Furthermore, qPCR results
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Ficure 3. Comparison of iMG and HMC3 in transcriptome and phagocytic function. (A) The phage contact photograph of HMC3 and
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gene expression levels demonstrating that microglial marker genes are highly expressed in iMG and cell proliferation-related genes are
highly expressed in HMC3. (D) Enrichment analysis showed the top ten Gene ontology associated with cell proliferation. (E) Phagocytosis
of iMG and HMC3 were evaluated after treatment with poly(methylmethacrylate) fluorescent nano-beads for two hours. Scale bar: 20 nm.
(F) Quantification of the intensity of fluorescent nano-beads in each cell. Data are represented as means £ SD. (G) Cell viability was
measured after LPS and poly IC treatment using CCK-8 kit. Data are represented as means £+ SD; n = 5. (H-J) Quantitative PCR analysis of
the expression of activated and homeostasis microglial markers. Data are represented as means £ SD; n = 3.



Investigative Ophthalmology & Visual Science

RO Microenvironment Enhanced Bioactivities of iMG

revealed that LPS and poly IC treatments had distinct effects
on iMG and HMC3 cells. The expression of CD68 and TNF-
a was significantly upregulated in both iMG and HMC3
cells. However, the expression of microglial homeostatic
genes, including P2RY12, CX3CR1, TMEM119, and MOP, was
markedly lower in HMC3 cells compared to iMG. These
genes were significantly upregulated in iMG following LPS
and poly IC treatment, while they remained unchanged
in HMC3 cells (Figs. 3H-]). Taken together, these findings
suggest iMG as a more reliable cellular model for investigat-
ing microglial biology.

Generation of ROs

Prior research has shown that coculturing with astrocytes
or neural cells can enhance iMG maturation.'>?° To further
explore the impact of the retinal context on iMG function,
we differentiated HiPSCs into ROs (Supplementary Figs.
S2A, S2B), which faithfully recapitulate retinal structure and
function.?*3! The generated ROs were confirmed to contain
calretinin-positive amarine cells at the early stage (D40),
and cone-arrestin-positive cone and rhodopsin-positive rod
photoreceptor cells at a later stage (D232; Supplementary
Fig. S2B). These results confirm the suitability of ROs for
establishing a retinal-microglia interaction model.

Retinal Organoid Microenvironment Induced
Changes in the Ion Channel Profile of IMG

To investigate the impact of ROs on iMG function, we
employed ROs at their mid-differentiation stage (D40-80)
as neural organoids for coculture with iMG (Fig. 4A). After
five days of coculture (CC-iMG), the morphology of CC-
iMG exhibited no discernible differences compared to iMG
cultured alone (Fig. 4B). However, bulk RNA-seq analy-
sis unveiled significant alterations in the expression of
4865 genes, comprising 1367 down-regulated and 3498 up-
regulated genes (Fig. 4C). Notably, this dataset encompasses
transcription factors (TFs) pivotal for microglial develop-
ment, including RUNX2, FOSB, and BHLHE41 (Supple-
mentary Fig. S3). These TFs potentially underlie the tran-
scriptional changes in CC-iMG. GO network analysis high-
lighted the enrichment of differentially expressed genes
(DEG) in pathways associated with channel activity, such
as voltage-gated channel activity and ion channel activity
(Figs. 4D, 4E; Supplementary Fig. S4A). These transcriptomic
shifts suggest that retinal cell interaction might influence ion
channel activity in iMG.

Retinal Organoid Microenvironment Enhances the
Electrophysiological Function of IMG

To validate whether changes in the expression of voltage-
gated channel-related genes influenced the electrophysio-
logical properties of iMG following coculture with ROs, we
utilized the patch clamp technique to assess rectifying K*
channels in both iMG and CC-iMG. Only relatively large cells
with ramified processes were selected for the experiment
(Fig. 5A). A total of ten cells in each group were recorded.
Microglial cells exhibit both inward- and outward-rectifying
K' channels and their expression pattern is strongly influ-
enced by the retinal cell interaction, making them a sensi-
tive marker of microglial function.?® In this study, K™ channel
currents were successfully recorded in iMG using the whole-
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cell configuration. Voltage pulses ranging from -150 and +30
mV, stepped by 10 mV at 10 s intervals between each stim-
ulus, elicited inward-rectifying and outward-rectifying K*
currents from a holding potential of -60 mV (Figs. 5B, 5C;
Supplementary Figs. S4B-D). Compared to iMG, the average
membrane capacitance of CC-iMG was significantly lower
(Supplementary Fig. S4E). However, no significant differ-
ences were found between iMG and CC-iIMG in the aver-
age membrane resistance and the average resting membrane
potential (Supplementary Figs. S4F, S4G). Importantly, CC-
iMG exhibited a significantly larger mean inward K™ and
outward K' current density compared to iMG controls.
These findings highlight the significant impact of the reti-
nal organoid microenvironment on the electrophysiological
function of iMG.

Retinal Organoid Microenvironment Promotes
Organelle Maturation of iMG

Both lysosomes and mitochondria are pivotal organelles
playing key roles in the development of iMG. Lysosomes,
in particular, are crucial for microglial function due to their
involvement in the phagocytic clearance of cell debris and
pathogens. Our enriched KEGG pathway analysis revealed
significant alterations in lysosomal pathways following ROs
coculture (Fig. 6A). To elucidate the changes in cellular
organelle in iMG, cells with or without ROs coculture under-
went ultrastructural analysis using TEM (Fig. 6B). Amplified
TEM images revealed vacuole-like vesicles with diameters
exceeding 0.35 um (Fig. 6C), indicative of lysosomal struc-
tures. In iMG, lysosomes typically exhibited diameters rang-
ing from 50 to 200 nm, appearing as spheres filled with gran-
ules (Fig. 6D). Notably, lysosomes in CC-iMG displayed intact
and clearly delineated membranes, a feature rarely observed
in iMG lysosomes (Fig. 6D). Additionally, the number of
lysosomes in CC-iMG was significantly increased compared
to iMG (Fig. 6E). Mitochondria in CC-iMG exhibited promi-
nent inner membranes and mature spines compared to
those in iMG (Fig. 6F). However, the number and area of
mitochondria were comparable between CC-iMG and iMG
(Figs. 6G, 6H). These findings highlight the profound influ-
ence of retinal organoid interaction on lysosomal and mito-
chondrial morphology and abundance in iMG.

The LysoTracker probes selectively accumulate in acidic
organelles, although not exclusively in lysosomes. The
fluorescence intensity of the LysoTracker signal markedly
increased in CC-iMG compared to that in iMG (Supple-
mentary Figs. S5A, S5B). The percentage of cells exhibit-
ing high fluorescence increased from 68.4% to 79.7% after
coculture with ROs, and the median fluorescence intensity
was also significantly elevated (Supplementary Fig. S5C). To
distinguish lysosomal and prelysosomal endocytic vacuoles,
Glycyl-L-phenylalanine 2-naphthylamide (GPN), a lysosome-
disrupting enzyme substrate, was applied to treat iMG and
CC-iMG. Consequently, the functional lysosomes can be
lysed with GPN treatment (Fig. 7A). We observed a signifi-
cantly higher reduction in LysoTracker-positive structures in
CC-iMG compared to iMG, indicating a greater abundance of
mature lysosomes in CC-iMG (Fig. 7B; Supplementary Figs.
S5D, S5E).

Dysfunctional mitochondria released by microglia can
trigger neuronal death.>? To further understand the changes
in mitochondria in CC-iMG, we performed MitoTracker stain-
ing followed by flow cytometry analysis (Figs. 7C, 7D). Flow
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Ficure 4. Transcriptomic changes of iMG after coculture with retinal organoids. (A) Experimental design. Retinal organoids at differentiation
days 40-70 were switched to dishes containing iMG at differentiation day 7 and maintained for five days becoming CC-iMG. iMG cultured
in the same medium without organoids were designated as control. IMG and CC-iMG were subjected to RNA-seq, electrophysiology, TEM,
organelle, and phagocytosis analysis. Created with www.biorender.com. (B) The phage contact photograph of iMG and CC-iMG. Scale bar:
300 pm. (C) Volcano plot shows DEGs in iMG after coculture with retinal organoids. (D) GO term network analysis of DEG. (E) Heatmap
visualization of the normalized gene expression levels for DEG related to voltage-gated channels.

cytometry analysis showed a slight increase in the propor-
tion of cells with higher fluorescence intensity (Fig. 7D).
We then investigated whether the function of mitochon-
dria in CC-iMG was enhanced. To assess this, we measured
cell viability using an ATP-based method, which revealed
an increase in ATP production ability elicited by retinal
tissue coculture (Fig. 7E). To assess the non-specific engraft-
ment of iMG and CC-iMG, fluorescent nano-beads were used
(Fig. 7F). Coculture with ROs significantly increased the
phagocytic activity of iMG (Fig. 7G). These findings collec-
tively suggest that the retinal organoid microenvironment
promotes organelle maturation and phagocytic activity of
iMG.

To further investigate whether direct contact or secreted
factors from ROs influence the physiology of iMG, we used

a transwell system to separate ROs and iMG. Phagocytic
activity was significantly increased in the transwell group
compared to the iMG monoculture control. However, the
phagocytic activity was markedly higher in the contact cocul-
ture group than in the transwell group (Figs. 8A, 8B). Addi-
tionally, we evaluated the expression of genes related to
voltage-gated channels, lysosomes, and mitochondria using
qPCR (Figs. 8C-E). The expression of the voltage-gated chan-
nel gene KCNG1 was upregulated in both the transwell and
contact coculture groups compared to the control group.
In contrast, the expression of KCNQ5 was significantly
increased in the contact coculture group but did not signif-
icantly change in the transwell group (Fig. 8C). A similar
pattern was observed for all detected lysosomal genes and
the mitochondrial gene CSP1 (Figs. 8D, 8E). The expression
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Ficure 6. Electron micrographs showing enriched organelles in iMG after coculture with retinal organoids. (A) The most significantly
enriched KEGG pathway of DEGs. (B) Representative TEM images of iMG and CC-iMG. Nuc, nuclear. (C) Amplified TEM images showing
more vesicles (white arrow) in iMG and more organelle, like mitochondrial (Mito, dark blue arrow) in CC-iMG. (D, F) Representative
micrographs showing more mature lysosomes (Lyso, light blue arrow) and mitochondria (Mito, dark blue arrow) in CC-IMG. Scale bayr:
2 um (A, B). Scale bar: 1 ym (C). Scale bar: 0.2 pm (D, F). Quantification of number of lysosome (E), mitochondrion (G) and area of each

mitochondrion (H) in iMG and CC-iMG.

of mitochondrial genes UAP1, SDS, and PGM1 was signifi-
cantly upregulated in both the transwell and contact cocul-
ture groups (Fig. 8E). These results indicate that secreted
factors from ROs can influence iMG physiology, although
direct contact coculture has a more pronounced effect.

DiscussION

In this study, we generated iMG from hiPSC and assessed
their immune response following pro-inflammatory stim-
ulation, which closely mirrored that of cultured primary
human microglia. Additionally, we elucidated transcriptional
and functional differences between iMG and the commonly
used microglial cell line, HMC3, underscoring iMG’s poten-
tial as a more reliable microglial model. To further refine
the microglial phenotype of iMG, we cocultured them with
retinal organoids for five days, yielding what we refer to
as CC-iMG. Comparative analysis revealed significant alter-
ations in the transcriptional signature, electrophysiological
properties, and organelle composition of CC-iMG compared
to iMG alone. This study represents the first comparative

analysis of transcriptome-level differences between iMG and
microglial cell lines. Additionally, we used TME and electro-
physiology to investigate how retinal cell interaction influ-
ences the jion channel activity and organelles of iMG.
Microglia play a pivotal role in the pathology and progres-
sion of various neurodegenerative diseases. Therefore it is
essential that in vitro models of microglia faithfully reca-
pitulate their function to advance our understanding of
these cells and explore novel drugs or therapeutic inter-
ventions for neurological disorders. Recently, protocols for
generating iMG have been established in several laborato-
ries, providing a valuable platform for studying microglial
biology.!5-20:20:33 These iMG, inducted by small molecule
cocktails, express typical microglial signature genes, acquire
phagocytic function, and respond to inflammatory stimuli.
However, many current approaches rely on animal-derived
Matrigel and FBS. For medical applications, it is crucial
to generate cells under fully defined conditions. Truncated
recombinant human vitronectin is widely used as a Matrigel
substitute for producing therapeutic cells from hPSC in an
xeno-free culture system, maintaining hPSC pluripotency
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Ficure 7. Coculture with retinal organoids promotes organelle maturation in iMG. (A) Representative images of LysoTracker red stain-
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Ficure 8. Direct contact coculture has a more pronounced effect on iMG than transwell. (A) Phagocytosis of iMG and CC-iMG (tran-
swell and contact) was evaluated after treatment with poly(methylmethacrylate) fluorescent nano-beads for 30 minutes. Scale bar: 50 pm.
(B) Quantification of the intensity of fluorescent nano-beads in each cell. Data are represented as means £ SD. (C-E) Quantitative PCR
analysis of the expression of genes related to voltage-gated channel (C), lysosomes (D), and mitochondria (E). Data are represented as
means £+ SD; n = 3.
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with a chemically defined medium.34 Although the addi-
tion of FBS in microglial culture medium can mitigate the
negative impacts of in vitro culture and enhance microglial
phagocytic activity, it is not essential for microglial survival.>®
Thus we present here the development of a simplified and
highly efficient protocol for generating iMG from hPSCs in a
fully defined culture system suitable for clinical application.

Microglia-mediate neuroinflammation has been recog-
nized as a significant contributor to neurodegenerative
diseases.’® To assess the immune responsiveness of iMG,
we stimulated them with pro-inflammatory stimuli. Consis-
tent with findings in primary human microglia,®>¥":3® we
observed a significant upregulation of TNF-«, CCR7, and
IL18 with LPS treatment and an enhanced toll-like recep-
tor 3 (TLR3) signaling pathway with poly IC treatment. The
minor changes in the transcription profile induced by LPS
may be attributed to two main factors: the low concentra-
tion of LPS (1 ng/mL) and the presence of components in the
culture medium similar to Abud medium, which exhibits an
immunosuppressive effect.!>3> Recent studies have demon-
strated that exposure to neural substrates generates tran-
scriptional heterogeneity in iMG, resembling subpopulations
identified in human brain microglia.* Additionally, iMG
treated with LPS and interferon-gamma (IFNy) exhibit simi-
larities to AD-relevant microglia,”® suggesting that iMG can
serve as a substitute for primary human microglia in relevant
studies.

The human microglial cell line, HMC3, is a widely used
in vitro model for microglial studies.!> However, a previ-
ous study raised concerns about the origin of CHME-5 cells,
another term for HMC3, suggesting they were rat glioblas-
toma cells rather than human cells.®! To confirm the human
origin of HMC3 cells used in our laboratory, we conducted
immunofluorescence staining using a human nuclear anti-
body against Ku80 and amplified human CYCT1-specific
primers (Supplementary Fig. S6). These analyses confirmed
the human identity of the HMC3 cells used in our exper-
iments. Our investigation revealed a significant decrease
in the expression of microglial marker genes, including
P2RY12, CSFIR, SPI1, TREM2, and TMEM119, in HMC3
compared to iMG. Furthermore, the expression of these
genes is barely changed following LPS and poly IC treat-
ments in HMC3, which is completely in contrast to the
responses found in iMG (Figs. 31, 3)) and primary microglia.
Additionally, poly IC treatments induced significant cell
death in iMG but not in HMC3 (Figs. 2D, 3G). These obser-
vations underscore the importance of iMG as a complemen-
tary model to current microglial research, providing valuable
insights into the dynamics and plasticity of microglial ion
channels under neural interaction conditions.

Previous studies have highlighted the suitability of iMG
for coculture with glia and neurons, leading to partial
enhancements in their functions and morphology.?*? Direct
contact with niche cells significantly enhances their tran-
scriptional resemblance to ex vivo microglia.*? Our prior
research demonstrated that indirect coculture with reti-
nal organoids affects the transcriptional signature of iMG,
including the upregulation of receptors such as TLR3 and
TMEM119, and the downregulation of genes associated with
cytokine production.'® Conversely, coculture with cortical
neurons containing Tau mutations results in a decreased
degree of ramification and increased apoptosis, mitochon-
drial fission, and ROS production in iMG." Thus we have
developed retinal organoids and established a direct contact
coculture system to investigate how retinal cell interaction
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influences the functional properties of iMG, including elec-
trophysiological function and organelle biogenesis. Our goal
is to accurately recapitulate microglia in vivo to better under-
stand their role in pathologies.

Microglia, characterized by very high membrane resis-
tance, possess the ability to rapidly modulate their
membrane potential through the function of a few ion chan-
nels, thereby regulating various associated functions such as
phagocytosis, migration, cytokine secretion, shape changes,
reactive oxygen species release, and proliferation.”> A previ-
ous study has identified the presence of inward rectifier K*
current in iMG, which can be blocked by Cs™.?° Similarly,
we observed partial blocking of both inward and outward
rectifier K™ currents in iMG by TEA-CI (Supplementary Fig.
S4D). In this study, we investigated the electrophysiological
properties of iMG before and after coculturing with retinal
organoids. The characteristics of both inward and outward
rectifier K currents in iMG closely resemble those docu-
mented for cultured human microglia, indicating that iMG
can highly recapitulate the electrophysiological function of
primary human microglia.

The expression of jon channel genes in microglia
is closely linked to their states and functions. Here,
we observed a significant alteration in the iron channel
gene expression pattern of iMG upon exposure to reti-
nal organoids. Our comparison of the macroscopic current
profile in iMG before and after exposure to retinal organoids
revealed an enhanced expression of both inward and
outward K* current. The inward rectifier K" current has
been recorded in cultured microglial cells from various
species, including rats, mice, bovines, and humans.#-47
Notably, a significant reduction in this current can be
induced by LPS stimulation,*® suggesting that an increased
inward rectifier K™ current in CC-iMG may indicate a health-
ier state compared to iMG alone. Although altered outward
K' current has been recognized as a hallmark of acti-
vated microglial cells in both in vitro and in vivo stud-
ies, %% reports have also shown increased outward K*
current in primary human microglia between days 5-7 post-
plating compared to days 1-2 post-plating,** as well in
HIV-1 Tat protein-induced microglia.”® Our result showing
increased outward K* current are consistent with these find-
ings. However, our previous study demonstrated that iMG
produce similar levels of cytokines, including IL-8, IL-18,
IL-6, TNF-¢, IL-10, and IL-20P70, before and after cocul-
ture with retinal organoids,'® suggesting that CC-IMG are
not activated iMG. Furthermore, the enhanced expression
of inward and outward K*' current density in CC-iIMG is
also consistent with the gene transcriptomic changes of K*
channels (Figs. 4D, 4E), where both inward rectifier Kir2.1
(KCNJ2), Kir3.4 (KCNJ5), Kir6.1 (KCNJ8), Kir7.1 (KCNJ13),
and outward rectifier Kv6.1 (KCNG1), Kv7.5 (KCNQ5), Kv4.2
(KCND2), Kv1.6 (KCNAG) increased (Supplementary Fig.
S4A). Currently, microglial ion channels are garnering more
attention as potential targets for the discovery of new
drugs or therapeutics,’! owing to their significant role
in neural disorders.>> Therefore iMG are well suited for
further investigations to determine the key factors leading to
increased microglial ion channels, which may provide valu-
able insights into microglial function in neuropathologies.

Microglia cell replacement therapy has emerged as
a potential treatment strategy, because microglia have
the capacity to repopulate after depletion.® Repopulated
microglia have demonstrated protective effects and have
been shown to positively modulate the microenvironment
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in the injured brain and in neurodegenerative diseases.’®>

For diseases stemming from microglial dysfunction, such
as Trem2 mutation-induced AD, replacing dysfunctional
microglia with healthy counterparts has been shown to
restore disease phenotype.’® With advancements in tech-
niques, the replacement of mouse microglia with iMG has
been achieved in both the brain and retina.?®-?’ This study
presents a straightforward method to generate more mature
iMG through coculture with retinal organoids, offering a
promising and reliable candidate cell source for microglia
cell replacement therapy.
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