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Abstract

Aims: Conventional two-dimensional (2D) culture systems fail to recapitulate the structural and functional complexity of the brain
parenchyma, driving microglia toward an activated, non-homeostatic state. Here, we therefore developed a simple, robust, and scalable
three-dimensional (3D) culture system using a Matrigel-collagen composite matrix to promote a more in vivo-like microglial phenotype.
Methods: Primary mouse microglia and human induced pluripotent stem cell-derived microglia (iMGLs) from multiple donor lines were
cultured either in conventional 2D conditions or embedded in a Matrigel-collagen 3D matrix. Phenotypes were characterized using confocal
microscopy and morphometric analysis, live-cell imaging, transcriptomic profiling, electrophysiology, cytokine secretion assays upon
inflammatory stimulation, and flow cytometry.

Results: In 3D culture, mouse microglia developed a markedly more ramified and structurally complex morphology, supported by
filamentous actin-rich terminal processes. Live-cell imaging demonstrated enhanced dynamics of cell processes and a more sessile cell body,
consistent with physiological microglia surveillance behavior. Transcriptomic profiling further revealed that microglia cultured in 3D
downregulated genes associated with activation and proliferation while upregulating homeostatic markers, yet retained a robust cytokine
response to inflammatory stimulation. Electrophysiological profiling similarly indicated a shift toward a more resting, in vivo-like state. Human
iIMGLs showed comparable morphological adaptations in 3D, with protein expression and functional readouts reflecting both shared
homeostatic features and cell line- and context-dependent characteristics.

Conclusion: Together, our results demonstrate that a simple and accessible 3D culture system shapes microglial morphology, behavior, and
molecular identity, establishing a versatile platform for investigating microglial physiology in a controlled yet physiologically more relevant
environment.
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1. Introduction

Microglia, the resident macrophages of the central nervous system (CNS), are the brain’s primary innate immune cells and play
crucial roles in maintaining homeostasis as well as responding to perturbations!. Originating from the yolk sac during early
embryogenesis, they are ontogenetically distinct from neural cell types?~l. Microglial phenotypes are highly dynamic and influenced
by regional cues, developmental stage, physiological context, and species-specific differencesl®’l. Microglial morphology is highly
dynamic and has long been used as a proxy for functional statel®l. However, morphological changes mainly indicate that microglia
have sensed a disturbance in homeostasis, without directly revealing their functional activityl®>'%. Despite substantial progress, the
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field continues to explore how microglial morphology, gene expression, and function relate to one another in health and diseasel!!l.
In vitro culture systems offer a valuable platform to study these relationships under defined conditions. Traditionally, primary
microglia are cultured on rigid two-dimensional (2D) substrates. However, such conditions often shift microglia into a state of
heightened responsiveness that poorly reflects their homeostatic baseline in vivol'>13l. Efforts to overcome these limitations have
included optimizing media formulations or co-culture with neural cells, as well as developing more complex models such as brain
organoids!'*'°l or human-mouse chimeras!'’?°. While these models have provided important insights, they are either limited in
scalability or involve complex cellular interactions that make it difficult to dissect microglia-intrinsic features. This has led to
increasing interest in well-controlled, yet physiologically relevant, experimental systems that better preserve key aspects of
microglial identity. Similar observations have been reported for other neural cell types, where neurons cultured in 3D matrices
develop a more physiological phenotype than those grown on conventional 2D substrates!?!l.

Human induced pluripotent stem cell (iPSC)-derived microglial-like cells (iMGLs) offer an attractive alternative, as they allow
patient-specific modeling and can, in principle, be produced in large numbers. However, differentiation outcomes vary substantially
between lines and are influenced by donor origin?>?°, sex[?], and even the somatic cell type of origin!?’.. These variables contribute
to heterogeneous phenotypes and complicate the comparison of iMGL studies across laboratories. Thus, there is a pressing need for
standardized culture systems that mitigate donor-specific variability while supporting the structural and functional maturation of
iMGLs.

Here, we establish a simplified three-dimensional (3D) culture system that promotes a more in vivo-like microglial morphology, cell
motility, actin organization, and functional properties. We optimized conditions for primary mouse microglia and extended this
approach to iMGLs, where the 3D environment consistently improved morphological complexity, motility, and responsiveness to
inflammatory cues across different donor lines, albeit line-specific responses could be observed. This model provides a robust
platform to study microglial biology, bridging the gap between highly artificial 2D cultures and complex multicellular systems, and
opens opportunities for drug screening and patient-specific disease modeling.

2. Materials and Methods
2.1 Murine cell culture and experimental procedures

2.1.1 Mouse models

Primary mouse microglia were isolated from the following strains: C57BL/6J mice for transcriptional, electrophysiological, and
cytokine response analyses; Cx3cr19%7/* mice for morphological and motility analyses; and Lifeact9?”* mice for visualization of F-actin.
Cx3cr19?/* and Lifeactd?* mice were generated by crossing Cx3cr197/9’? micel?®], obtained from The Jackson Laboratory, or
Lifeact9? 9’ micel*’l, with permission from Roland Wedlich-S6ldner, with wild-type C57BL/6J mice (Charles River). Mice were housed
in individually ventilated cages under specific pathogen-free conditions on a 12 h light/dark cycle. Mouse breeding was carried out in
accordance with European Union guidelines and approved by the Veterinary Office of the City of Bonn, Germany (56-2 and
67-5-2022/23).

2.1.2 Preparation of mixed glial cultures and isolation of primary microglia

Mixed glial cultures were prepared from postnatal day 1-3 C57BL/6J mouse pups as previously described*’l. Briefly, meninges were
carefully removed from the brains under a dissection microscope. The brains were then incubated in a solution of 0.5% trypsin
(#15090046, Life Technologies) in phosphate-buffered saline (PBS) (#14190094, Life Technologies) at 37 °C for 10 min for enzymatic
digestion. The reaction was stopped by adding 3 ml of prewarmed Dulbecco’s modified Eagle medium (DMEM) cell culture medium
(#31966021, Life Technologies), followed by centrifugation at 300 g for 10 min. The tissue pellet was resuspended in 1 ml pre-warmed
DMEM, then mechanically dissociated using a pipette. The resulting cell suspension was filtered through a 70 pm cell strainer
(#431751, Corning). Cells from 1.5 brains were seeded into one 0.01% poly-L-lysin-coated (#P1399, Sigma) T-75 flask and cultured in
DMEM supplemented with 10% fetal bovine serum (#F7524, Sigma Aldrich) at 37 °C in a humidified incubator with 10% CO,. After 24 h,
cell culture medium was replaced. At 7 days in vitro (DIV), a mixed glial population was established, with astrocytes forming a
confluent monolayer and microglia residing on top. The supernatant was collected, filtered through a 0.22 ym membrane filter
(#SCGP00525, Merck Millipore), and stored at 4 °C as astrocyte-conditioned medium (ACM) until further use. At 10 DIV, the culture
medium of the mixed glial cell culture was replaced with 20% L929-conditioned medium in DMEM cell culture medium, and cells were
incubated for an additional three days. At 13 DIV, primary microglia were isolated by mechanical dissociation. The cell culture flasks
were tapped firmly on the bench to detach the microglial cells. Supernatants containing floating microglia were collected, passed
through a 70 pum strainer, and centrifuged at 300 g for 10 min. The resulting cell pellets were resuspended in prewarmed
L929-conditioned medium. 1.5 x 10° cells were seeded in a 60 mm Nunc UpCell™ dish coated with thermo-responsive poly
(N-isopropylacrylamide) (#10592954, Thermo Fisher Scientific) in 5 ml L929-conditioned medium and incubated overnight at 37 °C. At
37 °C, cells adhere to the hydrophobic surface of these dishes; a temperature change to room temperature (~22 °C) induces a
hydrophilic switch, enabling enzyme-free detachment and enrichment of primary microglial®'-*?l. At 14 DIV, medium was replaced
with 2 ml prewarmed cell culture medium, and dishes were exposed to room temperature for 30 min to detach microglia for
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downstream applications.

2.1.3 Murine microglia 2D and 3D culture systems

Both 2D and matrix-based 3D microglia culture systems were kept at 37 °C and 10% CO, in ACM. ACM was obtained from filtered
supernatants of mixed glial cultures at 7 DIV as described above. All downstream analyses were performed after microglia were
cultured under 2D or 3D conditions for 24 h. For 2D cultures, cells were seeded into p-Slide 8-Well chamber slides (#80827, Ibidi) at
7.5 x 10* cells/well in 400 pul ACM for imaging experiments. For RNA sequencing and cytokine assays, 3.75 x 10° cells in 1 ml ACM were
seeded into 24-well plates.

For 3D cultures, cells were embedded at a density of 5,000 cells per ul of the specified 3D matrix. For imaging and morphological
analysis, 7.5 x 10* cells were plated in the respective 15 pl cell-matrix mixture into p-Slide 8-Well chamber slides. All matrices were
allowed to polymerize at 37 °C for 45 min, and were then overlaid with 400 ul ACM for 24 h of culturing.

To obtain hyaluronan-based 3D cultures, 3.75 x 105 microglial cells were pelleted and resuspended in 5 ul ACM. 25 ul
lysine-functionalized (HA-TG/lys) and 25 pul glutamine-functionalized (HA-TG/gln) hyaluronan components!®*l were mixed with the cell
suspension. Gel crosslinking was initiated by adding 20 ul pre-warmed FXIIla enzyme (Fibrogammin 250, CSL Behring) before 15 ul of
this cell-matrix mixture was plated. For 3D microglia cultures in star-shaped poly(ethylene glycol)-heparin (StarPEG-heparin)
hydrogels, 3.75 x 10°> microglial cells in 5 ul ACM were mixed with 25 ul heparin-maleimide solution, and 45 ul StarPEG-precursor
solution before 15 pl of this cell-matrix mixture was plated. To obtain 3D microglia cultures in Matrigel, 3.75 x 105 cells were
resuspended in 15 ul ACM and mixed with 60 ul cold, growth factor-reduced, phenol red-free Matrigel (#356231, Corning) before 15 ul
of this cell-matrix mixture was plated. For 3D collagen cultures, 45 ul rat-tail collagen type I (#08-115, Merck) was neutralized with
9 ul 10x MEM (#21430020, Life Technologies) and 3 pl 5% NaHCO; (#1063290500, Merck Millipore). 50 pl neutralized collagen was then
mixed with 3.75 x 10> cells in 25 ul ACM before 15 pl of this cell-matrix mixture was plated. For microglial 3D cultures in
Matrigel-collagen, 3.75 x 10° cells in 5 ul ACM were mixed with 10 pl neutralized collagen and 60 ul Matrigel before plating 15 pl of
this mixture. For RNA sequencing and cytokine assays, 75 pl of this mixture was carefully pipetted onto parafilm, allowed to
polymerize at 37 °C for 45 min, and transferred into a 24-well plate containing 1 ml ACM per well. Cells were then incubated at 37 °C
for 24 h before analysis.

2.2 Microscopy and image-based quantification

To analyze microglial morphology and motility in 2D and 3D cultures, confocal and spinning disk microscopy were employed.
Confocal image acquisition was performed on a Zeiss LSM700 laser scanning microscope equipped with a 488 nm laser. Z-stacks were
acquired using a 40x/1.4 NA oil immersion objective with a step size of 0.43 pm and an image resolution of 512 x 512 pixels. For each
condition, at least 15 regions of interest were acquired per independent experiment under consistent imaging conditions. Time-lapse
imaging of microglial motility in 2D and 3D cultures was performed using a custom-built Andor spinning disk confocal microscope
based on an inverted motorized Nikon system. The setup included a Yokogawa spinning disk unit, dual EM-CCD and sCMOS cameras,
and lasers at 405, 445, 515, 561, and 640 nm. Microglia expressing eGFP were imaged with a 60x water immersion objective in 30 s
intervals for a 10-min period. Z-slices were acquired at 0.2 um intervals across a total depth of 38.28 um. Fluorescence excitation was
performed using a 488 nm laser at 1% intensity with an exposure time of 250 ms and a gain of 300. To visualize the structure of the
collagen-Matrigel matrix, confocal reflection microscopy was performed using a Zeiss LSM780 NLO system. Samples were illuminated
with a 633 nm laser, and backscattered light was detected using a red reflection filter and photomultiplier tube. Z-stacks were
acquired using a 60x water immersion objective at 37 °C with 0.22 pum intervals over 10 min. To monitor long-term movement of
microglia, live cell images of eGFP-expressing microglia were obtained with an LSM780 NLO microscope at 37 °C and 5% CO, using the
488 nm laser. Time-lapse confocal image stacks were acquired using a 40x water immersion objective at 15-min intervals and 1 um
z-slice increments over a period of 24 h.

2.2.1 Image processing, morphological, and cell movement analysis

Microglial morphology was analyzed using MotiQ, an ImageJ-based cell morphology analysis tooll**l. Following image acquisition,
Z-stacks of individual cells were cropped using MotiQ Cropper. Segmentation was performed with MotiQ Thresholder using the ‘Otsu’
methodl**l. Morphological parameters were extracted with MotiQ 3D Analyzer, including ramification index, spanned volume, number
of cell branches, and dendritic tree length. The ramification index, which is unit-free, was calculated as the ratio between the surface
area of the cell and the surface area of a sphere with the same volume, serving as a measure of the complexity of the cellular shape.
MotiQ also provides visual output images, such as 3D reconstructions for ramification and volume, as well as skeleton-based views
illustrating branching architecture and motility-related changes. Microglial migration was quantified from 0-24 h time-lapse
recordings, with images taken every 15 min. Representative cells were tracked across all frames using the MTrackJ plugin in ImageJ,
and the parameter Motility (um/s) was exported.

2.3 Electrophysiological analysis

Whole-cell patch-clamp recordings were performed at 31-32 °C controlled by Temperature Controller VII (Luigs-Neumann) in flowing
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Ringer solution containing (mM) 125 NaCl, 3 KCl, 1 MgCl, 1.5 CaCl,, 10 Hepes, 10 D-glucose (adjusted to pH 7.3 with NaOH) to assess
membrane currents of microglia cultured in 2D and 3D. Microglia were transferred to a recording chamber and continuously
superfused with Ringer solution at 1-2 ml/min. Recordings were conducted on an upright microscope (LNscope, Luigs-Neumann)
equipped with a 60x water immersion objective (Olympus) and a CCD camera for cell visualization. Patch pipettes (3-5 MQ,
borosilicate glass) were filled with intracellular solution containing (mM) 135 K-gluconate, 10 KCI, 10 Hepes, 0.1 EGTA, 2 MgCl,,
3 K-ATP, 0.3 Na-GTP (adjusted to pH 7.2 with KOH). Currents were amplified and recorded using a Multiclamp 700B, AxonDigidata
1550B (AxonInstruments) and pClamp software (AxonInstruments). Membrane capacitance was determined using the membrane test
function implemented in pClamp software immediately after establishing the whole-cell configuration. Input resistance was
estimated from the steady-state current response to a small hyperpolarizing voltage step using the Resistance Analysis function in
Clampfit. Because all recordings were performed exclusively in voltage-clamp mode, resting membrane potential was not assessed in
the present study. For 3D cultures, Dispase (#354235, Corning) was applied through an application pipette (1-3 MQ) to locally digest
and loosen the surrounding matrix of the target cell. To characterize voltage-dependent currents, 10 mV steps from +50 mV to
-160 mV (from a holding potential of -70 mV) were applied for 50 ms. Current amplitudes were measured 5-7 ms after step onset,
normalized to cell capacitance, and expressed as current density (pA/pF). The whole-cell patch-clamp method was applied as
originally described by Hamill et al. (1981)53¢1,

2.4 RNA isolation, cDNA synthesis, qPCR, and RNA sequencing

Total RNA was isolated from 2D or 3D-cultured microglial cells using the miRNeasy Mini Kit (#217004, Qiagen) according to the
manufacturer’s instructions. For 2D cultures, cells were rinsed three times with PBS and lysed directly in 1 ml QIAzol lysis reagent
(#79306, Qiagen). For 3D cultures, gels were washed in PBS, incubated in QIAzol, and homogenized before proceeding. The
homogenate from 2D or 3D-cultured cells was mixed with 200 pl chloroform (#C2432, Sigma-Aldrich), shaken vigorously, incubated at
room temperature for 3 min, and centrifuged at 12,000 g at 4 °C for 15 min. The aqueous phase was transferred into a fresh tube,
mixed with 750 pl of 100% ethanol, and passed through RNeasy Mini spin columns to bind RNA. Following the recommended wash
steps with RWT and RPE buffers, RNA was eluted with 35 pl of RNase-free water and stored at -80 °C until use.

For cDNA synthesis, total RNA concentrations were measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and
500 ng of total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (#4368814, Thermo Fisher
Scientific). A master mix containing RT buffer, dNTPs, random primers, reverse transcriptase, RNase inhibitor, and nuclease-free
water was prepared according to the manufacturer’s protocol. Samples were incubated at 25 °C for 10 min, followed by incubation at
37 °C for 120 min and enzyme inactivation for 5 min at 85 °C.

Quantitative real-time polymerase chain reaction (PCR) was performed using the TagMan Gene Expression Assays (#4369016, Thermo
Fisher Scientific) on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Each reaction was run in technical triplicates
with a total volume of 10 ul, including cDNA template, assay mix, and master mix. Rpl27 was used as a housekeeping gene as its
expression remained stable across conditions. The relative gene expression was calculated using the AACt method. A list of TagMan
probes used in the study is provided in Table S1.

RNA-seq was performed using the Smart-seq2 protocol as established by Picelli et al.*7). For library preparation, RNA (5 ng) was mixed
with lysis buffer and denatured at 95 °C for 2 min, followed by reverse transcription at 42 °C for 90 min using Superscript II reverse
transcriptase (#18064071, Thermo Fisher Scientific) and template-switching oligos.

Pre-amplification was performed for 26 PCR cycles with KAPA HiFi polymerase (#07958927001, Roche), and products were cleaned
with AMPure XP beads (#A63881, Beckman Coulter). cDNA integrity and fragment size were assessed using a high-sensitivity D5000
ScreenTape (#5067-5592, Agilent) on an Agilent 4200 TapeStation (Agilent Technologies). For library construction, the Nextera XT DNA
Library Preparation Kit (#FC-131-1096, [llumina) was used. Tagmentation of 100 pg pre-amplified cDNA was performed at 55 °C for
8 min, followed by neutralization and PCR enrichment with unique index adaptors (i5 + i7). Final libraries were purified with AMPure
XP beads and quality-checked using the D1000 ScreenTape assay (#5067-5582, Agilent). DNA concentrations were determined with the
Qubit high-sensitivity DNA assay (#Q33230, Thermo Fisher Scientific). Sequencing was carried out on an Illumina NextSeq 550 using a
single-end (75 bp) configuration. Kallisto (version 0.44.2) was used for the pseudo-alignment against the Gencode M16 reference
transcriptome. Data analysis was performed using R (version 4.3.0). ‘tximport’ (version 1.28.0) was used to import and aggregate
transcript-level data to gene levell®’l, The number and percentage of aligned reads were analyzed. The data were vst-transformed for
principal component analysis, or normalized with Deseq function for differential expression analysis, and pairwise differential
expression comparisons were made using the DESeq2 (version 1.40.11*]) package. Log2 fold changes were shrunk using the default
methodl?] to reduce variability associated with low-count genes. The Enrichr packagel’”] was used for the gene term enrichment
analysis. The ComplexHeatmap package (version 2.16.0''1]) was used for the visualizations of gene signature expression.

2.5 Enzyme-linked immunosorbent assay (ELISA)

2D- and 3D-cultured microglia were treated with lipopolysaccharide (LPS, 10 ng/ml; #tlrl-3pelps, InvivoGen) in DMEM for 24 h, after
which supernatants were collected for IL-6, TNF-a, and CXCL10 quantification. For quantification of IL-13 response, 2D- and
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3D-cultured microglia were primed with LPS (10 ng/ml) for 3 h before stimulation with nigericin (10 uM; #N1495, InvivoGen) for
another 3 h. Cytokine concentrations (IL-1f3, IL-6, TNF-a, CXCL10) in primary murine microglia culture supernatants were quantified
using DuoSet ELISA kits (#DY401, #DY406, #DY410, #DY466, R&D Systems), according to the manufacturer’s instructions, using
high-binding 96-well plates (Greiner Bio-One). Absorbance was measured at 450 nm with 570 nm as reference wavelength using a
microplate reader (Fluostar Omega, BMG Labtech).

3. Human Models and Experimental Procedures

3.1 Ethics approval and informed consent

Ethical approval for the use of the human iPSC lines was granted by the Ethics Committee of the Medical Faculty of the
Rheinische-Friedrichs-Wilhelms-Universitit Bonn (Reference: 2024-140). The CRTDi004-A iPSC line, used in this study, was generated
at the Center for Regenerative Therapies at TU Dresden, Germany. The material is fully anonymized. All iPSC lines are registered in the
Human Pluripotent Stem Cell Registry, with the following registration codes: CRTDi004-A (iMGL 1), SCTi003-A (iMGL 2), USCFi001-A
(iMGL 3), and SCVi028-A (iMGL 4). Informed consent was obtained from all participants.

3.2 Human iPSC culture

Human iPSC lines iMGL 1, iMGL 2, iMGL 3, and iMGL 4 were cultured in mTeSR Plus medium (#100-0276, Stem Cell Technologies). Cell
culture plates were pre-coated with Matrigel® hESC-Qualified Matrix (#354277, Corning) one day before seeding. Cells were
maintained at 37 °C and 5% CO, and routinely checked for mycoplasma contamination using the Venor®gem Classic Mycoplasma
Detection Kit (#11-1025, Minerva Biolabs). For passaging, cells were dissociated into small aggregates using ReLeSR (#100-0483, Stem
Cell Technologies) or into single cells using Accutase (#07920, Stem Cell Technologies) every 4-5 days. Unless otherwise stated, all
analyses presented were performed with iMGLs derived from the listed cell lines.

3.3 Mesodermal differentiation

Successful differentiation begins with a well-maintained human iPSC culture. Before differentiation, iPSC lines were passaged twice
after thawing and assessed for quality. iPSCs showing optimal properties with no signs of differentiation and characteristics of
pluripotency were selected for mesodermal differentiation. iPSC colonies were detached and dissociated using Accutase and plated
onto AggreWell™800 plates (#34811, Stem Cell Technologies) at a density of 10,000 cells per microwell in mTeSR Plus medium
supplemented with 10 puM (R)-(+)-trans-4-(1-Aminoethyl)-N-(4-Pyridyl)cyclohexanecarboxamide dihydrochloride inhibitor
(#Y0503-5MG, Sigma-Aldrich) and cultured overnight. On the next day (Day 1), each microwell contained one embryoid body (EB) with
visible borders. Mesodermal differentiation was initiated using a two-step priming strategy. On Day 1, media was removed carefully
using a 5 ml serological pipette and replaced with priming media 1 (mTeSR plus), containing 50 ng/ml human Bone morphogenetic
protein 4 (#130-111-167, Miltenyi Biotec), 50 ng/ml human vascular endothelial growth factor (#130-108-956, Miltenyi Biotec), and
20 ng/ml human stem cell factor (#120-096-692, Miltenyi Biotec). Full media changes with priming media 1 were performed on the
next three consecutive days. From Day 4 on, EBs were carefully transferred to a 6-well suspension plate (#83.3920.500, Sarstedt) and
cultured using priming media 2, which included the same growth factors as priming media 1, with the addition of 25 ng/ml human
interleukin 3 (IL-3, #130-095-070, Miltenyi Biotec). The EBs were moved to agitation on an orbital shaker at 75 rpm (Celltron, Infrose
HT), with full media changes performed on Day 6 and Day 9. At Day 11, EBs were removed from agitation, collected, and carefully
transferred to a Matrigel® hESC-Qualified Matrix coated 6-well cell culture plate in 1.5 ml X-Vivo media (#881024, Lonza),
supplemented with 2 mM GlutaMAX (#35050061, Thermo Scientific), 10 U/ml Penicillin-Streptomycin (#15140122, Thermo Scientific),
0.05 mM-Mercaptoethanol (#31350010, Thermo Scientific), 100 ng/ml human macrophage colony-stimulating factor (M-CSF,
#120-096-692, Miltenyi Biotec), and 25 ng/ml human IL-3 (#130-095-070, Miltenyi Biotec). After one week, half of the initial medium
volume was added to each well. First full media change was performed after two weeks. First precursor macrophages (preMacs) were
evident in suspension in the media after three weeks of static factory cultivation. From there on, full media changes were performed
once or twice per week to harvest the preMacs for further differentiation into iMGLs.

3.4 iMGL differentiation: 2D and 3D cultures

iMGLs were differentiated for 11 days on glass coverslips at a density of 1 x 10° cells/cm? for 2D culture and 1.5 x 10° cells for
5 droplets of 3D cultures. The iMGL differentiation medium consisted of Advanced DMEM/F12 (#12634028, Thermo Scientific)
supplemented with 1% N2 (#17502048, Thermo Scientific), 1% GlutaMAX (#35050061, Thermo Scientific), 1% Penicillin-Streptomycin,
0.1%-Mercaptoethanol, 100 ng/ml human interleukin 34 (#130-108-977, Miltenyi Biotec), 25 ng/ml human M-CSF, and 50 ng/ml human
Transforming Growth Factor beta 1 (TGF-31, #130-095-06, Miltenyi Biotec).

For 3D iMGL culture, a matrix for the droplets was prepared on ice using Matrigel Basement Membrane Matrix, lactate
dehydrogenase-elevating virus-free (#354234, Corning), and Rat Collagen Type I (#08-115, Sigma-Aldrich). Collagen was neutralized by
mixing 45 ul of collagen with 6 ul of 10x MEM (#21430-020, Gibco) and 3 ul of 5% NaHCO;. PreMacs were harvested, and 150,000 cells
were collected in a 1.5 ml tube, centrifuged at room temperature for 5 min at 300 g. The supernatant was discarded, and the pellet
was resuspended in 4 ul of iMGL differentiation media and mixed with 10 ul of ice-cold neutralized collagen and 60 ul of ice-cold
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Matrigel. For immunofluorescent labeling, 15 pl of the cell-matrix mixture was carefully transferred into the center of a pu-Slide 8-Well
chamber slides (#80826, Ibidi). For flow cytometry, droplets were formed using an Organoid Embedding Sheet (#08579, StemCell
Technologies). The droplets were allowed to solidify at 37 °C and 5% CO, for 45 min. Afterwards, iMGL media was added to the
u-Slides, or the droplets were transferred from the Organoid Embedding Sheet into a 48-well plate by flushing with iMGL media. The
cells were cultured for 11 days with half media changes every second or third day. iMGLs were treated with LPS or Fluoresbrite® YG
Carboxylate Microspheres 0.50 um (#15700-10, Polysciences) 24 h before flow analysis or fixation for immunofluorescence labeling.

3.5 Immunofluorescent labelling and analysis of 2D- and 3D-cultured iMGLs

Prior to fixation, 2D-cultured iMGLs and 3D droplets were carefully washed once with warm PBS. Droplets were fixed with 2% PFA at
37 °C for 30 min; 2D-cultured iMGLs were fixed with 4% PFA at room temperature for 15 min. After fixation, droplets were washed
three times for 10 min with warm PBS. Droplets were stored at room temperature in PBS, and 2D-cultured iMGLs were stored in PBS
at 4 °C until further use.

To block nonspecific binding sites, iMGLs were incubated at room temperature for 1 hour with 2% animal serum (donkey serum) in
PBS with 0.4% Triton-X100 (PBT) and 1% bovine serum albumin (BSA) and briefly rinsed in PBS. Subsequently, primary antibodies in 1%
BSA in PBT were added to each well, and the samples were incubated overnight at 4 °C for 2D-cultured iMGLs and RT for 3D droplets.
The primary antibodies used included anti-P2RY12 (#392108, BioLegend, 1:200) to label homeostatic microglia, and anti-IBA1
(#ab178847, Abcam, 1:500). Anti-osteopontin (OPN) (#ab63856, Abcam, 1:40), which marks proinflammatory microglia, was also
included. After incubation, the samples were washed three times with PBT for 10 min each. The secondary antibodies and Phalloidin
(#10125092, Fisher Scientific, 1:1,000) were added at a dilution of 1:1,000 in 1% BSA in PBT, and the samples were incubated for 1 hour
at RT in the dark. The secondary antibodies used were Alexa Fluor-488 anti-rabbit, Alexa Fluor-488 anti-mouse, Alexa Fluor-555
anti-rabbit, and Alexa Fluor-555 anti-goat (ThermoFisher). Following incubation with secondary antibodies, the cells were washed
once with PBT for 10 min, followed by nuclei staining using DAPI (#422801, BioLegend, 1:10,000) in PBT for 10 min, followed by
washing in PBS for 10 min. The 2D-cultured iMGLs on coverslips were mounted onto glass slides using Fluromount-G (#00-4958-02,
Invitrogen) and p-Slides were filled with glycerol (50% or 80% glycerol in PBS). The mounted coverslips were stored at 4 °C, and the
mounted p-Slides were stored at room temperature until further use. The morphological complexity of Iba1* iMGLs from 2D and 3D
was analyzed using MotiQ[*Y, a customized Fiji plug-in. Image segmentation was performed using MotiQ Cropper and Thresholder
(v0.1.2), applying Huang’s threshold for 2D-cultured iMGLs and Li’s threshold for 3D-cultured iMGLs. Particle analysis was conducted
with MotiQ 3D Analyzer (v0.1.5), using minimum particle volumes of 1,200 and 25,000 voxels for 2D and 3D cultures, respectively.
Morphological parameters were extracted with MotiQ 3D Analyzer, including ramification index, spanned volume, number of cell
branches, and total tree length. For the 3D reconstruction of iMGLs, Z-stack images (1 Um steps, using a Plan-Apochromat 40x/0.95
objective) were acquired using a Zeiss LSM 880 (Airyscan) confocal microscope (1,024 x 1,024 pixels, 8-bit depth, pixel size of
0.2076 um (voxel size 0.2076 x 0.2076 x 1.0 um3); scan zoom = 1 (no additional zoom)) from 2D and 3D-cultured iMGLs. To visualize
microglial morphology and assess the spatial distribution of P2RY12, image stacks were processed using Imaris software (version
9.6.1, Bitplane, Oxford Instruments). Microglial cells were rendered in 3D using the “Surfaces” tool based on IBA1 staining to reduce
background and allow volume-based visualization. P2RY12 expression was analyzed in the corresponding fluorescence channel to
evaluate its subcellular distribution within rendered microglia.

3.6 Digestion and harvesting of 2D- and 3D-cultured cells for flow cytometry

Collagenase I (#L.S004214, Worthington Biochemical Corporation) was prepared in Hank’s Balanced Salt (without Ca?" and Mg?') at a
concentration of 2 mg/ml. To recover cells from the 3D Matrigel-collagen matrix, the droplets were digested with collagenase I at
37 °C for 30 min. After digestion, ice-cold PBS was pipetted on top of the gel to dissolve residual Matrigel. The suspension was
pipetted several times up and down to thoroughly mix and break any remaining matrix. More ice-cold PBS was added, and the
solution was pipetted up and down again until the whole matrix was dissolved. Next, the suspension was transferred to a 15 ml
Falcon tube and centrifuged at 4 °C for 5 min at 400 g. If Matrigel was still evident in the suspension, additional ice-cold PBS was
added, and cells were centrifuged again until all Matrigel was dissolved. The resulting pellet was resuspended in FACS buffer and
transferred to a 96-well U-bottom plate. For 2D-cultured iMGLs, cells were scraped off the glass coverslip using a cell scraper. After
scraping, the cells were transferred to a 15 ml Falcon tube, centrifuged at 4 °C for 5 min at 400 g, resuspended in FACS buffer, and
transferred to a 96-well U-bottom plate. Cell surface staining was performed at 4 °C for 20 min with the addition of human Fc
receptorblocking reagent (#130-059-901, Miltenyi Biotec, 1:5) to prevent non-specific binding. Fluorescent-dye-conjugated antibodies
were purchased from BioLegend for flow cytometry analysis. Data were acquired using the FACSymphony A5 (BD Biosciences), and all
data were analyzed using FlowJo (v10.10.0). Median fluorescent intensities were normalized for each antibody based on the 2D
condition for each cell line.

3.7 Live-cell imaging of 2D- and 3D-cultured iMGLs

Live-cell imaging of 2D- and 3D-cultured iMGLs was conducted using an inverted wide-field Nikon Eclipse Ti-2E microscope. Cells
cultured in p-Slide 8-Well chamber slides were supplemented with 1 uM Vitamin C, and imaged every 15 min at the same XYZ
coordinates over a 24-hour period to assess differences in motility.
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3.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 10 (GraphPad Software). Datasets were tested for Gaussian
distribution and homogeneity of dispersion using the Shapiro-Wilk test and the Bartlett test, respectively. Microglial morphology data
across different 3D matrix compositions were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test, as the
assumption of homogeneity was not met. Comparisons between 2D and 3D cultures were conducted using unpaired two-tailed
t tests, or the Mann-Whitney test when normality or homogeneity criteria were not met. ELISA data were evaluated with two-way
analysis of variance followed by Tukey’s post-hoc test. Data are presented as mean * standard deviation unless otherwise indicated.
Statistical significance was defined as p < 0.05, with levels of significance indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
and p < 0.0001 (***#). Statistical tests used were specified in the respective figure legends.

3.9 Data availability

All original next-generation sequencing data have been deposited in the National Center for Biotechnology Information Gene
Expression Omnibus repository and will be made publicly available upon acceptance.

4. Results

4.1 3D culture composition determines microglial morphological complexity

To study the effect of 3D culture systems on microglial cells, we established a workflow as outlined in Figure 1A. Brains from mouse
pups (P0-P3) were isolated to generate primary mixed glial cultures. After purification, primary microglia were cultured either under
conventional 2D conditions or in 3D culture systems, after which they were subjected to analysis. To identify a 3D matrix
environment that supports microglial morphological complexity, we cultured microglia from Cx3cr19?”* mice in various 3D matrix
compositions and analyzed their morphology after 24 h. The goal was to establish a minimal, yet effective 3D condition that enables
microglia to develop a structurally complex, homeostatic-like morphological phenotype. As initial reference conditions, we tested
hyaluronan and starPEG as 3D matrices, which have been used previously to culture primary murine neurons and human primary
cortical astrocytes or iPSC-derived human neural stem cells, respectively!?'-*2l, Microglia embedded in either hyaluronan or starPEG
remained largely amoeboid and exhibited minimal process extension, indicating that these 3D systems were less suitable to support
morphological characteristics of primary microglia (Figure 1B). Furthermore, these 3D matrices displayed reduced structural stability,
frequently resulting in a higher cell density within the confocal imaging focal plane. We next assessed other matrices, including
collagen type I, Matrigel, and a composite matrix combining both (Matrigel:collagen, 4:1 ratio). This ratio, favoring Matrigel, was
selected to provide a laminin-rich environment while maintaining a fibrillar collagen network for structural stability, thereby more
closely resembling the CNS extracellular matrix than collagen I-dominant matrices[*?l. Microglia cultured in collagen or Matrigel
alone showed increased branching and a more complex morphology (Figure 1B,C). Notably, the combination of Matrigel and collagen
led to further improvement, with cells displaying more ramified cell processes (Figure 1B,C), suggesting a synergistic effect of the two
matrix components in supporting morphological complexity in cultured primary microglia in 3D. To quantify these differences,
high-resolution confocal imaging was followed by cell reconstruction and morphometric analysis using the MotiQ toolbox[*4l. This
allowed the extraction of key morphological parameters of cultured microglia, such as ramification index, spanned volume, number
of cell branches, and dendritic tree length (Figure 1C). Microglia in hyaluronan or starPEG exhibited low values across all measured
parameters, whereas collagen and Matrigel each induced significantly higher morphological cell complexity. The Matrigel-collagen
condition consistently yielded the highest values across all parameters (Figure 1C). Direct comparison with 2D-cultured microglia
further confirmed the superiority of the 3D Matrigel-collagen condition in promoting microglial morphological complexity
(Figure 1D,E). Taken together, these results demonstrate that a Matrigel-collagen composite matrix provides a supportive 3D
environment that robustly enhances microglial morphological complexity already within 24 h of culture.

4.2 3D culture promotes in vivo -like motility and behavior in primary murine microglia

To further characterize how the microglial phenotype is affected by the Matrigel-collagen 3D culture system, we examined dynamic
cell motility, cell-matrix interactions, filamentous actin organization, migratory behavior, and electrophysiological properties,
comparing microglia maintained in 2D versus 3D. First, we assessed the short-term dynamic behavior of microglial cell processes
using high-resolution spinning disk microscopy (Figure 2A). In 3D culture, microglia displayed continuous extension and retraction of
their terminal cell processes throughout the imaging period, while the cell body remained largely stationary (Figure 2A, bottom
panel). The microglial soma appears white due to its stable position across imaging frames, whereas the motile processes are
color-coded according to their temporal position. This behavior resembles the surveillance-like motility of homeostatic microglia
observed in vivol®#-%] In contrast, microglia cultured in 2D lacked discernible process dynamics and did not display defined
extension or retraction movements of cell processes (Figure 2A, top panel).

To assess physical interactions between microglia in 3D and the surrounding matrix, we performed short-term time-lapse confocal
imaging combined with reflection microscopy (Figure 2B). Microglia in 3D again extended and retracted processes continuously and
formed direct contacts with nearby matrix fibers (Figure 2B, arrowheads). These interactions likely provide structural guidance and
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anchoring points that support the maintenance of their branched morphology.
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Figure 1. 3D culture composition determines microglial morphological complexity. (A) Workflow for primary microglia generation from mixed glial cultures, followed by

culture in 2D or 3D conditions; (B) Representative confocal microscopy images showing the effect of different 3D matrices (starPEG, hyaluronan, collagen, Matrigel, and

Matrigel-collagen mixture [4:1, Mat+Col]) on microglia from Cx3cr19% mice (green). Morphology after 24 h in ACM. Arrowheads indicate cells shown below as

reconstructions, convex hulls, and skeletons analyzed using MotiQ. Scale bar = 100 pm; (C) Quantification of morphological parameters using MotiQ after 24 h of culture in

ACM across different 3D matrices. Parameters include ramification index, spanned volume, dendritic tree length, and number of cell branches. Normality tested with

Shapiro-Wilk; Kruskal-Wallis test followed by Dunn’s test for multiple comparisons used for analysis. Data are shown as dot plots with median values; each dot represents the

mean of all microglia imaged per ROI (starPEG n = 43 ROIs, hyaluronan n = 27 RQOIs, collagen n = 41 ROIs, Matrigel n = 40 ROIs, Mat+Col n = 36 ROIs) from three independent

experiments. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; (D) Representative confocal microscopy images comparing microglia from Cx3cr 19 mice (green) cultured

in 2D without Matrix or 3D Mat+Col for 24 h in ACM. Arrowheads indicate cells shown on the right as reconstructions, convex hulls, and skeletons analyzed using MotiQ.

Scale bar = 50 ym; (E) Quantification of morphological parameters using MotiQ in 2D without Matrix vs. 3D Mat+Col cultures after 24 h in ACM. Parameters include

ramification index, spanned volume, number of cell branches, and dendritic tree length. Data are shown as dot plots with median values; each dot represents the mean of all

microglia imaged per ROI (n = 45 RQOIs for 2D, n = 36 ROIs for 3D Mat+Col) from three independent experiments. ****p < 0.0001; normality tested with Shapiro-wilk;

unpaired t tests or Mann-Whitney test used for analysis (GraphPad Prism 10). 2D: two-dimensional; 3D: three-dimensional; starPEG: star-shaped poly(ethylene glycol);

ACM: astrocyte-conditioned media; ROL region of interest.



Myeloid Cells. 2026;1:202602 | https://doi.org/10.70401/mc.2026.0006 Page 9 of 22

A Cell 1 Cell2 B

Frame 1 Frame 1 = = Frame 10

C Cell 1 Cell 2 Cell 3

0.03

o
3
N

Motility (um/s)

o
=4

0.00

Figure 2. 3D culture promotes in vivo-like motility and process dynamics in primary microglia. (A) Representative time-lapse confocal microscopy images of microglia from
Cx3cr19P* mice cultured in 2D (top) or 3D (bottom) conditions, acquired at 1-minute intervals over a 10-minute period. For each condition, a single frame from the time-lapse
sequence (green) and the corresponding ten-frame temporal projection generated using Fiji's Temporal Color Code function with the Spectrum Look Up Table, are shown.
Arrowheads indicate exemplary processes dynamically shifting across frames. Scale bar = 10 ym; (B) Visualization of microglia-matrix interactions in 3D culture using
confocal reflection microscopy. Representative confocal time-lapse images of 3D matrix fibers (white) and primary microglia from Cx3cr19% mice (green) at the indicated
time points. Arrowheads indicate microglia-matrix interactions. Scale bar = 10 pm; (C) F-actin cytoskeleton visualized using confocal microscopy of microglia from Lifeactd?
mice (green) in 2D or 3D culture. Signal intensity is visualized using the Fire Look Up Table in Fiji. White arrowheads indicate lamellipodia; filled arrows indicate podosomes;
empty arrows indicate podosome-like structures in 3D-cultured microglial cells. Scale bar = 10 uym; (D) Representative fluorescence images of migrating microglia from
Cx3cr19P+ mice (white) in 2D or 3D culture over 24 h at the indicated time points (0, 6, 12, 18, 24 h). Colored lines indicate cell tracks using MTrack]. Scale bar = 50 pm;
(E) Quantification of cell migration in 2D vs. 3D-cultured cells using MTrack]. Data represent mean + SD from one representative experiment (n = 10 cells for 2D, n =11 cells
for 3D). Normality tested with Shapiro-Wilk; two-tailed, unpaired t tests used for analysis. ***p < 0.001 (GraphPad Prism 10). 2D: two-dimensional; 3D: three-dimensional;

SD: standard deviation.

We next analyzed the actin cytoskeleton using Lifeact-GFP-expressing[?®! primary microglia to visualize filamentous (F-)actin
structures (Figure 2C). In 2D culture, microglia exhibited heterogeneous cellular morphologies accompanied by diverse patterns of
F-actin distribution. Prominent lamellipodia were observed at the leading edge of some microglial cells, whereas others displayed
numerous distinct podosomes (Figure 2C, top panel, arrowheads: lamellipodia, filled arrows: podosomes). These structural features
are consistent with earlier reports describing microglia maintained in 2D culture systems!*®*7l. In contrast, 3D-cultured microglia
showed a more uniform overall cell morphology and F-actin organization. Podosome-like structures were exclusively detected at the
distal tips of the terminal cell processes, where F-actin was prominently enriched (Figure 2C, bottom panel, empty arrows:
podosome-like structures). These structures were less numerous than podosomes in the 2D-cultured cells and exhibited a larger
diameter, ranging approximately from 2 um to 5 um. This spatial distribution of F-actin indicates a cytoskeletal reorganization
induced by the 3D environment!*54%,



Myeloid Cells. 2026;1:202602 | https://doi.org/10.70401/mc.2026.0006 Page 10 of 22

We next assessed microglial migration using long-term live-cell imaging over 24 h (Figure 2D). In 2D cultures, microglia
predominantly exhibited soma translocation and long-range migratory behavior. In contrast, microglia in 3D cultures remained
comparatively stationary and displayed reduced soma translocation relative to 2D-cultured microglia, as confirmed by quantitative
analysis (Figure 2D,E).

Building on these observed differences in morphology and motility, we next assessed whether the distinct culture conditions also
affected the electrophysiological properties of microglia using whole-cell patch-clamp recordings® (Figure 3A). Membrane currents
of 2D- and 3D-cultured microglia were recorded in response to 10 mV increments ranging from -160 mV to +50 mV (50 ms duration)}
from a holding potential of -70 mV. Microglia in 3D culture exhibited reduced inward and outward membrane currents compared to
those in 2D (Figure 3B). In particular, inward current amplitudes at hyperpolarized potentials and outward currents at depolarized
potentials were markedly lower in 3D-cultured cells (Figure 3C). Corresponding current densities and mean current densities at
-160 mV and +50 mV were also reduced (Figure 3D,E)}, consistent with a less activated, more homeostatic electrophysiological
profilel>%>1, Although 3D-cultured microglia display a markedly more ramified morphology, membrane capacitance did not differ
significantly between 2D- and 3D-cultured microglia (Figure 3F). Whole-cell capacitance measurements primarily capture membrane
compartments that are electrically well coupled to the recording site, whereas fine distal processes may contribute only partially to
the measured capacitance. In contrast, input resistance was significantly lower in 2D-cultured microglia than in 3D-cultured
microglia, consistent with increased membrane conductance in 2D cultures (Figure 3G). Together with the enhanced inward and
outward current densities observed in 2D-cultured cells, these findings support the notion that microglia maintained in 3D adopt a
more homeostatic electrophysiological profile, consistent with functional traits better resembling microglia in vivo, including process
motility and limited soma migration.
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Figure 3. 3D culture drives in vivo-like electrophysiological profiles in primary microglia. (A) Representative images of whole-cell patch-clamp recordings from microglia in 2D
and 3D. Scale bar = 20 ym; (B) Representative traces of whole-cell voltage-dependent inward and outward membrane currents from microglia in 2D (green) and 3D
(magenta) cultures. Voltage steps were applied in 10 mV increments from -160 mV to +50 mV (50 ms duration) from a holding potential of -70 mv; (C) Normalized I-V curves
showing current amplitudes of microglia in 2D (green, left) and 3D (magenta, middle) cultures and averaged current amplitude data in 2D and 3D cultures (right), with mean
current amplitude determined 5 and 7 ms after the start of the voltage jump; (D) Normalized I-V curves showing current densities, with current amplitudes adjusted to cell
capacitance, in microglia cultured in 2D (green, left) or 3D (magenta, middle) and the averaged current density data in 2D and 3D cultures (right); (E) Current densities of
microglia cultured in 2D (green) or 3D (magenta) at -160 (left) and +50 mV (right); (F) Whole-cell membrane capacitance of microglia cultured in 2D (green) or 3D (magenta).
No significant difference was observed between groups; (G) Input resistance of microglia cultured in 2D (green) or 3D (magenta). Input resistance was significantly higher in
3D-cultured microglia. Normality tested with Shapiro-wilk; unpaired ¢ tests and Mann-Whitney test used for analysis. ****p < 0.0001, **p < 0.01, *p < 0.05 (GraphPad
Prism 10). Data represent curves of individual microglial cells or mean + SD from n = 15 cells per condition from 3 independent experiments (C-G). 2D: two-dimensional;

3D: three-dimensional; SD: standard deviation.
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4.3 3D culture drives transcriptional reprogramming in microglia

To assess whether the morphological and phenotypic changes observed in 3D-cultured microglia are accompanied by transcriptional
reprogramming, we performed bulk RNA-sequencing on primary mouse microglia cultured either in 2D or embedded in the
Matrigel-collagen 3D matrix. Differential gene expression analysis revealed a distinct shift in the microglial transcriptional phenotype

depending on the culture condition (Figure

4A).
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Figure 4. 3D culture drives transcriptional reprogramming in microglia. (A) Volcano plot of DEGs between microglia cultured in 2D and 3D. Each dot represents a transcript;

horizontal dotted line = significance threshold (adjusted p < 0.05); x-axis = log2 fold change; y-axis

-log10 adjusted p. Red dots = upregulated in 3D compared to 2D; blue
dots = downregulated in 3D compared to 2D; beige = not significant; (B) GO enrichment analysis of biological processes up- or downregulated in 3D cultures compared to
2D, showing gene overlap, adjusted p-value, and combined score; (C) Heatmaps showing row z-scores of homeostatic, core DAM signature, and proliferation genes in
2D vs. 3D cultures; (D) TagMan gqPCR analysis of microglial homeostatic genes (P2ry12, P2ry13, Tmem119, Csf1r) and proinflammatory genes (Clec7a, Ccl2, Argl, Tnf) in
2D vs. 3D culture. Relative expression was calculated using the comparative Ct method. Two-way ANOVA followed by Tukey's post-hoc test used for analysis. Data are mean +
SD, n =9 from three independent experiments. ****p < 0.0001, **p < 0.01; (E) Microglial immune response to stimulation with LPS. Sandwich ELISA of cytokines (IL-6, TNF,
CXCL10) after 24 h LPS (10 ng/ml) stimulation. Last panel: IL-1B secretion after priming with LPS (10 ng/ml, 3 h) followed by stimulation with nigericin (10 pM, 3 h). Two-way
ANOVA followed by Tukey's post-hoc test used for analysis. Data are mean + SD, n = 9 from three independent experiments. ****p < 0.0001, ***p < 0.001, **p <0.01.
DEGs: differentially expressed genes; 2D: two-dimensional; 3D: three-dimensional; GO: gene ontology; DAM: disease-associated microglia; gPCR: quantitative polymerase
chain reaction; ANOVA: analysis of variance; SD: standard deviation; LPS: lipopolysaccharide; ELISA: enzyme-linked immunosorbent assay; IL-6: interleukin-6; TNF: tumor

necrosis factor; CXCL10: CXC motif chemokine ligand 10.
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Microglia maintained in 3D culture exhibited pronounced downregulation of genes associated with proliferative activity, including
Top2a, Mki67, Spdl1, and Cenpe, with corresponding biological processes significantly enriched in the gene ontology (GO) analysis
(Figure 4B,C, Table S2,S3). In addition, 3D microglial cultures showed reduced expression of genes characteristic of the
disease-associated microglia (DAM) signaturel!?°2:53, such as Spp1, Clec7a, Cd9, Gpnmb, Ctsb, Cd36, Lpl, Ccl3, Lilrb4a, and Cst7
(Figure 4A,C, Table S2). In contrast, 3D-cultured microglia displayed upregulation of homeostatic microglia signature genes!!'35%51,
including Csf1r, Aif1, Cx3cr1, and Cst3 (Figure 4A, Table S2), with the full signature exhibiting a coherent pattern of increased
expression (Figure 4C). These results were validated by qPCR, which confirmed elevated expression of canonical homeostatic markers
(P2ry12, P2ry13, Tmem119, and Csf1r), alongside reduced expression of Clec7a, Ccl2, and Arg1 in 3D cultures (Figure 4D).

Notably, 3D-cultured microglia also exhibited increased expression of genes associated with immune regulation and cytokine
signaling, including Il1b, I110ra, Stat1, Nfkbia, Irf1, Tlr2, and Cxcl16 (Figure 4A,B,C, Table S2), alongside enrichment of related terms in
the GO analysis (Figure 4B, Table S3), such as cytokine-mediated signaling, canonical NFkB signal transduction, and type-II interferon
signaling. Consistent with this transcriptional profile, 3D-cultured microglia exhibited a significantly higher capacity to respond to
inflammatory stimuli compared to 2D cultures. Following 1LPS stimulation, 3D-cultured microglia displayed robust secretion of IL-6,
TNF, and CXCL10, with elevated levels at 24 h post-stimulation, and significantly higher cytokine levels than in 2D cultures (Figure 4E).
Additionally, nigericin stimulation resulted in IL-1 release that was significantly higher in 3D-cultured microglia (Figure 4E), mediated
by NLRP3 inflammasome activationl>°l.

Collectively, these findings demonstrate that 3D culture promotes a transcriptional shift towards a homeostatic yet
immune-responsive microglial phenotype. In contrast, 2D culture conditions are associated with elevated expression of core DAM
signatures and proliferation-related genes.

4.4 Phenotypic and functional analysis of human 3D differentiated iMGLs culture

To evaluate if the 3D culture system, established for primary mouse microglia, is also suitable to study human iMGLs, we
differentiated preMacs from human iPSCs lines into yolk-sac-like structures, which recapitulate the early developmental program of
primitive hematopoiesis!!!l. These preMacs were subsequently harvested and differentiated into iMGLs over 11 days, generated from
four independent iPSC lines (iMGL1-4; see Methods), either in 2D culture or in 3D culture within a Matrigel-collagen matrix, similar to
the 3D culture of primary microglia (Figure 5A). To confirm the suitability of this 3D culture system for studying iMGLs, we performed
immunofluorescent staining for the pan macrophage marker IBA1. Differentiated cells (here shown for iMGL1) displayed robust IBA1
expression in both 2D and 3D culture conditions. In 3D-cultured iMGLs, the homeostatic microglial marker P2RY12 localized
predominantly to the membrane, suggesting proper receptor trafficking, in contrast to its aberrant perinuclear accumulation in 2D
cultures (Figure 5B). In addition, an increase in morphological complexity was observed in 3D cultures compared to 2D. 3D rendering
of IBA1 and P2RY12 signals in both culture conditions further confirmed the transition of iMGLs from an amoeboid to a ramified
morphology (Figure 5B). To quantify the morphological changes and assess the maturation status of the iMGLs, we performed
morphometric analysis using MotiQ on IBA1-stained 2D- and 3D-cultured iMGL 2 and iMGL 3 (Figure 5C). The analysis revealed that
3D-cultured iMGLs displayed a markedly more complex cellular architecture than 2D-cultured iMGLs, characterized by a significantly
higher ramification index, an increased spanned volume, a greater number of branches, and an increased total tree length
(Figure 5D). These findings support the acquisition of a more mature, ramified morphology reminiscent of surveillance-competent
microglia, which was further reflected in the actin organization (here shown for iMGL4). Particularly, when examining F-actin
organization in iMGLs using phalloidin labeling, we observed pronounced morphological variability in 2D culture conditions. Similar
to primary mouse microglia, 2D-cultured iMGLs displayed heterogeneous cell shapes accompanied by abundant and clearly defined
podosomes (Figure 5E, top panel, filled arrows: podosomes), consistent with previous descriptions in macrophages and microglial*®-7],
In some cells, broad lamellipodial protrusions were also detectable (Figure SE, top panel, arrowheads: lamellipodia), further
highlighting the dynamic cytoskeletal organization in the planar environment. In contrast, iMGLs maintained in 3D culture exhibited
enlarged podosome-like structures that were predominantly localized to the distal tips of cellular processes, where F-actin
accumulated prominently (Figure SE, bottom panel, empty arrows: podosome-like structures). This distinct spatial redistribution of
F-actin suggests a 3D environment-driven reorganization of the actin cytoskeleton, potentially reflecting enhanced matrix
interaction and surveillance-related functions!*sl.

To better characterize the maturation and activation status of iMGLs under 2D vs. 3D culture conditions, we selected a flow cytometry
panel of well-established myeloid and microglial surface markers for analysis. CD45, a pan-leukocyte marker, and CD11b, a myeloid
adhesion receptor, were included, respectively, to confirm the immune identity of these cells!'’. MERTK, a receptor tyrosine kinase
involved in efferocytosis and tissue homeostasis, served as an indicator of microglial phagocytic functionl>’l. HLA-DR represents a
classical MHC class Il molecule that reflects the antigen-presenting capacity and activation state of microglial>®l. CLEC7A was assessed
as a pattern recognition receptor linked to immune sensing and phagocytic activity!>®), while P2RY12, a purinergic receptor
selectively expressed by homeostatic microglia, was included as a key marker of microglial identity and surveillance function!'>¢], We
quantified surface protein expression by flow cytometry in iMGLs cultured in 2D and 3D, at baseline and after LPS stimulation, and
compared these levels to preMacs to capture differentiation- and context-dependent regulation. To account for potential
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line-specific variability, we analyzed the expression of surface markers separately for iMGL 2 and iMGL 3. Despite variations in the
culture conditions, all cell types displayed consistent expression levels of CD45 (Figure 6A,B). CD11b was generally reduced in
differentiated iMGLs (Figure 6A,B). Notably, iMGL 2 showed a high baseline expression of CD11b in preMacs, whereas the other line did
not exhibit such pronounced variations in CD11b expression across differentiation states. MERTK was downregulated upon LPS
stimulation and was overall slightly reduced in unstimulated 3D cultures compared to 2D, indicating that matrix-dependent
differences may influence baseline protein expression (Figure 6A,B). HLA-DR remained largely stable across conditions but was
significantly upregulated in 3D + LPS-treated iMGL 3 compared to the corresponding 2D condition, indicating modest responsiveness
under 3D differentiation. This subtle regulation is in line with previous reports showing that microglial HLA-DR (and related MHC
class II molecules} is primarily induced by IFN-y rather than by LPS stimulation, which typically exerts minimal effects on its
expressionl®-¢2l. CLEC7A was significantly reduced in both 3D and 3D + LPS cultures relative to the preMac stage, while remaining
comparable to 2D cultures. P2RY12 characteristic of homeostatic microglia, was significantly increased in iMGL 2 in 3D compared to
both preMacs and 2D conditions, and remained high and not significantly altered upon LPS stimulation, indicating a stable
homeostatic-like expression under 3D conditions. In contrast, iMGL 3 showed a modest elevation of P2RY12 following LPS stimulation
in 2D when compared to the preMac state. These results highlight a context- and cell line-dependent regulation of microglial surface
markers under inflammatory challenge. To further characterize phenotypic differences, we investigated the expression of OPN (SPP1),
a marker associated with DAM states[®?l, by immunolabeling and found it to be reduced in 3D-cultured iMGL 2 and iMGL 3 compared
to 2D (Figure 6C, shown for iMGL 2), suggesting a shift to a less activated microglial state under 3D conditions.
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iIMGL 3 cultured in 2D vs. 3D for 11 days in iMGL medium stained with IBA1 (green). Arrowheads indicate cells shown on the right as 3D reconstructions, convex hulls, and
skeletons analyzed using MotiQ. Scale bar = 50 pm; (D) Quantification of microglial morphological parameters in 2D vs. 30 iIMGL cultures. Morphological features were
quantified using MotiQ after 11 days cultured in 2D or 3D in iIMGL medium. Parameters analyzed include ramification index, spanned volume, number of branches, and total
tree length. Data represent mean + SD from n = 2 independent experiments (108 cells for 2D-cultured iMGLs, and 166 cells for 3D-cultured iMGLs). Normality tested with
Shapiro-Wilk; Mann-Whitney test used for analysis. ****p < 0.0001, **p < 0.01 (GraphPad Prism 10); (E) Flucrescence microscopy images of three cells stained with phalloidin
to visualize the F-actin cytoskeleton (green) of iIMGL 4. Signal intensity is shown using the Fire Look Up Table in Fiji. White arrowheads indicate lamellipodia; filled arrows
indicate podosomes; empty arrows indicate podosome-like structures in 3D-cultured microglial cells. Scale bar = 20 pm. iPSC: human induced pluripotent stem cell;
3D: three-dimensional; iMGL: iPSC-derived microglial-like cells; EBs: embryoid bodies; preMacs: precursor macrophages; DAPIL: 4/,6-diamidino-2-phenylindole;

2D: two-dimensional.
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Figure 6. 3D culture modulates microglial surface marker expression and functional responses in a cell line-dependent manner. (A) Flow cytometry analysis of iIMGL 2.
PreMacs (before differentiation), iMGLs in 2D (11 days) with or without 24 h LPS (200 ng/ml), and iMGLs in 3D (11 days) with or without 24 h LPS. Surface markers: CD45,
CD11b, MERTK, HLA-DR, CLEC7A, P2RY12. Median flucrescence intensity normalized to 2D iMGLs control. Data are mean + SD. Outliers excluded by ROUT's method.
Normality tested with Shapiro-Wilk; Kruskal-wWallis used for analysis. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. n = 6-9 independent experiments. Hashtags
indicate significance vs. 2D control: ###p < 0.001, #p < 0.05; (B) Flow cytometry analysis of iMGL 3 under the same conditions as in (A). Data are mean =+ SD, analyzed as
above. **p < 0.01, *p < 0.05. n = 4-6 independent experiments. Hashtags indicate significance vs. 2D control: ###p < 0.001, ##p < 0.01, #p < 0.05; (C) Representative
immunofluorescence image of iIMGL 2 cultured in 2D or 3D. Left: OPN single channel (inverted), right: merged channels with labeled OPN (green), IBA1 (magenta), nuclei
(DAPL, blue). Scale bar = 40 um; (D) Representative immunoflucrescence images of iIMGL 2 cultured in 2D or 3D after phagocytosis of 500 nm fluorescent PS microspheres
(green). Left: IBA1 single channel (inverted), middle: PS microspheres (inverted), right: merged channels with labeled IBA1 (magenta), PS microspheres (green), and nuclei

with DAPI (blue). Scale bar = 40 um; (E) Live-cell imaging of iIMGL 1 and iMGL 3 migration in 2D vs. 3D. Left: Representative time series of iIMGL 3 (0, 6, 12, 18, 24 h). Colored
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lines indicate cell tracks using MTrack]. Right: quantification of motility (um/s) in 2D vs. 3D. Data represent mean + SD from n = 2 independent experiments (19 cells for 2D,
23 cells for 3D-cultured iIMGLs). Normality tested with Shapiro-Wilk; Welch's ¢ tests used for analysis. ****p < 0.0001 (GraphPad Prism 10). 3D: three-dimensional;
iIMGL: iPSC-derived microglial-like cells; 2D: two-dimensional; LPS: lipopolysaccharide; SD: standard deviation; HLA: human leukocyte antigen; OPN: osteopontin;

PS: polystyrene; DAPI: 4,6-diamidino-2-phenylindole.

iMGLs maintained their phagocytic capacity across conditions, as shown by efficient particle uptake, although after 24 h, 3D-cultured
iMGLs engulfed fewer microspheres (Figure 6D), most likely because the surrounding matrix limits microsphere diffusion and
accessibility to embedded cells. Microsphere penetration into the gel was confirmed by confocal imaging. Live-cell imaging under
unstimulated conditions revealed that while iMGLs in 2D exhibited limited movement, cells in 3D showed pronounced migration
throughout the Matrigel-collagen matrix in x, y, and z, involving both processes and full cell body translocation (Figure 6E). Together,
these data confirm that the 3D Matrigel-collagen matrix supports the differentiation and functional maturation of iMGLs in general
but reveals cell line-specific immune responses. The enhanced morphological complexity, preserved phagocytic capacity, and
distinct motility patterns in 3D, underscoring the utility of this model to study human microglial behavior in a tissue-like
environment.

5. Discussion

Establishing in vitro systems that reflect in vivo properties of microglia is crucial for studying brain immune function and
disease-associated perturbations!'>¢4l, Here, we describe a minimal and robust 3D culture approach that supports microglial
morphological and phenotypic maturation in monoculture.

Within 24 h, primary mouse microglia cultured in a composite matrix of Matrigel and collagen, in contrast to cells cultured in 2D,
adopt a ramified morphology that more closely resembles homeostatic cells in the brain parenchyma. This phenotype was superior
to that observed in simplified matrices, consistent with earlier findings highlighting the role of matrix composition and mechanical
cues in regulating microglial structurel®>-°l, Our system also enables the successful differentiation of human iPSC-derived iMGLs in
3D, offering a versatile platform for translational studies!!**7l. Microglial morphology in 3D was accompanied by actin cytoskeletal
reorganization. While 2D-cultured microglia displayed prominent podosomes, lamellipodia at the leading edge, and a heterogeneous
morphology, features consistent with a migratory and activated statel*®-*%.°%l_ cells cultured in 3D adopted a more uniform morphology
and formed podosome-like structures exclusively at their terminal cell processes that were enriched in F-actin. Although direct
evidence for this specific phenotypic transition in microglia is limited, analogous morphological shifts in other cell types have been
associated with surveillance-like behavior!*®7%l, In microglia, this structural reorganization may reflect an adaptation to the 3D matrix
environment and potentially enhance their capacity for environmental monitoring. Given that the microglial cytoskeleton is altered
during aging and in diseasel’’’?l, and that these changes can influence microglial function, it will be important to conduct functional
studies examining the role of the cytoskeleton in cultured microglia using 3D rather than 2D culture systems. Consistent with these
differences in cytoskeletal organization, we observed strong differences in motility. Mouse microglia in 3D showed dynamic process
extension and retraction but remained largely stationary in terms of soma translocation, mirroring their in vivo surveillance
function®*!, This mode of movement enables microglia to monitor their surroundings without disrupting tissue architecture and is
considered a hallmark of their physiological rolel’?].

The confinement of soma motility in 3D, alongside continuous process remodeling, underscores the relevance of our system for
modeling parenchymal microglial’‘l. In contrast to the largely stationary phenotype of primary mouse microglia, which primarily
extend and retract processes without extensive soma translocation, human iMGLs exhibited pronounced whole-cell migration within
the 3D matrix, actively translocating their somata in concert with process extension. This behavior was observed under unstimulated
conditions and may be attributed, in part, to the markedly longer exposure of iMGLs to the matrix during their 11-day differentiation
period, compared to the 24-hour culture of primary mouse microglia.

Extended residence within the matrix may permit progressive cell-matrix interactions through podosome formation and
extracellular matrix remodeling, processes that have been linked to the expression of matrix metalloproteinases, including MMP-2,
MMP-9, and MMP-14, which are known to degrade collagen and laminin and could facilitate increased tissue penetration and
migration’>77l. Additionally, species-specific differences in microglial responsiveness to matrix cues and purinergic signaling may
contribute to the observed motility patternsl7.20-:00.78-801 However, these differences should be interpreted cautiously, as primary
mouse microglia and iMGLs differ substantially in their developmental history. Whereas primary microglia undergo embryonic
development and maturation within the brain before isolation, iMGLs acquire microglial identity through in vitro differentiation from
preMacs(®!l. Consequently, differences in motility may reflect not only species-specific biology and differences in matrix exposure
duration but also differences in maturation state.

P2RY12 is a key marker of microglial identity and surveillance function under physiological conditions!['’l. In rodent models,
inflammatory activation is commonly associated with P2RY12 downregulation!®®#2l. In line with this, we observed higher P2ry12
expression in primary mouse microglia cultured in 3D compared to 2D conditions. However, increasing evidence indicates that
P2RY12 regulation is more context-dependent than previously assumed. In mouse models of neurodegeneration, P2RY12
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downregulation is spatially restricted, with microglia distant from amyloid plaques retaining expressionl>?.. Importantly, studies in
human brain tissue demonstrate that P2RY12 expression can be maintained in distinct microglial subpopulations even at advanced
disease stages, challenging the assumption that microglial activation uniformly entails P2RY12 loss!®*#4, Beyond changes in
expression levels, P2RY12 localization appears to be context-dependent. In addition, in human iMGLs cultured under 2D conditions,
we observed a pronounced perinuclear accumulation of P2RY12 rather than the expected membrane-associated localization. A shift
in P2RY12 subcellular distribution has previously been described in human gliomas, with predominantly cytoplasmic localization in
low-grade tumors and nuclear localization in high-grade tumors, the latter being associated with CD163 expression!®>l. Although
described in a tumor context, these findings support the notion that P2RY12 localization is not static and may vary with cellular state.
Electrophysiological and transcriptional analyses provided further evidence that microglia acquire a more homeostatic phenotype
under 3D culture conditions. Electrophysiologically, primary mouse microglia cultured in 3D showed reduced inward and outward
currents at hyperpolarized and depolarized potentials, a profile consistent with a less reactive, surveillant statel8°-%8], Resting
microglia are characterized by low membrane conductance and weak K* currents, while activated states induce larger, often outward
rectifying K* or CI" currentsl®*”l. Consistent with this concept, microglia cultured in 3D exhibited significantly higher input resistance
than microglia cultured in 2D, indicating lower overall membrane conductance and supporting a more homeostatic
electrophysiological phenotype. This interpretation is consistent with previous electrophysiological studies showing that resting
microglia in situ display relatively low membrane conductance and high input resistance, whereas activation is associated with the
induction of voltage-dependent ion currents and a reduction in membrane resistance due to increased channel activity. Accordingly,
the reduced inward and outward current densities together with the elevated input resistance observed in 3D-cultured microglia are
consistent with an electrophysiological profile that is more homeostatic and less activated than that observed in conventional 2D
cultures31:86:891,

Mouse microglia cultured in 2D exhibited elevated expression of proliferation-associated genes as well as transcripts commonly
linked to pathological activation>>°%, In contrast, 3D culture promoted increased expression of homeostatic microglial signature
genes, together with genes involved in cytokine production, cytokine responsiveness, and immune signaling pathways. Consistent
with this transcriptional profile, 3D-cultured mouse microglia retained their capacity to respond to inflammatory stimuli, including
LPS and nigericin. Significant differences in transcriptional profiles between 2D and 3D culture systems have previously been
reported across multiple cell types, including cancer cell linesl”! and epithelial cells!, highlighting the fundamental role of the 3D
environment in shaping gene expression. Notably, several of these studies, consistent with our findings, demonstrated that
transcriptomes of cells cultured in 3D more closely resemble their in vivo phenotypes!’.?2l. Furthermore, studies on human
monocyte-derived macrophages®’l corroborate the influence of 3D culture conditions on the expression of genes that modulate
inflammatory pathways. Nevertheless, the present system represents a simplified model, as microglia were maintained in
monoculture to study microglia-specific responses and therefore lack the complex interactions with neurons, astrocytes,
oligodendrocytes, and vascular cells that are known to shape microglial identity in vivol”!l. The extent to which the observed
transcriptional changes would be maintained in a multicellular environment remains to be determined.

In iMGLs, we observed a similar shift toward a homeostatic phenotype on the molecular level. Despite an overall shift toward a
homeostatic profile in 3D, MERTK expression was reduced under 3D conditions, and this lower level was maintained after LPS
stimulation, indicating that inflammatory activation did not further affect MERTK expression. A similar decrease was observed after
LPS stimulation in 2D. However, this pattern resembles findings in primary rodent microglia, where LPS exposure typically
downregulates Mertk while inducing Axl expression, reflecting altered Tyro3, Axl, and Mer receptor signaling under inflammatory
conditions!”l. In contrast, the regulation of MERTK in human iPSC-derived microglia remains poorly characterized, and the functional
relevance of reduced expression in 3D is not yet understood. Whether lower MERTK levels affect efferocytosis in 3D therefore remains
unresolved”l. Nevertheless, we showed that microglia retained robust phagocytic activity in 3D, indicating that alternative uptake
mechanisms are active.

Finally, our system enabled the study of human iMGLs under tissue-like conditions. The morphological complexity, dynamic motility,
and preserved marker expression observed in 3D-cultured iMGLs support their functional maturation. At the same time, iMGLs still
represent a comparatively immature microglial state, and achieving full maturation would likely require additional maturation
factors and extended culture, which we deliberately omitted to preserve the simplicity and accessibility of the system!7l.
Interestingly, the response of iMGLs to LPS varied between cell lines, underscoring the importance of donor-specific variability in
iPSC-based models?>?8l. Notably, the increased expression of microglial identity markers such as P2RY12 in 3D, alongside reduced
CLEC7A and stable HLA-DR expression, indicates that the 3D environment favors a physiologically relevant, surveillance-competent
state.

Our findings demonstrate that embedding microglia in a defined 3D matrix environment promotes key morphological and functional
features associated with homeostatic microglia, including enhanced ramification, stable expression of core identity markers such as
P2RY12, and preserved phagocytic capacity. Accordingly, our 3D culture system offers a simple yet robust platform to investigate
microglial biology across species in a defined environment. Beyond its immediate application as an in vitro model, future studies
could explore whether microglia differentiated within the 3D matrix can be recovered and utilized for downstream applications,
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including patient-specific disease modeling!°°1°"l and high-throughput drug screening!'°%1%3 as well as transplantation-based or
in vivo approaches. Taken together, by more closely mimicking in vivo-like microglial states, this system holds substantial promise for
advancing both fundamental research and translational applications.

6. Limitations

Despite these strengths, several limitations of the present system should be acknowledged. The presented 3D culture system offers
broad applicability for experimental manipulation, including genetic and pharmacological approaches; nevertheless, certain
technical constraints should be acknowledged. The Matrigel-collagen matrix provides a biologically supportive environment but
contains complex and partially undefined components!'°*1°5], making it difficult to identify the specific matrix-derived signals
responsible for the observed phenotypes. In primary mouse microglia, microspheres did not penetrate the matrix within the 24 h
culture period, likely because the matrix was still too dense to allow their entry, precluding assessment of phagocytic uptake in 3D. In
iMGLs, the longer culture period allowed microspheres to enter the matrix, and confocal imaging confirmed their uptake; however,
because penetration into the matrix cannot be controlled and equal exposure of all cells cannot be ensured, these data are inherently
qualitative and were not used for quantitative comparison. In addition, primary mouse microglia were maintained in the matrix for
only 24 h, whereas iMGLs were differentiated directly within the matrix over 11 days. This difference in experimental design not only
limits conclusions regarding long-term adaptation, as the observed changes reflect a relatively acute phase of adaptation to the 3D
environment, but also restricts direct comparability between the two species. A further consideration is that no 2D versus 3D
transcriptomic comparison was performed for iMGLs, leaving the molecular adaptation of the human model in 3D less fully
characterized than that of mouse microglia. Finally, recovery of cells from the matrix required dissociation with collagenase followed
by cold buffer washes to dissolve residual Matrigel. Collagenase is considered a mild dissociation agent that largely preserves surface
protein expression, in contrast to more aggressive proteases such as trypsinl'°®l, suggesting that the impact on the surface markers
analyzed here was likely minimal. Taken together, these constraints largely reflect the technical demands inherent to working with a
3D matrix rather than fundamental shortcomings of the model, and the system reliably and reproducibly promoted homeostatic
microglial features across both species.

7. Conclusion

Our study demonstrates that the physical microenvironment critically shapes microglial phenotype and behavior. Embedding
microglia in a 3D culture matrix promotes key features of homeostatic cells, including increased morphological complexity, more
in vivo-like motility, stable expression of core identity markers, and preserved functional responses. By providing structural cues that
more closely resemble the brain parenchyma, this simple and robust culture system bridges the gap between conventional 2D
cultures and more complex in vivo models, offering a versatile platform to study microglial biology and enabling applications such as
patient-specific disease modeling and drug screening.
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