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Abstract
Introduction  Microglia, the resident immune cells of the central nervous system, play a pivotal role in maintaining 
homeostasis, responding to injury, and modulating neuroinflammation. However, the limitations of rodent models in 
accurately representing human microglia have posed significant challenges in the study of retinal diseases.

Methods  PLX5622 was used to eliminate endogenous microglia in mice through oral and intraperitoneal 
administration, followed by transplantation of human induced pluripotent stem cell-derived microglia (hiPSC-
microglia, iMG) into retinal explants to create a novel ex vivo chimeric model containing xenotransplanted 
microglia (xMG). The number and proportion of xMG in the retina were quantified using retinal flat-mounting and 
immunostaining. To evaluate the proliferative capacity and synaptic pruning ability of xMG, the expression of Ki-67 
and the phagocytosis of synaptic proteins SV2 and PSD95 was assessed. The chimeric model was stimulated with LPS, 
and single-cell RNA sequencing (scRNA-seq) was used to analyze transcriptomic changes in iMG and xMG. Mouse 
IL-34 antibody neutralization experiments were performed, and the behavior of xMG in retinal degenerative Pde6b−/− 
mice was examined.

Results  We demonstrated that xenotransplanted microglia (xMG) successfully migrated to and localized within the 
mouse retina, adopting homeostatic morphologies. Our approach achieved over 86% integration of human microglia, 
which maintained key functions including proliferation, immune responsiveness, and synaptic pruning over a 14-day 
culture period. scRNA-seq of xMG revealed a shift in microglial signatures compared to monoculture iMG, indicating 
a transition to a more in vivo-like phenotype. In retinal degenerative Pde6b−/− mice, xMG exhibited activation and 
migrated toward degenerated photoreceptors.
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Introduction
Microglia, the resident immune cells of the central ner-
vous system (CNS) are crucial for maintaining homeo-
stasis, defending against pathogens, and providing 
neuroprotection in various pathological conditions [1]. 
They actively participate in inflammation, tissue repair, 
and synaptic remodeling, which are crucial for main-
taining the balance of the CNS microenvironment [2, 
3]. Furthermore, microglia have been implicated in the 
pathogenesis of various retinal disorders, including glau-
coma, age-related macular degeneration (AMD), optic 
neuropathy, retinitis pigmentosa, uveitis, and diabetic 
retinopathy [4, 5]. Genome-wide association analysis has 
identified several genes associated with the pathogenesis 
of AMD, including CFH, C2, and C3 [6–8], which are 
notably expressed in microglia [9]. 

Recent studies highlight significant differences in gene 
expression between mouse and human microglia, raising 
concerns about the accuracy of rodent models in repre-
senting human microglia [10–12]. The expression level 
of certain disease-related genes is significantly different 
in human microglia and murine microglia, emphasizing 
the limitations of relying solely on rodent models [13]. 

Moreover, the difficulty in obtaining human primary 
microglia and the challenges associated with ex vivo cul-
tures, which often exhibit a marked downregulation of 
homeostatic genes, underscore the need for more rel-
evant human microglia models in scientific and clinical 
research [12, 14]. In response to this demand, proto-
cols for differentiating microglia-like cells (iMG) from 
induced pluripotent stem cells (iPSCs) have been estab-
lished, providing a valuable tool for studying microglia 
biology [15–18]. Although iMG closely resemble pri-
mary microglia in phenotype and function, discrepan-
cies persist in the expression of homeostatic genes [19]. 
To mitigate this disparity, researchers have endeavored 
to transplant iMG into mouse brains and retina, resulting 
in chimeric microglia (xMG) [19–22]. The expression of 
homeostatic genes in xMG becomes progressively more 
akin to primary microglia over time [23], providing a 
robust platform for studying the role of microglia in dis-
ease and screening new drugs targeted microglia.

Despite these advancements, in vivo transplantation 
poses significant challenges, including the complexities 
of raising and breeding transgenic mice, the technical dif-
ficulties of transplantation surgery, particularly subretinal 

Conclusion  This model provides a powerful platform for studying human microglia in the retinal context, offering 
significant insights for advancing research into retinal degenerative diseases and developing potential therapeutic 
strategies. Future applications of this model include using patient-derived iPSCs to investigate disease-specific 
microglial behaviors, thereby enhancing our understanding of microglia-related pathogenesis.
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injection, and the necessity of using immunodeficient 
animals to avoid immune rejection [19–23]. The knock-
out of immune-related genes in these animals, and the 
resulting changes in immune function, may render them 
unsuitable for certain types of research or drug screen-
ing [24]. Given these limitations, developing an ex vivo 
model that bypasses the need for immunodeficient ani-
mals is a promising alternative [25]. Success in isolating 
and culturing both animal retinal explants and donated 
human retinal tissue ex vivo offers a compelling platform 
for studying retinal damage and degenerative diseases 
[26, 27]. 

This study introduces a novel approach in which 
human iPSC-derived microglia are transplanted into 
mouse retinal explants to create a human microglia-
mouse retina chimeric model. This model success-
fully integrates human microglia into the mouse retina, 
where they adopt mature morphologies and migration 
patterns similar to native microglia. To deplete endog-
enous mouse microglia, two different PLX5622 treatment 
methods were employed in this study, resulting in xMG 
replacement efficiencies of approximately 50% and over 
80%, respectively. The transplanted human microglia 
respond to immune stimuli, such as lipopolysaccharide 
(LPS) and injury signals, and engage in synaptic prun-
ing by phagocytosing mouse synapses. Additionally, 
the localization of xMG within the retina appears to be 
dependent on IL-34 signaling. Single-cell RNA sequenc-
ing (scRNAseq) reveals a shift in the microglial signature 
profile of xMG compared to monoculture iMG. In the 
Pde6b−/− retina, xMG showed ameba-like morphology in 
the outer nuclear layer (ONL), where degenerative pho-
toreceptors are located, indicating their activation in the 
retinal degenerative condition. These findings demon-
strate the potential of this chimeric model as a valuable 
tool for exploring the role of human retinal microglia in 
both normal physiology and disease conditions.

Materials and methods
Animals
All experimental animals were raised in the Specific 
Pathogen-Free (SPF) animal facility of the Experimen-
tal Animal Center of Wenzhou Medical University. The 
animal experiment procedures were conducted in accor-
dance with the guidelines approved by the Animal Eth-
ics Committee of Wenzhou Medical University (approval 
number wydw2023-0321). Transgenic mice (Rag2−/−; 
Il2rg−/−; hCSF1+/+) were purchased from the Jackson 
Laboratory (Stock No: 017708), while BALB/c mice 
were purchased from GemPharmatech Co., Ltd (Jiangsu, 
China). The transgenic mice were bred with BALB/c mice 
to produce hCSF1+/+ mice. hCSF1+/+ mice were used for 
subsequent retinal explant.

Pde6b−/− mice, exhibiting a severe early-onset retinal 
degeneration phenotype, were obtained from Cyagen 
(Cat.# C001384, China). All animals were maintained 
under controlled conditions with 12 h light-dark cycle at 
22 °C.

Human iPSC culture
The hiPSCs and hiPSC-EGFP, labeled by nuclear-
expressed EGFP, were obtained from Nuwacell (Cat.# 
RC01001-A, RC01009, China). The cells were cultured 
on Matrigel-coated (Cat.# 354277, Corning) six-well 
plates with ncTarget medium (Cat.# RP01020, Nuwa-
cell, China). Upon reaching approximately 85% con-
fluence, the cells were passaged using 0.5 mM EDTA 
solution (Cat.# RP01007, Nuwacell). Following passage, 
the cells were maintained in a fresh medium supple-
mented with 1.5  µg/ml blebbistatin (Cat.# RP01008, 
Nuwacell), a ROCK inhibitor. Using these hiPSC, hiP-
SCs-RFP were generated with RFP lentivirus obtained 
from WZ Bioscience Inc. (Cat.# LV100015-OE, China). 
Mycoplasma contamination was tested bi-monthly, and 
only mycoplasma-negative cells were used in subsequent 
experiments.

Generation of hiPSC-derived microglia
To differentiate microglia-like cells from hiPSCs, both 
hiPSC-EGFP and hiPSCs-RFP were used following the 
protocol described previously [28, 29]. Briefly, when 
iPSCs reached approximately 85% confluence in six-well 
plates, they were dissociated with 0.5mM EDTA solution 
(Nuwacell) and then cultured in suspension in advanced 
DMEM/F12 medium (Cat.# 12634010, Gibco, USA) 
supplemented with 10% KnockOut SR (Cat.#10828028, 
Gibco, USA), 2mM GlutaMAX (Cat.# 35050-061, Gibco), 
100U/ml Pen/100µg/ml Strep (Cat.# 10378016, Gibco, 
USA), 0.1mM β-mercaptoethanol (Cat.# M6250, Sigma-
Aldrich, USA) and 1.5 µg/ml blebbistatin (Nuwacell). On 
differentiation day 4, the embryoid bodies (EBs) were 
transferred to a 100 mm dish pre-coated with 0.1% gel-
atin (Cat.# es-006-B, Merck Sigma) using Lonza X-vivo 
15 plus medium (Cat.# 04-418Q, Lonza, USA) supple-
mented with 2mM GlutaMAX, 100U/ml Pen/100µg/ml 
Strep, 0.1mM β-mercaptoethanol, 25ng/ml hrIL-3 (Cat.# 
203-IL-050, R&D Systems, USA) and 50ng/ml hrM-
CSF (Cat.# 216-MC-500, R&D Systems). The medium 
was then changed every 7 days. After approximately 
one month, hematopoietic progenitor cells were gener-
ated and suspended in the medium. The suspended cells 
were carefully collected and subjected to iMG differen-
tiation in the medium consisting of DMEM/F12 (Cat.# 
10565018, Gibco, USA) and neurobasal medium (Cat.# 
21103049, Gibco, USA) containing 1% B27 supplement 
(Cat.# RC01026, Nuwacell), 0.5% N2 supplement (Cat.# 
17502-048, Gibco, USA), 2mM GlutaMax and 0.1mM 
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β-mercaptoethanol, supplemented with 100ng/ml hrM-
CSF (R&D Systems, USA) and100ng/ml hrIL-34 (Cat.# 
200 − 34, PeproTech, USA).

Western blotting
Synaptosome was extracted from mouse brain using Syn-
PER Synaptic Protein Extraction Reagent (Cat.# 87793, 
Thermo Fisher Scientific). Protein concentrations were 
determined using BCA kit (Cat.# P0012, Beyotime). Sam-
ples containing 51 µg of protein were heated at 95 ℃ for 
10 min and separated on a 10% SDS-polyacrylamide gel. 
Protein bands were transferred to a polyvinylidine diflu-
oride (PVDF) membrane. The membrane was blocked 
with blocking solution and then incubated with primary 
antibodies against SV2 (Cat.# 62602, Monoclonal RRID: 
B_2315387, DSHB), Synaptophysin (Cat.# MAB5258-I, 
clone SY38, Merck Millipore), and β-actin (Cat.# AF0003, 
Beyotime, China) overnight at 4℃. After three washes 
with TBST, the membrane was incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies 
for 2  h at 37  °C. Signals were detected using enhanced 
chemiluminescence (ECL) and the iBright CL1500 imag-
ing system (Thermo Fisher Scientific).

Assessment of iMG phagocytosis
iMG, induced for 7 days, were then cultured on glass 
slides for an additional 7 days. Subsequently, to qualita-
tive assessment of iMG phagocytosis, beads or synapto-
somes were added directly to iMG culture medium. The 
cells were further incubation at 37  °C for 6  h. The cells 
were fixed and subjected to immunofluorescence to 
observe the phagocytosis.

Immunofluorescence
Explant retinas were embedded in embedding reagent 
(Sakura Finetek) and subjected to cryo-sectioning. The 
cells, sections or retina were fixed with 4% paraformal-
dehyde (PFA) and blocked with 5% normal donkey serum 
containing 0.3% Triton X-100 for 2 h at room tempera-
ture. Next, the primary antibodies, including Iba1 (1:400, 
Cat.# 019-19741, Wako), SV2 (1:200, DSHB), PSD95 
(1:100, Cat.# ab12093, Abacm), PKCα (1:300, Cat.# 
610107, BD Transduction Laboratories), Ki-67 (1:200, 
Cat.# 556003, BD Biosciences), GFAP (1:400, Cat.# 
HPA056030, Sigma), hTMEM119 (1:100, Cat.# PA5-
62505, Thermo Fisher Scientific), was diluted in blocking 
solution and incubated with the cells, sections or retina 
overnight at 4℃. Following primary antibody incuba-
tion, the cells, sections or retina were washed and then 
incubated with appropriate secondary antibodies (1:500) 
and DAPI (1:5000) for at least 2 h at room temperature. 
Imaging was performed using a Zeiss LSM900 confocal 
microscope.

Quantitative PCR (qPCR)
According to the manufacturer’s protocol, total RNA 
was isolated from iMG and retinal explants using Trizol 
reagent (Cat.# 15596018CN, Thermo Fisher Scientific). 
Subsequently, 1  µg of RNA was reverse transcribed 
to cDNA using HiScript III RT SuperMix for qPCR 
(+ gDNA wiper) kit (Cat.# R323-01, Vazyme). The fluo-
rescence from SYBR Green I (Cat.# Q712-03, Vazyme) 
was detected using a real-time PCR system (QuantStu-
dio 3, Thermo Fisher Scientific Applied Biosystems). The 
expression levels of TMEM119, CX3CR1, P2RY12, OCT-
4, hIL-1β, hTNF-α, hIL-6, hARG1, hMCP-1 mRNAs were 
normalized to that of RPL13A and mIl-1β, mTnf-α, mIl-
6, mArg1, mMcp-1 were normalized to that of mGapdh. 
Primer sequences are listed in Table S1.

Transmission electron microscope (TEM)
The samples (iMG) were fixed with 2% glutaraldehyde 
(Cat.# 16020, Electron Microscopy Sciences) and 2% PFA 
(Cat.# 157-8, Electron Microscopy Sciences) in 0.1  M 
phosphate buffer for 6 h with shaking at room tempera-
ture, followed by overnight at 4℃ [30]. After six washes 
in PBS, the samples were treated with 1% osmium tetrox-
ide (Cat.# 20816-12-0, Electron Microscopy Sciences) for 
30  min at 4℃. Subsequently, the samples were washed 
and then incubated in uranyl acetate (Cat.# 541-09-3, 
Electron Microscopy Sciences) for 1  h at room temper-
ature, avoiding light, for staining. For dehydration, the 
cells were dehydrated in a gradient of 50%, 70%, 80%, 90% 
and 100% (twice) ethanol, followed by the addition of 
Epon-815 resin (Electron Microscopy Sciences) and etha-
nol in a 1:1 ratio at 37℃. Following this, the ratio of Epon 
resin to ethanol was adjusted to 4:1, and the cells were 
incubated in a 37℃ oven overnight. The next day, the 
samples were embedded pure Epon resin and placed in 
a 54℃ oven for 1 h. Subsequently, the cells were polym-
erized with fresh embedding medium for 48 h. For reti-
nal explants, acetone was used instead of ethanol in the 
dehydration process.

Immuno-EM
The retinal explants were fixed with 4% PFA (Electron 
Microscopy sciences) and 0.2% glutaraldehyde (Electron 
Microscopy Sciences) in 0.1 M phosphate buffer for 2 h 
with shaking at room temperature, then transferred in 
4% PFA in 0.1 M phosphate buffer for 3 h with shaking 
at room temperature. After ten washes in PBS, the sam-
ples were incubated with 5% normal goat serum (NGS) 
for 30 min at room temperature. Next, the samples were 
incubated in anti-GFP primary antibody (1:400, Cat.# 
MAB3580, Millipore ) in PB containing 5% NGS for 2 h 
at room temperature, followed by 3 days at 4℃. After 
ten washes in PBS, the samples were incubated with sec-
ondary antibody 1:100 (goat anti-mouse IgG) for 2  h, 
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on shaker; then 4 days at 4℃. After being washed, the 
samples were treated in ABC solution (0.01%A solution, 
0.01%B solution in PBS) for 2 days at 4℃. Then the sam-
ples were stained by DAB solution for with 0.01% H2O2. 
After ten washes in PBS, the samples were processed 
with routine TEM processes as mentioned above.

Depletion of microglia in mouse retina
To establish microglia-free niches, we employed three 
methods to deliver PLX5622 (PLX, Cat.# S8874, Sell-
eck), a CSF1R inhibitor. PLX powder was dissolved in 
DMSO to prepare a 60  mg/mL stock solution. Firstly, 
retinal explants from postnatal day 7 (P7) mice were 
cultured in a medium containing PLX (3 µM) for either 
24–72 h immediately after dissection. Secondary, neona-
tal mice (P1) were intraperitoneally injected at a dosage 
of 200 mg per kg of mouse body weight for 4 consecutive 
days. Thirdly, pregnant mice were orally administered 
PLX (4.8 mg/day in feed) for 10 days. The offsprings were 
either intraperitoneally injected with 200 mg/kg PLX for 
an additional 4 more days or used for retinal explant cul-
ture directly for longer-term culture.

Retinal explants culture and iMG transplantation
Neonatal mice were anaesthetized on ice and then euth-
anized. Retinas were carefully dissected and cut into 
four-leaf clover shapes. The retinas were placed on a PV 
membrane (Cat.# GTTP01300, Merck) with the pho-
toreceptor cell layer facing the membrane in 2  ml/well 
DMEM medium containing DMEM/F12(3:1) (Gibco), 
Neurobasal medium (Gibco), 2mMGlutaMAX (Gibco), 
0.5  mg/ml Pen/Strep (Gibco), NEAA (Cat.# M7145, 
Sigma-Aldrich), and B27 supplement (Nuwacell) in 
12-well plate. The entire membrane with the retina was 
transferred to a 12-well culture plate containing medium. 
The plate was then placed in a sterile incubator at 37 ℃ 
with 5% CO2. It’s important to ensure that the retina 
remains at the liquid-air interface on the membrane. 
Approximately 1  h after dissection, a total of 16,000 
iMG in 10 µl of medium were added to the ganglion cell 
layer surface of the retina. Half of the fresh medium was 
replaced daily to maintain the cultural conditions. For 
hCSF1+/+ mice, forced expression of hCSF was sufficient 
to support the survival of xMG, but additional 100 ng/ml 
hrIL-34 (Cat.# 200 − 34, PeproTech) was required in the 
retinas of Pde6b−/− mice.

Antibody neutralization
Pregnant mice were orally administered PLX (4.8 mg/day 
in the feed) for 5 days, and the newborn mice received 
intraperitoneal injections of 200 mg/kg PLX for an addi-
tional 4 days. Retinas were dissected in sterile DPBS and 
placed on a PV membrane as previously described, then 
cultured in a medium containing 0.5 µg/ml mouse IL-34 

antibody (Cat.# AF5195-SP, R&D Systems). After 24  h, 
32,000 iMG in 10 µl of medium were added to the gan-
glion cell layer of the retina, and the culture was contin-
ued for an additional 3 days. Fresh medium containing 
mouse IL-34 antibody was replaced daily.

Isolation of xMG
Retinal explants after transplanted for 7 days were washed 
with DPBS and immersed in a dissociation buffer con-
taining 20 U/mL papain (Cat.# LK003178, Worthington, 
Germany) and 0.5 mg/mL DNase I (Cat.# 11284932001, 
Roche) for 12–15 min at 37 °C. The homogenate was then 
pelleted and filtered through a 40  μm filter. After cen-
trifugation at 300×g for 5 min, the cell pellets were resus-
pended in DPBS. The centrifugation was repeated, and 
the cells were resuspended in DPBS containing DNase 
I, and a transcription inhibitor cocktail, which included 
5  µg/mL Actinomycin D (Cat.# HY-17559, MedChem-
Express, USA), 10 µM Triptolide (Cat.# HY-32735, Med-
ChemExpress, USA), and 27.1 µg/mL Anisomycin (Cat.# 
HY18982, MedChemExpress, USA). RFP-positive xMG 
were sorted at 7 days after transplantation using flow 
cytometry (CytoFLEX LX, Beckman Coulter, USA).

Single-cell RNA sequencing (scRNA-seq) and data analysis
Sorted xMG or dissociated iMG were subjected to 
scRNA-seq using a 10× Genomics instrument with the 
10X Genomics Chromium Single-Cell 3′ kit (V3), follow-
ing the manufacturer’s instructions. Full-length cDNA 
and library construction were performed according to 
the established protocol by LC-Bio Technology Co., Ltd, 
(Hangzhou, China). The libraries were sequenced using 
the Illumina NovaSeq 6000 sequencing system at a mini-
mum depth of 20,000 reads per cell.

Raw sequencing data were preprocessed using the 
CellRanger software (v7.2.0, 10X Genomics) to gener-
ate gene expression matrices. Seurat (v4.4.1) was applied 
for downstream data integration and analysis. To filter 
out potential empty droplets, low-quality cells, and mul-
tiplets, quality control measures were implemented to 
exclude cells with more than 5000 detected genes, over 
20,000 mRNA molecules, or mitochondrial ratio greater 
than 10%. Harmony (v1.2.0) was employed to remove 
contaminated mouse cells and for batch effect correc-
tion. The LogNormalize method of the “Normalization” 
function in Seurat software was applied for visualization. 
Differential gene expression analysis was subsequently 
carried out using the FindAllMarkers() function in 
Seurat, applying a default two-sided nonparametric Wil-
coxon rank sum test to compare one cluster with the 
others. Genes with a log-scaled fold change ≥ 0.58 (log2 
(1.5)) and an adjusted P-value < 0.05 were deemed sig-
nificant.To investigate the potential functions of the 
selected gene list and cluster markers, we employed the 
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clusterProfiler R package (v4.8.3) in combination with the 
msigdbr R package to retrieve pathway gene sets from 
the Molecular Signature Database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​s​e​a​​-​m​
s​​i​g​d​b​​.​o​​r​g​/​g​s​e​a​/​m​s​i​g​d​b​/). These gene sets, sourced from 
the Gene Ontology and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) databases, were used to enrich 
the selected gene list. Significance was assessed using an 
adjusted P-value threshold of < 0.05. CellChat (v1.6.1) 
was employed to infer cell-cell communication and iden-
tify specific ligand-receptor pairs. The communication 
probability between two clusters was calculated based on 
the average expression levels of ligands in one cluster and 
receptors in the other. Significance of communication 
was evaluated using permutation tests.

Graphics and statistical analysis
The graphic abstract figure and the schematic images 
in figures and supplementary figures are created in Bio-
Render. Liu, Z. (2024) BioRender.com/c78b112. Confo-
cal images were processed for 3D reconstruction using 
Imaris software. Statistical analyses and data visualiza-
tion were conducted using GraphPad Prism9. All vari-
ables are presented as mean ± standard deviation (SD). 
Significant differences were determined using unpaired 
two-tailed Student’s t-test or one-way ANOVA. P < 0.05 
was considered statistically significant.

Results
Generation and characterization of iMG
We generated iMG-EGFP and -RFP, with EGFP spe-
cifically expressed in the nucleus and RFP distributed 
throughout the cytoplasm, following an established pro-
tocol (Fig. S1A, B) [28, 29]. The resulting iMG exhibited 
complex branching structures and expressed key microg-
lial markers, including P2RY12 and IBA1 (Fig. S1C). 
Importantly, the iMG showed significant enrichment of 
microglial-specific genes such as CX3CR1, TMEM119, 
and P2RY12, while the pluripotency marker OCT-4 was 
no longer detected (Fig. S1D). To assess the phagocytic 
capacity of iMG, we conducted engulfment assays using 
fluorescent nano-beads. Both immunofluorescence and 
transmission electron microscopy (TEM) confirmed 
that iMG effectively took up a substantial number of 
beads (Fig. S1E, F). Furthermore, when exposed to puri-
fied synaptosomes, iMG demonstrated significant uptake 
of synaptosomes (Fig. S1G, H). Overall, we successfully 
obtained a sufficient quantity of high-quality iMG for 
further experimentation.

xMG resident in the mouse retina explant
Colony-stimulating factor 1 receptor (CSF1R) signaling 
is essential for microglia survival [31]. Due to species-
specific differences, mouse CSF1 cannot support human 
microglia survival [32]. Therefore, we employed human 

CSF1 knock-in transgenic (hCSF1+/+) mice to gener-
ate explant retinas to support the survival of xenotrans-
planted iMG (xMG). To create a microglia-free niche, we 
depleted endogenous mouse microglia using PLX5622 
(PLX), a CSF1R inhibitor (Fig. S2A). Retinas were dis-
sected from neonatal mice (P7) and directly cultured 
in a medium containing 3µM PLX. After 24 and 72 h of 
culture, we observed a significant increase in microglial 
depletion in the 72 h group compared to the 24 h group 
(Fig. S2B). Following PLX treatment, 10 µl of 16,000 iMG 
were added to the inner surface of mouse organotypic 
retinal explants and cultured in fresh medium without 
PLX. The survival of transplanted xMG was minimal in 
the 24  h PLX-treated group but significantly increased 
in the 72 h group after 1 day post-transplantation (d.p.t) 
(Fig. S2C). However, xMG primarily survived in the 
periphery of the retina, where endogenous microglia 
had been eliminated at 1 d.p.t. Over 3 d.p.t, iMG gradu-
ally migrated from the periphery toward the center (Fig. 
S2C). Despite this migration, regional variability in distri-
bution persisted due to the unequal depletion of resident 
microglia (Fig. S2D), which might be influenced by the 
penitrition of PLX. These findings demonstrate that xMG 
can survive and migrate within mouse retinal explants 
when hCSF1 knock-in retinas are used; however, immu-
nodeficient mice are not required for xMG survival. 
Notably, the distribution of xMG depends on the pres-
ence of a microglia-free niche.

xMG resemble native microglia in the mouse retina explant
To address the uneven microglial depletion, we admin-
istered intraperitoneal PLX injections to newborn mice, 
achieving a more uniform elimination of retinal microg-
lia before culturing the retinal explants and transplanting 
iMG (Fig.  1A). This approach resulted in approximately 
49.22% depletion of retinal microglia (Fig. 1B-D). Conse-
quently, xMG were evenly distributed within the explant 
retina. By 3 d.p.t., most xMG exhibited a rounded mor-
phology, transitioning to a branched morphology by 7 
d.p.t. (Fig. 1E, F). Although the overall cell count did not 
significantly different between 3 and 7 d.p.t., the num-
ber of surviving xMG varied among individual retinas, 
stabilizing nearly 2,000 cells at 7 d.p.t. (Fig.  1G). xMG 
coexisted with mouse microglia, with their combined 
total closely resembling the retinal microglial count in 
untreated mice (Fig. 1H).

Our previous studies indicated that approximately 12% 
of cultured iMG possess the ability to replicate [28]. To 
investigate whether xMG retain this replicative capac-
ity in the retina, we used the Ki-67 antibody to label 
proliferating cells. We observed both EGFP and Ki-67 
positive human microglia at 3 and 7 d.p.t. (Fig. 1I), with 
similar proportions of Ki-67 positive xMG at both time 
points (Fig.  1J). This suggests that xMG can sustain 

https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
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Fig. 1 (See legend on next page.)
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their replicative ability for a period within mouse retina 
explants.

xMG perform synaptic pruning and respond to stimulation
Given the role of microglia in promoting neuronal devel-
opment through synaptic pruning [33], we investigated 
whether xMG affects synapse development in the chime-
ric model. We first assessed the expression of the synaptic 
vesicle protein SV2 and the postsynaptic protein PSD95 
in retinal explants at various time points. The results 
showed that, prominent SV2 and PSD95 bands formed 
in the outer plexiform layer (Fig. 2A), resembling the in 
vivo pattern [34]. This finding suggests that transplanta-
tion of xMG, following the elimination of endogenous 
microglia in mice, does not significantly impact synaptic 
development. Additionally, phagocytic SV2 and PSD95 
signals were observed in the xMG, indicating that xMG 
may contribute to synaptic pruning in retinal explants 
(Fig. 2B, C).

To assess the ultrastructure of xMG, we conducted 
immuno-EM targeting EGFP to investigate xMG devel-
opment within the chimeric model. xMG was obviously 
identified by its nucleus stained completely by DAB reac-
tion product with high electron density (Fig. 2D). In con-
trast, mouse microglia, without DAB labeling, showed 
a distinct separation between euchromatin and hetero-
chromatin (Fig.  2D). Based on this, numerous xMGs 
with rich organelles such as mitochondria were visible 
throughout the chimeric model.

To evaluate xMG’ response to immune stimulation, we 
treated the chimeric retinas with LPS and analyzed the 
transcriptomic changes of inflammatory genes specific to 
humans and mice. Human genes IL-1β, IL-6, and TNF-α 
were upregulated in the LPS-treated group, with a simi-
lar trend observed in their mouse counterparts, except 
for Arg-1 (Fig. 2E). These results suggested that LPS can 
elicit a proinflammatory response in both human and 
mouse microglia. Differences in MCP-1/mMcp-1 expres-
sion between species were also noted, with significant 
mMcp-1 increase and slight MCP-1 decrease (Fig.  2F). 
Mcp-1 are mainly secreted by astrocytes [35–37], and the 
increased mMcp-1 may result from astrocyte activation. 
Additionally, the morphology of xMG underwent a dra-
matic transformation following LPS treatment (Fig.  2G, 

H). Upon stimulation, xMG branches retracted, adopting 
an ameboid-like shape, indicative of an activated microg-
lial state in response to inflammatory signaling. These 
findings indicate that xMG are responsive to LPS stimu-
lation in mouse retina explants.

Neural retinal microenvironment induces transcriptional 
changes in xMG
To explore how the retinal microenvironment influences 
transplanted xMG, we performed scRNA-seq by dissoci-
ating iMG at differentiation day 14 and sorting xMG at 
7 d.p.t. A total of 13,504 single cells were obtained after 
quality control, including 9,832 iMG and 3,222 xMG 
(Fig.  3A and S3A). We excluded 5% of the cells due to 
artifactual changes during single-cell preparation [38]. 
Both samples displayed enriched microglial signature 
genes with minimal pluripotency markers (Fig. S3C, D), 
confirming their microglial identity. The retinal microen-
vironment significantly altered the xMG transcriptional 
signature (Fig.  3B, C). In xMG, highly expressed genes 
were linked to neural development, such as regulation 
of nervous system development and synaptic plasticity, 
while immune response-related genes were enriched in 
iMG (Fig. S3E, F).

Uniform manifold approximation and projection 
(UMAP) analysis identified five clusters (Fig.  3A and 
S3G), reflecting transcriptional diversity similar to a pre-
vious report with iMG exposure to different neuronal 
components [39]. Four clusters corresponded to previ-
ously defined microglial states: DAM (LPL and CD9), 
pro-inflammatory (IL1B, CCL4, and TNF), homeostatic 
(P2RY12 and FSCN1), and proliferative (TOP2A and 
STMN1). A small proportion of stress-responsive states, 
specific to the retina, were identified, expressing genes 
like ITGAX, VMP1, and NAMPT (Fig. 3D, E).

Ligand and receptor interaction are critical for microg-
lia to sense environmental changes [40, 41]. Thus, we 
next analyzed the cell-cell communication with ligand 
and receptor interaction between different cell states in 
both iMG and xMG (Fig. S4A). The microglial activation-
related signaling, such as CCL8/CCL3/CCL13-CCR1 
and SPP1-CD44 signaling was significantly higher in 
iMG than that in xMG (Fig. S4A). Especially, the homeo-
static xMG expressed significantly lower ligands of CCL 

(See figure on previous page.)
Fig. 1  Development and integration of human iPSC-derived microglia in ex vivo mouse retinal explants. (A) Schematic diagram illustrating experimen-
tal methods and procedures. Neonatal mice are administrated with PLX5622 for 4 days, followed by retina explant culture. iMG (16000 iMG/retina) are 
added from the retinal ganglion cell layer immediately following dissection. (B) Immunofluorescence images of anti-Iba1 (red) showing the distribution 
of endogenous mouse microglia (mMG) in retina following PLX5622 administration. Scale bars, 50 μm. (C) Schematic diagram of areas photographed for 
statistical analysis of microglia density. (D) Quantifications of mouse microglia density in untreated and PLX5622 treated groups. n = 3 retinas. (E, F) The 
distribution of xMG (GFP+ IBA1+) and mMG (GFP− IBA1+) in mouse retina explants at 3 or 7 days post-transplantation. Arrows indicate xMG. Stars indicate 
mMG. Scale bars, 500 μm (orignal images) or 50 μm (amplified images). (G) Quantifications of xMG in mouse retina after transplantation for 3 and 7 days. 
n = 3 retinas. (H) The density of xMG and total microglia (xMG and mMG) in mouse retina explants after coculturing 7 days. (I) Representative immuno-
fluorescence images of anti-Ki-67 (red) and EGFP labeled xMG (green) in retinas post-transplanted for 3 or 7 days. Scale bars, 50 μm. (J) Quantifications of 
the percentage of Ki-67+ xMG in total xMG cells in mouse retinal explants post-coculture for 3 or 7 days. n = 3–7 retinas
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signaling in xMG than that in iMG (Fig.  3F, S4B), and 
similar of SPP1 signalling in xMG and iMG (Fig. S4C). 
Among these five clusters, the homeostatic state is pre-
dominant in both iMG and xMG (Fig. 3B). Thus, we com-
pare the transcriptional signature of homeostatic iMG 
and xMG to elucidate the context-dependent changes 
(Fig. S4A). The expression of antigen processing related 
GO terms were significantly enriched in homeostatic 
xMG, and immune response-related GO terms were 
significantly enriched in homeostatic iMG (Fig.  3G, H, 
S5). These findings underscore the retinal microenviron-
ment’s significant impact on xMG transcription, high-
lighting their specialized role in the retina.

xMG effectively replace mouse microglia in mouse retina 
explants
To enhance microglial elimination, we supplemented the 
diet of pregnant mice with PLX and administered intra-
peritoneal injections after birth (Fig. 4A). In subsequent 
ex vivo culture, xMG demonstrated improved survival 
within retina explants, achieving approximately 86.72% 
replacement in the ganglion cell layer (GCL) and inner 
plexiform layer (IPL) and 97.19% replacement in the OPL 
(Fig.  4B, C). xMG predominantly localized to the OPL, 
IPL, and GCL, closely mirroring their in vivo distribu-
tion. xMG morphology varied by retinal location, with 
more branching in the GCL/IPL and spindle-shaped or 
rod-shaped cells in the OPL. xMG in the outer nuclear 
layer (ONL) appeared rounded with fewer protrusions 
(Fig.  4D, E). The number of xMG in the GCL/IPL was 
comparable to that in the OPL (Fig.  4F). These results 
demonstrate the effectiveness of xMG replacement and 
successful integration into retinal tissue.

The retina contains two distinct microglia pools that 
differ in niche and dependency on interleukin-34 (IL-34) 
signaling, with the IPL serving as an IL-34-dependent 
niche [42]. To investigate whether xMG are influenced 
by IL-34 signaling, we blocked murine IL-34 signaling 
using an anti-mouse IL-34 antibody (Fig.  4G). In the 
anti-IL-34 group, the number of xMG in the IPL sig-
nificantly reduced by 54.5%, while no significant reduc-
tion was observed in the GCL (Fig. 4H). The number of 
xMG in the OPL was also affected by anti-IL-34 treat-
ment (Fig.  4H), likely because iMG were initially added 
to the GCL and had to migrate through the IPL to reach 
the OPL. These results suggest that xMG migration and 
localization are dependent on IL-34 signaling, demon-
strating that xMG can effectively replace mouse microg-
lia and mimic in vivo microglial distribution.

Longer-term culture of mouse retinal explants with 
functional xMG
Despite improved xMG replacement efficiency, short 
culture times limited the detection of microglia 

homeostasis-related proteins. Previous studies reported 
that retinal explants could be maintained for 14 days 
[43, 44]. Therefore, we aimed to establish a longer-term 
culture of retinal chimeric models ex vivo (Fig.  5A). 
We administered PLX orally to pregnant mice to elimi-
nate microglia in the retina, resulting in retinal explants 
obtained from the newborn (P1) mice with 85% microg-
lial depletion (Fig.  5B). Following 14 days of culture, 
mouse retinal explants developed into typical retinal 
structures, with xMG localizing to the IPL, OPL, and 
GCL where endogenous microglia reside (Fig.  5C). In 
14-day-old chimeric mouse retinal explants, the expres-
sion of TMEM119 was observed in xMG (Fig. 5D). This 
is consistent with mouse microglia, which exhibit similar 
expression levels of TMEM119 to adult levels at P14 [45]. 
Furthermore, xMG retained the ability to proliferate, 
with the proportion of Ki-67-positive cells similar to that 
observed after 7 days of culture (Fig.  5E). However, the 
xMG replacement rate reached 83% on the seventh day 
of culture, but dropped to 70% on the 14th day (Fig. 5F). 
Additionally, after 14 days of culture, the number of xMG 
cells in the OPL significantly increased, surpassing the 
number of cells in the GCL/IPL (Fig. 5G). These findings 
emphasize the importance of prolonged culture dura-
tions for a comprehensive evaluation of xMG behavior 
and functionality within retinal chimeric models.

To assess mature xMG’ response to injury, we induced 
tissue damage in the retina using a needle and observed 
xMG distribution after 2 h. In non-injury controls, xMG 
were scattered throughout the retina, while they clus-
tered near injury sites (Fig.  6A). xMG at injury sites 
exhibited a rounded morphology with CD68-positive 
puncta, indicating phagocytic activity (Fig. 6B). We also 
examined the interaction between xMG and synaptic 
proteins, focusing on the postsynaptic protein PSD95. 
Mature xMG with ramified morphology were observed 
in contact with synaptic proteins, with engulfed syn-
aptic proteins detected inside the xMG (Fig. 6C). These 
findings suggest that mature xMG retain the ability to 
respond to injury and effectively prune synapses.

Responsive xMG in Pde6b−/− retinal explants
Previous studies have shown microglial activation in reti-
nal degenerative conditions [46]. To further investigate 
this, we used the Pde6b−/− mouse model, which mimics 
early-onset retinitis pigmentosa and exhibits significant 
ONL loss by P22, similar to the rd1 phenotype (Fig. S6). 
We cultured neonatal (P5) Pde6b−/− retinas and added 
iMG as wild-type (WT) controls. Seven d.p.t, xMG pre-
dominantly localized to the ONL/OPL and RGCL/IPL 
regions of the Pde6b−/− retina (Fig.  7A). In the ONL/
OPL of the Pde6b−/− retina, xMG exhibited an amoeba-
like morphology, indicative of activation, whereas in 
the WT retina, xMG displayed a ramified morphology 
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Fig. 2  xMG phagocyte synaptic proteins and response to LPS stimulation. (A) Synaptic development in xMG-transplanted retinal explants was analyzed 
by immunostaining with synaptic antibodies, anti-SV2 or -PSD95 (light blue). Scale bars, 20 μm. (B, C) Representative images illustrating engrafted syn-
apse-specific proteins labeled by anti-SV2 or -PSD95 (light blue) in EGFP (green)-labeled xMG with anti-Iba1 (purple) outlining cell morphology at 7 days 
post-transplantation. Left panels show fluorescent images, while right panels depict orthogonal projection and 3D-surface images derived from the raw 
images. Rectangles highlight SV2 or PSD95 (light blue) engulfed within microglia (purple), respectively. Scale bars, 20 μm. (D) Immuno-Electron Micros-
copy images showing endogenous mouse microglia (mMG) and xeno-transplanted human microglia (xMG) (N, nucleus). The star indicates mitochondrial 
and the arrow indicates Golgi. Scale bars, 0.5–1 μm for low magnification, and 0.2 μm for high magnification. (E-H) Xeno-transplanted retinal explants 
were treated with 100 µg/ml LPS for 2 h. (E, F) Quantitative PCR was employed to analyze the relative expression of inflammatory-related genes using 
primers specific to mouse (m) and human (h). Data represent the mean value ± SEM. n = 3 independent biological repeats. (G) Representative images of 
EGFP (green)-labeled xMG with anti-Iba1 (purple) outlining cell morphology. Scale bars, 10 μm. (H) Statistical analysis of endpoint number in each xMG. 
Data represent the mean value ± SD. n = 3 retinas
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(Fig.  7A-C). xMG in the RGCL/IPL regions showed 
similar morphology in both Pde6b−/− and WT retinas 
(Fig.  7C). Additionally, activated xMG in the Pde6b−/− 
retina colocalized with RHO-positive signals, suggesting 
migration to lesioned photoreceptor cells (Fig.  7D, E). 
These findings demonstrate that xMG can be effectively 
applied to retinal degenerative models, offering a valu-
able approach for developing potential therapeutics.

Discussion
In this study, we introduced a novel approach to create a 
human microglia-mouse retina chimeric model through 
ex vivo co-culturing. We successfully transplanted and 
integrated iMG into mouse retinal explants, achiev-
ing over 86% replacement and maintaining the culture 
for up to 14 days. The resulting xMG exhibited typical 
microglial localization and retained essential functions 
such as proliferation, immune responsiveness, and syn-
aptic pruning. This development is particularly signifi-
cant because mouse microglia do not fully replicate the 

Fig. 3  Transcriptional changes after transplantation in retinal microenvironment. (A) Uniform Manifold Approximation and Projection (UMAP) plot show-
ing the main cell types from xMG and iMG. Five types are colored and annotated based on feature gene expression. (B) Bar plot of the proportion of 
cells in each sample for each cell type identified. (C) Volcano plots showing differentially expressed genes (DEGs) between xMG and iMG. (D) Heatmap 
of differentially expressed marker genes for each cell type. (E) UMAP shows the expression of marker genes across the five cell types. (F) Heatmap of cell 
communication through the CCL signaling pathway between cell types in both xMG and iMG, analyzed using CellChat. (G, H) Top 10 Gene Oncology 
terms of homeostatic cells with upregulated genes in xMG and iMG
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Fig. 4 (See legend on next page.)
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characteristics of human microglia. Establishing such 
chimeric models greatly enhances our ability to study 
human microglia, providing a straightforward and acces-
sible method that most laboratories can implement. Our 
model is poised to advance research into retinal microg-
lia significantly.

While much of the existing research has focused on 
chimeric models of human microglia within the mouse 
brain, less attention has been given to the mouse retina. 
Recently, groundbreaking work demonstrated the suc-
cessful integration of human iPSC-derived microglia 
into the adult mouse retina in vivo [22]. However, endog-
enous murine microglia can repopulate within 24 h after 
depletion, leaving a very narrow time window for the 
residency of transplanted microglia [47]. Moreover, sub-
retinal transplantation in the adult retina requires the 
transplanted cells to pass through the outer nuclear layer 
(ONL) to reach the outer plexiform layer (OPL), which 
may damage the fragile photoreceptor cells [22]. Build-
ing on this foundation, we established a retinal chimeric 
model by co-culturing human iMG with mouse retinal 
explants by adding iMG to the ganglion cell layer (GCL) 
side, which mimics the microglial colonization during 
development [48, 49]. This approach provides a stable, 
simplified, and easy-to-handle method for establishing 
a human microglia-mouse retina chimeric model. How-
ever, ex vivo cultured retinal chimeric models face limita-
tions, such as their inability to survive for several months, 
unlike in vivo conditions.

In vivo models enable xMG to survive for extended 
periods and reach higher levels of maturity, making them 
particularly suitable for studying chronic disease cycles 
and long-term cellular dynamics. However, these models 
typically require immunodeficient animals and involve 
complex transplantation surgeries, limiting their accessi-
bility and scalability. Additionally, endogenous microglia 
repopulation within 24 h poses a challenge to maintain-
ing transplanted xMG populations. Ex vivo models, on 
the other hand, avoid the need for immunodeficient ani-
mals and can be readily applied to established disease 
models, including human retinal organotypic cultures. 
They provide a simplified and highly controlled experi-
mental environment, which is advantageous for short-
term studies, such as drug screening, preclinical testing, 

and mechanistic analyses. However, the limited culture 
duration (up to 14 days) restricts their utility for investi-
gating long-term disease processes or chronic conditions.

The success of our model depended on creating 
microglia-free niches, consistent with findings from pre-
vious studies [50, 51]. For microglial depletion in neona-
tal mice, we observed that microglial clearance through 
feeding pregnant female mice was more effective than 
intraperitoneal injection [52], leading to a higher survival 
rate of xMG. A previous study used 30 µM PLX3397 in 
the medium to deplete microglia in cultured mouse brain 
slices [25]. In our experiments, adding PLX5622 (3 µM) 
to the medium depleted endogenous microglia with 
regional variability, and increasing the concentration to 
30 µM proved cytotoxic to the retina (data not shown). 
This could be due to the retina’s increased sensitivity 
to small molecules or differences in the CSF inhibitors 
used [53, 54]. Further research is needed to clarify these 
findings.

Efficient depletion of endogenous microglia is critical 
for optimizing xMG transplantation and replacement 
efficiency. Consistent with prior studies, oral admin-
istration offers a safer and more scalable approach for 
long-term depletion protocols [47, 55, 56]. In contrast, 
intraperitoneal injections remain useful for short-term 
depletion but carry risks of toxicity and mortality in neo-
natal animals. Higher microglia depletion efficiency cor-
related with improved xMG migration and distribution 
in retinal explants. However, regions with incomplete 
microglia depletion exhibited limited xMG replace-
ment, highlighting the importance of optimizing deple-
tion protocols for robust transplantation outcomes. 
While oral PLX administration is preferable for studies 
requiring higher clearance efficiency and low mortality, 
intraperitoneal PLX injection may be used in short-term 
studies where partial depletion is sufficient. Future stud-
ies may explore combinatory approaches or alternative 
depletion strategies to further enhance efficiency and 
reproducibility.

Chemokine signaling plays a crucial role in regulat-
ing the chemotaxis of migrating microglia and is pivotal 
in neuroinflammation associated with neuronal disor-
ders [57, 58]. Chemokine ligands and their correspond-
ing receptors, such as CCR1, are key mediators in this 

(See figure on previous page.)
Fig. 4  xMG resemble their localization in the chimeric mouse retinal explants. (A) Schematic of the experimental design and procedures. Pregnant mice 
were fed PLX5622, and the neonatal mice were further injected with PLX5622 for 4 days. Explants transplanted with human iPSC-derived microglia (iMG) 
were cultured for 7 days. (B) Representative images of retinal whole mounts with anti-Iba1 immunostaining. Enlarged images show the co-labeling of 
EGFP (green) and Iba1 (purple). Scale bars, 500 μm and 50 μm in the original or enlarged images, respectively. (C) Quantitative analysis of replacement 
efficacy. Ratio of xeno-transplanted human microglia (xMG) to mouse endogenous microglia (mMG) in mouse retina explants. n = 4 retinas. (D) Rep-
resentative 3D images (top view and side view) of image stacks showing xMG distribution at different layers in mouse retinal explants at 7 days post-
transplantation. ONL: outer nuclear layer; OPL: outer plexiform layer; GCL/IPL: ganglion cell layer/inner plexiform layer. (E) Representative images from 
GCL/IPL, OPL, and ONL showing xMG (arrows indicated) morphology in mouse retinal explants. Scale bars, 50 μm. (F) Quantifications of xMG cell density 
in mouse retina explants. n = 4 retinas. (G) Schematic of the antibody (anti-IL34) blocking experiment procedures. (H) Quantification of xMG cell density 
in IPL, GCL, and OPL of mouse retinas in control and anti-IL34 treated groups. n = 3 retinas
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process and are essential for inflammatory responses 
[59]. When comparing homeostatic xMG and iMG, we 
found that the communication probability of CCL signal-
ing (CCL8/CCL3/CCL13-CCR1) is higher in homeostatic 
iMG than that in xMG (Fig. 3F and S4A, B). Notably, the 
CCL8/CCL3/CCL13-CCR1 axis has been reported to be 
upregulated in several disease models, including multiple 
sclerosis [60], retinal degeneration [61], LPS-induced 
brain injury [62], and spinal cord injury [63]. Based on 
these findings, homeostatic iMG appear to adopt a more 

inflammatory profile, whereas xMG may more closely 
resemble homeostatic microglia.

Microglia are known to self-renew through prolifera-
tion under both physiological and pathological conditions 
[64–66]. Our findings showed that xMG maintained their 
proliferative activity within the mouse retina explants, 
ensuring the stability and sustainability of microglial 
populations over time. During extended culture periods, 
these xMG gradually matured and adopted a homeostatic 
morphology. Inflammatory responses in the CNS can 

Fig. 5  Long-term culture of integrated xMG in chimeric mouse retinal explants. (A) Schematic of the experimental design and procedures. Pregnant mice 
were fed PLX5622, and the neonatal mice were subjected to retinal explant culture. Explants transplanted with human iPSC-derived microglia (iMG) were 
cultured for 7 or 14 days. (B) Quantitative analysis of microglia depletion in neonatal mice. (C) Immunofluorescent images depicting anti-PKCα (red) stain-
ing in retinal explant sections. 7 and 14 days after transplantation. Scale bars, 50 μm. (D) Representative images showing xMG in mouse retina explants 
expressing Iba1 and hTMEM119, a mature microglial marker. (E) Quantifications of Ki-67+ xMG percentage in total xMG of mouse retinal explants at 7 or 
14 days post-transplantation. n = 3 retinas. (F) Quantitative analysis of replacement efficacy. The ratio of xMG to mouse endogenous microglia (mMG) in 
mouse retina explants at 7 days or 14 days post-transplantation. n = 3 retinas. (G) Quantifications of EGFP + cell density in different layers of mouse retinal 
explants at 14 days post-transplantation. n = 3 retinas
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significantly enhance microglial proliferation [67, 68]. In 
our ex vivo retinal chimeric model, exogenous microglia 
retained proliferative ability after transplantation. Fur-
ther research is required to identify additional factors 
that may regulate xMG proliferation.

Conclusion
Overall, our chimeric model provides a valuable plat-
form for studying human microglia in a retinal context 
and offers potential insights for developing therapies for 
retinal degenerative diseases. In future research, we can 
utilize iPSCs from patients with retina-related diseases 

Fig. 6  Function of long-lived xMG in chimeric mouse retinal explants. (A) Representative images showing xMG distribution in mouse retina explants at 
non-injury and the injury site. xMG aggregate around the injury site. Scale bars, 50 μm. (B) Representative images showing phagosome labeled by anti-
CD68 (light blue) in xMG with anti-Iba1 (purple) outlining cell morphology at 14 days post-transplantation. Left panels display fluorescent images, while 
the right panels depict 3D-surface images derived from the raw images. (C) Representative images showing PSD95-positive puncta engrafted in EGFP+ 
xMG with anti-Iba1 (yellow) outlining cell morphology in a mouse retinal explant at 14 days post-transplantation. The left panels show fluorescent images 
(arrows indicated engrafted puncta), while the right panels depict 3D-surface images derived from the raw images. Scale bars, 10 μm

 



Page 16 of 18Tang et al. Journal of Neuroinflammation           (2025) 22:53 

to investigate whether their disease-specific microglia 
can induce microglia-related conditions in a healthy iso-
lated retina. This approach will help elucidate the specific 
pathogenesis of microglia-related diseases. In conclusion, 
the successful establishment of the exogenous microglial 
retinal chimerism model provides substantial support for 
future in vitro studies of microglia in the retina, advanc-
ing our understanding and potential treatment of retinal 
diseases.
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Fig. 7  Activation of xMG in the ONL of Pde6b−/− retina explants. (A) Representative images showing the distribution of xMG in mouse retinal explants at 
both non-injury and injury sites, with xMG aggregating around the injury site. Scale bars, 50 μm. (B) Comparison of microglial morphology in wild-type 
(WT) and Pde6b−/− retinas, including 3D reconstructions of single xMG in the RGCL/IPL and OPL/ONL regions. (C) Statistical analysis of the number of 
endpoints in each microglia. (D) Iba1+ and EGFP+ xMG are present in the RHO+ photoreceptor cell layer. Scale bar, 50 μm. (E) 3D reconstruction of the 
image in (D)
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